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Abstract

Perinatal asphyxia (PA) poses a significant threat to multiple organs, particularly the kidneys. Diagnosing PA-associated kidney injury
remains challenging, and treatment options are inadequate. Furthermore, there is a lack of long-term follow-up data regarding the renal
implications of PA. In this study, 7-day-old male Wistar rats were exposed to PA using a gas mixture (4% O,; 20% CO, in N, for 15
min) to investigate molecular pathways linked to renal tubular damage, hypoxia, angiogenesis, heat shock response, inflammation, and
fibrosis in the kidney. In a second experiment, adult rats with a history of PA were subjected to moderate renal ischemia-reperfusion
(IR) injury to test the hypothesis that PA exacerbates renal susceptibility. Our results revealed an increased gene expression of renal
injury markers (kidney injury molecule-1 and neutrophil gelatinase-associated lipocalin), hypoxic and heat shock factors (hypoxia-induci-
ble factor-1a, heat shock factor-1, and heat shock protein-27), proinflammatory cytokines (interleukin-1B, interleukin-6, tumor necrosis fac-
tor-o,, and monocyte chemoattractant protein-1), and fibrotic markers (transforming growth factor-3, connective tissue growth factor, and
fibronectin) promptly after PA. Moreover, a machine learning model was identified through random forest analysis, demonstrating an
impressive classification accuracy (95.5%) for PA. Post-PA rats showed exacerbated functional decline and tubular injury and more
intense hypoxic, heat shock, proinflammatory, and profibrotic response after renal IR injury compared with controls. In conclusion, PA
leads to subclinical kidney injury, which may increase the susceptibility to subsequent renal damage later in life. In addition, the param-
eters identified through random forest analysis provide a robust foundation for future biomarker research in the context of PA.

NEW & NOTEWORTHY This article demonstrates that perinatal asphyxia leads to subclinical kidney injury that permanently
increases renal susceptibility to subsequent ischemic injury. We identified major molecular pathways involved in perinatal as-
phyxia-induced renal complications, highlighting potential targets of therapeutic approaches. In addition, random forest analysis
revealed a model that classifies perinatal asphyxia with 95.5% accuracy that may provide a strong foundation for further bio-
marker research. These findings underscore the importance of multiorgan follow-up for perinatal asphyxia-affected patients.

kidney injury; perinatal asphyxia; random forest; renal biomarkers

INTRODUCTION

Perinatal asphyxia (PA) is a significant cause of mortality,
leading to 900,000 neonatal deaths worldwide (1). In the
much larger number of survivors, PA is a predominant etio-
logical factor of lifelong neurodevelopmental disabilities
including cerebral palsy, attention deficit disorders, and cog-
nitive dysfunction (2, 3). Selective head or whole body cool-
ing is the current gold standard treatment that reduces
mortality and improves neurological outcomes, but almost
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half of the affected neonates still suffer from developmental
disabilities (4, 5). Clinical guidelines mainly concentrate on
long-term follow-up of cognitive conditions. Data are scarce
on the possible permanent deterioration of peripheral organs
following PA, which hampers the development of therapies
targeting more general underlying mechanisms and alleviat-
ing its multiple pathophysiological consequences (6).
Although the central nervous system is the most vulnerable
organ system to asphyxic events, multiorgan dysfunction—
particularly kidney injury—has also been demonstrated in
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clinical studies (5, 7). During the first postnatal days, ~40% of
affected neonates develop acute kidney injury (AKI) (5, 6),
associated with a mortality rate exceeding 30% and increasing
the risk of chronic kidney disease in later life (8). Furthermore,
renal complications are bound to have deleterious effects on
brain development and functions, worsening the severity of
adverse neurological outcomes (7, 9).

The neonatal kidney is highly susceptible to hypoxia.
Reduced renal perfusion and subsequent tubular injury lead-
ing to renal parenchymal damage develop quickly after birth
and can manifest in severe AKI. Furthermore, there is grow-
ing evidence that even a subclinical increase in renal reten-
tion parameters [serum creatinine (sCr) and blood urea
nitrogen (BUN)] provokes a higher risk for chronic kidney
disease (CKD) in the long run (10, 11). Early recognition is
crucial to mitigate long-term consequences; however, diag-
nosis is still challenging since appropriate biomarkers are
lacking. In addition, undetected injuries often appear in tan-
dem with acute events later in life, such as ischemia-reperfu-
sion (IR) injury or renal decline due to aging, as these will act
as a secondary challenge for formerly damaged organs (12).
serum

Currently, no treatment prevents asphyxia-induced renal
damage; thus, preclinical research should aim at identifying
disease mechanisms and developing novel therapeutic
approaches. Here we investigated renal impairment following
PA and identified the main pathways involved, including
hypoxic and heat shock response, inflammation, and profi-
brotic routes. We hypothesized that postasphyxic kidney dam-
age has long-term consequences leading to increased renal
vulnerability in adulthood. Thus, experiments with moderate
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bilateral renal ischemia were done on adult rats with a history
of PA. We used the random forest algorithm to determine cross
correlations between various solid parameters to identify
potential novel biomarkers for early diagnosis.

MATERIALS AND METHODS

Animals

All experiments were carried out by the Council on
Animal Care of the National Health Institution of Hungary
(PEI/001/828-4/2015).

Charles-River Wistar rats (Charles-River Laboratories,
Sulzfeld, Germany) from the breeding colony of the HUN-
REN Institute of Experimental Medicine (Budapest, Hungary)
were used. Rats were kept in groups of three or four in tem-
perature-controlled (24+1°C) and humidity-controlled (rel.
50 + 10%) rooms under a 12:12-h light/dark cycle. Standard
laboratory food and tap water were available ad libitum.
Dams were isolated for pregnancy. Litters were standardized
to 8-10 pups/litter on the day of birth (postnatal day 0) to
avoid significant variations in maternal care of pups. Only
male pups were enrolled in the experiments. The minimum
sample size was chosen to facilitate appropriate statistical
analysis. The experimental protocol is summarized in Fig. 1.

Experimental Protocols and Treatment Groups

Experiment I: perinatal asphyxia.

On postnatal day 7, pups were separated from the dam and
randomly assigned to groups (n = 6-10 animals/group) as
follows:

Figure 1. Schematic of perinatal asphyxia (PA) and renal is-
chemia/reperfusion (IR) rat model.
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Control: Pups were placed individually in isothermal
control chambers and incubated for 105 min (core body
temperature = 37.0°C-37.5°C) and then were returned to
the dams.

PA: Instead of pure hypoxia, as used in most published
work on PA in rodent models, rats were exposed to a gas
mixture containing a low level of oxygen and a high level
of CO, to better mimic the PA conditions. Notably, recent
work on rats has demonstrated marked differences—
including qualitative ones—in cardiorespiratory and neu-
rophysiological responses to hypoxia in the presence and
absence of elevated CO, (13, 14). Here, pups were placed
in isothermal treatment chambers and incubated for 45
min to equilibrate core body temperature (37.0°C-37.5°C,
monitored by the rectal temperature of a sentinel ani-
mal). After 45 min, asphyxic treatment chambers were
filled with the asphyxic gas mixture (4% O, and 20% CO,
in N,). The asphyxic insult was terminated after 15 min
and the gas mixture was rapidly replaced with room air.
Pups were allowed to recover for 45 min and then were
returned to the dams. All treatment chambers were placed
on an isothermal (36°C) water bath (WNB 45, Memmert). O,
and CO, concentrations, temperature (25°C-28°C), and hu-
midity (21%-25%) were monitored and recorded (TR250Z
Oxygen Sensor, K-33 BLG Sensor, CO2Meter). Animals that
died during the insult due to acute apnea, which has no rela-
tion to kidney functions, were not included in the experi-
ment. Animals were euthanized by decapitation 4 h, 24 h, or
6 mo after the insult. Blood samples were collected and cen-
trifuged, and sera were immediately snap-frozen. Kidney
samples were collected and immediately snap frozen in lig-
uid nitrogen or fixed in 8% buffered paraformaldehyde (pH
7.4) for further investigation.

Experiment lI: effect of perinatal asphyxia on renal
ischemia-reperfusion injury in adulthood.

Control and PA rats were weaned on postnatal day 21 and
kept in same-age, same-treatment groups of three or four. At
6 mo, rats were randomized into the following groups:
SHAM 6 mo, IR 6 mo, and PA IR 6 mo. Moderate renal IR
was performed on control (IR 6 mo) and PA-affected (PAIR 6
mo) rats. General anesthesia was induced intraperitoneally
by using a ketamine (75 mg/kg) and xylazine (10 mg/kg) mix-
ture. Body temperature was maintained close to 37°C on a
heating pad. Bilateral renal ischemia was accomplished by
cross-clamping the renal pedicles for 35 min. Sham operated
animals (SHAM 6 mo) served as controls. Twenty-four hours
after reperfusion, rats were reanesthetized and euthanized
by exsanguination. Blood and kidney samples were collected
(n = 6 or 7 animals/group).

RT-qPCR

Total RNA was extracted from the kidneys using the
Total RNA Isolation Mini Kit (Geneaid Biotech, New Taipei
City, Taiwan). First strand cDNA was prepared from 2 pg of
total RNA using the Maxima First Strand cDNA Synthesis
Kit for RT-qPCR (Thermo Fisher Scientific, Waltham, MA).
Real-time RT-PCR was performed on the LightCycler 96
system (Roche Diagnostics, Mannheim, Germany). The
primers (IDT, Coralville, IA) used in this study are listed in
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Supplemental Table S1. Results were analyzed and normal-
ized to the expression of the Rni8s housekeeping gene
from the same samples as the reference transcript.

Renal Histology

Renal tissues were fixed in 8% neutral buffered parafor-
maldehyde, dehydrated in graded alcohol series, embedded
in paraffin, cut to 3-um-thick sections, and mounted on
coated glass microscope slides. Sections were stained with
periodic acid-Schiff (PAS), Masson’s trichrome, or picrosirius
red reagent.

Tubular lumen dilatation was evaluated in a double-
blinded fashion, semi-quantitatively on three fields of view/
animal of PAS-stained kidney sections (x200 magnification).
The average proximal tubular area was quantified using
Adobe Photoshop CC 2018 software version 19.1.6 20180808.
r.398 (Adobe Systems, San Jose, CA) and ImageJ software
version 1.52a (National Institutes of Health, Bethesda, MD;
Laboratory for Optical and Computational Instrumentation,
University of Wisconsin, Madison, WI).

Immunohistochemistry

Sections were prepared as described earlier. After
deparaffinization and rehydration, samples were pre-
treated with heat-induced epitope retrieval in 1 mM (pH
6.0) citrate buffer for 15 min at 750 W. Tissues were
washed in Tris-buffered saline solution (TBS) (pH 7.6) and
were incubated in anti-CD68 (Cat. No. MCA341GA, Bio-
Rad Laboratories, Hercules, CA; 1:500; 1 h, room tempera-
ture), anti-kidney injury molecule (KIM)-1 (Cat. No.
AF3689-SP, R&D Systems, Minneapolis, MN; 10 pg/mL; 1
h, room temperature), or anti-neutrophil gelatinase-asso-
ciated lipocalin (NGAL) (Cat. No. 26991-1-AP, Proteintech
Group, Rosemont, IL; 1:200; 1 h, room temperature).
Sections were washed in TBS and incubated with the
HISTOLS-R anti-rabbit (CD68, NGAL)/anti-goat (KIM-1)
HRP-labeled detection system (Cat. No. 30011.R500,
Histopathology, Pécs, Hungary; 30 min, room tempera-
ture). After washing in TBS, the reaction was developed
with the HISTOLS Resistant AEC Chromogen/substrate
System (Cat. No. 30015.K, Histopathology). Sections were
counterstained with hematoxylin solution.

Immunohistochemical labeling was assessed using H-
score (1 x percentage of weak staining) + (2 x percentage of
moderate staining) + (3 x percentage of strong staining) on
whole slide tissue sections (15).

Statistical Analysis

Results are presented as means *= SD. Statistical analysis
was performed using Prism software (GraphPad Prism ver-
sion 9.4.1, GraphPad Software, San Diego, CA). Statistical
tests are summarized in Supplemental Table S2. P values of
<0.05 were considered significant. Outlier data points were
identified and excluded based on either ROUT or Grubbs’
analysis.

Random Forest Classification and Correlation Analysis

The random forest (RF) machine learning algorithm
was applied to decrease the dimensions of multivariate
data and to identify significant consequences of the
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asphyxic insult (16). RF ranks the importance of each
variable in the classification of experimental subjects to
treatment groups.

To enhance the statistical power of our analysis, samples
from all sampling events were used in which complete data-
sets were available, implying n = 10 and 12 samples in the
control and PA groups, respectively. In our analysis, 1) a satu-
rated model using all 20 features was implemented; 2) these
features were ranked according to their importance; 3) sub-
set models possessing the eight, four, three, and two most
relevant variables were created; and 4) subset models were
compared according to group-wise and overall classification
accuracy.

All models produced 10,000 decision trees and analyzed
four features at a time. Sampling was balanced to 10-10
subjects per group in the RF analysis. Variable importance
was ranked based on permutation importance and Gini
indices. Spearman correlation analysis was done using
Hmisk and qgraph packages (17). Variable selection in RF
analysis was done by using RF and VSURF packages (18,
19). All classification methods were done in R statistical
environment (20).

RESULTS

Perinatal Asphyxia Leads to Acutely Impaired Renal
Function

BUN levels were measured to determine the detrimental
effect of PA on renal excretory function. BUN levels
increased 4 h (22.41+7.863 mg/dL vs. 34.96+10.99 mg/dL;
P = 0.0162) after PA, but no difference was detected between
the groups at 24 h (Fig. 2A). Creatinine levels were undetect-
able at the age of 7 days.

KIM-1 and NGAL are sufficient biomarkers for AKI in
adults and have growing relevance in neonatal AKI predic-
tion (21). Here, renal mRNA expressions of KIM-1 and NGAL
(Fig. 2, B and C) were upregulated in the PA group at 24 h;
moreover, KIM-1 was induced as early as 4 h.

AKI caused by ischemic events is typically characterized
by progressive tubular damage. Interestingly, PAS-stained
kidney tissue sections (Fig. 2D) revealed no visible structural
changes (epithelial cell death, loss of the brush border,
and the subsequent dilation of proximal tubules or cast
formation) 24 h following PA. Immunohistochemical
labeling demonstrated that KIM-1 protein levels were ele-
vated in the tubules at both time points after PA (Fig. 2E).
However, NGAL levels showed no significant difference
between the groups (Fig. 2F).

At the age of 6 mo, BUN (18.4874+1.078 mg/dL vs.
24.46+7.055 mg/dL; P = 0.2436) and creatinine clearance
(27.69+6.74 mL/min/100 g body wt vs. 21.89+9.18 mL/min/
100 g body wt; P = 0.2406) levels were not altered signifi-
cantly in PA-affected rats (Fig. 2A). Renal KIM-1 and NGAL
(Fig. 2, B and C) mRNA expression showed no difference
from the controls. At this point, morphological changes asso-
ciated with renal aging (thickened glomerular and tubular
basement membrane, hyalinization, and dilation of proxi-
mal tubules) developed; however, prior PA did not escalate
these changes (Fig. 2D).

AJP-Renal Physiol « doi:10.1152/ajprenal.00039.2024 - www.ajprenal.org

Perinatal Asphyxia Triggers Angiogenesis and Heat
Shock Response via Activating Hypoxic Pathways in the
Kidney

Hypoxia inducible factor (HIF)-1a is a crucial transcription
factor that regulates an array of genes to maintain cell survival
mechanisms under hypoxic conditions (22). Renal HIF-1o
mRNA expression (Fig. 3A) was elevated rapidly in rats affected
by PA and increased further at 24 h. Gene expression of vascu-
lar endothelial growth factor A (VEGFA), heat shock factor
(HSF)-1, and heat shock protein (HSP)-27 (Fig. 3, B-F) down-
stream elements were also activated at 24 h. Interestingly, sig-
nificant elevation was detected in the expression of Toll-like
receptor (TLR)-2 and HSP-27 at the age of 6 mo.

PA did not affect TLR-4 and HSP-72 expression signifi-
cantly (Fig. 3G).

Perinatal Asphyxia Activates Inflammatory Pathways in
the Kidney

Intrarenal inflammation is a primary response to AKI,
which involves the production of proinflammatory cytokines
and chemoattractants and the recruitment of immune cells
to promote repair and regeneration (23).

Four hours after PA, renal expression of monocyte chemo-
attractant protein (MCP)-1 (Fig. 4E) was induced as the first
sign of the inflammatory response. In comparison, at 24 h,
expression of interleukin (IL)-1B, IL-6, tumor necrosis factor
(TNF)-a,, and MCP-1 proinflammatory cytokines and chemo-
kines (Fig. 4, B-E) were robustly upregulated. Interestingly,
no CD68 + macrophage exaggeration was detected following
PA (Fig. 4F). Increased mRNA expression returned to control
levels by the age of 6 mo.

Perinatal Asphyxia Induces Profibrotic Processes in the
Kidney

Renal inflammation is associated with increased profi-
brotic growth factor and extracellular matrix (ECM) compo-
nent secretion that results in tissue remodeling and fibrotic
tissue deposition (24).

Expression of profibrotic growth factors transforming growth
factor (TGF)-B and connective tissue growth factor (CTGF) (Fig.
5, A and C) increased threefold 24 h after PA. Platelet-derived
growth factor-B (PDGF-B) gene expression showed tendentious
elevation at 4 and 24 h, but this change was statistically not sig-
nificant. The ECM component fibronectin expression showed
significant increase 24 h after PA (Fig. 5D).

At the age of 6 mo, there was a modest difference in CTGF
(Fig. 5C) and fibronectin expression (Fig. 5D). Surprisingly,
Masson’s trichrome and picrosirius red staining (Fig. 5E)
revealed no ECM component enrichment in post-PA rats.

Perinatal Asphyxia Persistently Increases the Severity of
Renal Injury in Adulthood

Since immature kidneys are extremely sensitive to hy-
poxia, harmful events occurring during the perinatal period
may eventuate in long-lasting susceptibility to renal injury.
To test our hypothesis, 6-mo-old control (IR group) and post-
PA (PA IR group) rats were subjected to moderate renal is-
chemia. As expected, 24 h after reperfusion, serum levels of
renal retention parameters were significantly elevated,
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Figure 2. Perinatal asphyxia (PA) impairs renal function and induces acute renal injury. A: blood urea nitrogen levels. B and C: renal mRNA expression of
kidney injury molecule-1 (KIM-1; Havcr1) (B) and neutrophil gelatinase-associated lipocalin (NGAL; Lcn2) (C). Cycle numbers were normalized to the 18S
rRNA (Rn18s) housekeeping gene and presented as fold changes compared with controls. D: representative images of periodic acid-Schiff-stained kid-
ney tissue sections (scale bar = 100 um) to assess tubular lumen area (px. indicates pixel number). E: immunohistochemical evaluation of anti-KIM-1-la-
beled kidney tissue sections (scale bar = 100 pum) using H-score. F: immunohistochemical evaluation of anti-NGAL-labeled kidney tissue sections (scale
bar =100 pum) using H-score. P values were determined by two-way ANOVA followed by Holm-Sidak’s multiple-comparison (NGAL) or Kruskal-Wallis
test followed by Dunn’s multiple comparison (blood urea nitrogen and KIM-1). #P < 0.05 vs. control; **P < 0.01 and ***P < 0.001 vs. control. n = 5-10/
group. Gray bars represent the control group; red bars represent the PA group. Bars indicate means + SD. ND, not detectable.

production of AKI biomarkers was increased considerably, PA rats compared with IR rats 24 h after reperfusion.
and typical structural alterations were evident. Correspondingly, renal mRNA expressions of both KIM-1 and

More importantly, significantly higher BUN (93.44 +25.87vs. NGAL (Fig. 6D) were higher in the PA IR versus IR group.
115.0£12.09 mg/dL; P = 0.040) and sCr (2.856+0.9634 vs. Histological evaluation (Fig. 6B) revealed no difference in post-
3.853+1.058; P = 0.046) levels (Fig. 6A) were measured in post- ischemic structural changes such as dilation of proximal
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Figure 3. Perinatal asphyxia (PA) upregulates renal hypoxic and angiogenic processes and activates heat shock response. A—G: renal mMRNA expression
of hypoxia-inducible factor (HIF)-1a (Hif1a) (A), vascular endothelial growth factor A (VEGFA; Vegfa) (B), Toll-like receptor (TLR)-2 (TLR-2; TIr2) (C), TLR-4
(TIr4) (D), heat shock factor (HSF)-1 (Hsf1) (E), heat shock protein (HSP)-27 (Hspbf) (F), and HSP-72 (HspaZ2) (G). Target gene expression levels were nor-
malized to the 18S rRNA (Rn18s) housekeeping gene and presented as fold changes compared with controls. P values were determined by two-way
ANOVA followed by Holm-Sidak’s multiple-comparison (HIF-1o, VEGFA, TLR-2, HSF-1, HSP-27, and HSP-72) or Kruskal-Wallis test followed by Dunn’s
multiple comparison (TLR-4). *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control. n = 6-10/group. Gray bars represent the control group; red bars repre-

sent the PA group. Bars indicate means + SD.

tubules [1246 = 211.2 pixels (px) vs. 1343 +77.20 px; P = 0.49] or
tubular damage (score 3.837+0.4661 vs. 4.054+0.4203; P =
0.4416).

IR induced HIF-1a expression only in post-PA rats, whereas
activation of the downstream pathway differed from what
was observed in pups. PA had no impact onVEGFA and TLR-2
expression levels following IR. Interestingly, TLR-4 expres-
sion was significantly lower in the PA IR group compared
with the IR group. Similar to HIF-1a, elevations of renal HSF-1
and HSP-72 gene expression levels were higher in the PA IR
group versus the IR group (Fig. 6D).

Renal mRNA expressions of inflammatory cytokines IL-18,
IL-6, and MCP-1 were significantly elevated in the PA IR
group (Fig. 6D). Conversely, CD68 labeling (Fig. 6C) revealed
no macrophage infiltration.

Renal expression of TGF-B increased to the same extent in
both the IR and PA IR groups. However, the elevation of
PDGF-B and CTGF was about two times higher in post-PA
rats. PA had no additional effect on fibronectin levels follow-
ing IR (Fig. 6D).

Machine Learning-Based Screening of the
Consequences of Perinatal Asphyxia

PA caused the activation of renal hypoxic, proinflamma-
tory, and profibrotic pathways with a significant elevation of

AJP-Renal Physiol - doi:10.1152/ajprenal.00039.2024 - www.ajprenal.org

mRNA expression of a wide range of downstream elements
(summarized in Supplemental Fig. S1). Furthermore, our
results clearly demonstrate that PA has long-term conse-
quences by permanently increasing the sensitivity and se-
verity of renal ischemic damage.

To identify potential novel biomarkers, we aimed to find
the fewest parameters that sufficiently describe the physio-
logical consequences of PA. Correlation analysis between
control and PA groups (Fig. 7A) revealed a shifted association
pattern in response to asphyxia.

RF classification was used to highlight the most relevant
differences; one saturated (20 variables) and several subset
models (8, 4, 3, or 2 variables) were created (Fig. 7B). The
saturated model classified asphyxia-treated subjects with
100% accuracy and control subjects with 80% accuracy,
indicating false-positive treatment identifications. Simpler
subset models marginally decreased PA (—-8%) but mark-
edly increased control classification accuracy (+20%). The
subset model that used the three most essential variables
(KIM-1, HSP-27, and HIF-1a) performed best with an overall
95.5% accuracy.

The ranking of variables was similar in permutation- and
Gini index-based analysis (Fig. 7C). The expression levels of
the eight most essential variables showed a significant differ-
ence between the control and PA groups (Fig. 7D).

F319

Downloaded from journals.physiology.org/journal/gjprenal at Semmelweis Egyetem (193.006.209.030) on December 12, 2024.


http://www.ajprenal.org

()) PERINATAL ASPHYXIA EXACERBATES RENAL SUSCEPTIBILITY

A Control B

IL-1a / 18S mRNA expression
N
|
@
IL-1R / 18S mRNA expression
o
[
L]

CD 68+

MCP-1/18S mRNA expression

.199“!".

g

S Control 4 h

w)

Cc

* *okk

IL-6 / 18S mRNA expression
w o
| |
L]
TNF-a / 18S mRNA expression
- N
| |
L] (J °
L] L]
ofe—8i8
(I ~
oo € &0
.. °

P St

PA4 h
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malized to the 18S rRNA (Rn18s) housekeeping gene and presented as fold changes compared with controls. F: representative images of anti-CD68-la-
beled kidney tissue sections (x400 magnification, scale bar = 100 um) to estimate macrophage infiltration. P values were determined by two-way
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Bars indicate means + SD.

DISCUSSION

The severity of birth asphyxia is a major controversial
topic among pediatricians. Neonates with mild encephalop-
athy are often excluded from therapeutic cooling practice.
However, one should reckon with multiorgan consequences
in their cases as well. Beyond the availability of effective
treatment options, early recognition is crucial to mitigate
long-term complications. Here we investigated various renal
molecular pathways after PA to identify highly predictive re-
nal parameters that may serve as biomarkers or targets for
therapeutic development in the future.

The developmental stage at birth shows remarkable dif-
ferences between species and organs. Thus, establishing a
relevant preclinical model of birth asphyxia-related multi-
organ damage is extremely difficult. Rats are physiologi-
cally born immature, and nephrogenesis is completed on
postnatal days 7-10 at the earliest (25). In contrast, in
humans, nephrogenesis is completed during gestational
weeks 32-34 (26). Both species show reduced renal func-
tion and capacity during the first few postnatal weeks. In
rats, these alterations are stabilized by postnatal day 7,

F320

resulting in similar resilience to hypoxic conditions as in
human neonates. Considering all these, after fine tuning
the model in pilot experiments, we believe our final setup
using 7-day-old rats is a suitable model of kidney damage
caused by PA.

Evaluation of kidney injury in neonates is challenging.
Diagnostic relevance of the routinely used sCr is considered
suboptimal in the early postnatal days (27) because it is bi-
ased by maternal levels (28) and is strongly modified by
extrarenal factors, including muscle mass or protein intake
(29). In addition, the half-life of creatinine is quite long;
therefore, serum levels may take several days to reach a
new steady-state value after glomerular filtration rate has
changed. According to a recent clinical study, 20% of
asphyxic neonates showed a delayed sCr response to injury,
which makes it even less reliable as a biomarker (30).

The other classic renal retention parameter, BUN, was
reported to be increased within the first 24 postnatal hours in
neonates with asphyxia. In line with this, here we measured
increased levels of BUN, indicating impaired renal function
as an imminent consequence of PA. Conversely, others
observed no BUN elevation in a different experimental PA
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rats to analyze interstitial fibrosis. P values were determined by two-way ANOVA followed by Holm-Sidak’s multiple-comparison test. *P < 0.05 and
*+*P < 0.001vs. control. n = 5-10/group. Gray bars represent the control group; red bars represent PA group. Bars indicate means + SD.

setup (31) (higher O,: 4% vs. 8%, and longer time: 45 min vs. 2
h). They identified renal tubular dilation and shrinkage of glo-
meruli 24 h following the insult, which was not visible in our
samples. Furthermore, these classic functional parameters
are especially inadequate for the detection of subclinical
AKI, and, therefore, the clinical “window of opportunity”
for intervention may be missed (32). Thus, novel, more
sensitive markers are desperately needed to improve diag-
nostic accuracy.
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The utility of KIM-1 and NGAL as novel markers of kidney
injury has been shown in numerous studies. In a pooled
analysis of 10 studies of patients hospitalized in the intensive
care unit, the authors showed that high NGAL levels were
associated with poor outcomes even in the lack of diagnostic
sCr elevations (33). In the clinical setting of PA, a multicenter
prospective study found that urinary KIM-1 combined with
birth weight outperformed sCr in diagnosing AKI. NGAL and
IL-18 also had fair diagnostic performance at 24 h of life in
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this study; moreover, the authors pointed out that a combi-
nation of these biomarkers may improve performance (21).
Another study showed that serum KIM-1 is a good biomarker
for the early detection of AKI in asphyxiated newborns (34).
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Congruently, we showed that PA leads to renal injury and
upregulated KIM-1 and NGAL expression. Moreover, KIM-1
was elevated as early as 4 h after the insult, as a rapid indica-
tor of proximal tubular damage. Our data suggest that KIM-1
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and NGAL can be used as relevant markers of renal injury
provoked by PA and may indicate subclinical AKI portend-
ing worse renal vulnerability later in life.

Hypoxic kidney injury initiates a complex cascade of mo-
lecular mechanisms that have not been studied systemically
in relation to PA. Identifying association patterns between

the activated pathways strongly contributes to a better under-
standing of PA’s pathophysiological effects and the develop-
ment of targeted therapies. Our measurements revealed a
consistent upregulation of a broad range of genes associated
with hypoxia, inflammation, angiogenesis, fibrosis, and the
heat shock response. Moreover, cross-correlation analysis

Figure 6. Perinatal asphyxia (PA) permanently increases renal susceptibility to subsequent ischemia-reperfusion (IR) injury. A: serum levels of blood urea
nitrogen and creatinine. B: representative images and of periodic acid-Schiff-stained kidney tissue sections (x400 magnification, scale bar = 200 um) of
6-mo-old rats to analyze tubular lumen dilation. C: representative images of anti-CD68-labeled kidney tissue sections (x400 magnification, scale bar =
100 pm) to estimate macrophage infiltration. D: renal MRNA expression of kidney injury molecule (KIM)-1 (Havcr1), neutrophil gelatinase-associated lipo-
calin (NGAL; Lcn2), hypoxia-inducible factor (HIF)-1a (Hifla), vascular endothelial growth factor A (VEGFA; Vegfa), Toll-like receptor (TLR)-2 (TIr2), TLR-4
(TIr4), heat shock factor (HSF)-1 (Hsf1), heat shock protein (HSP)-27 (Hspb1), HSP-72 (Hspa2), interleukin (IL)-1o (//1a), IL-1B (//1b), IL-6 (/I6), tumor necrosis fac-
tor (TNF)-a (Tnf), monocyte chemoattractant protein (MCP)-1 (Cc/2), transforming growth factor (TGF)-B (Tgfb1), platelet-derived growth factor subunit B
(PDGF-B; Pdgfb), connective tissue growth factor (CTGF; Ccn2), and fibronectin (FIBRONECTIN; Fn7) in 6-mo-old rats. Target gene expression levels
were normalized to the 18S rRNA (Rn18s) housekeeping gene and presented as fold changes compared with sham. P values were determined by two-
way ANOVA followed by Holm—Sidak’s multiple-comparison or Kruskal-Wallis test followed by Dunn’s multiple comparison. *P < 0.05, **P < 0.01, and
##kP < 0.001. n = 5-7/group. Bars indicate means + SD.
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identified emerging and collapsing correlations between the
investigated genes and highlighted densely connected nodes
that signify crucial variables.

Following PA, NGAL formed remarkable relationships
with numerous immune mediators such as proinflammatory
cytokines and chemokines (IL-6, TNF-o, and MCP-1), profi-
brotic factors (TGF-p and CTGF), and TLR-2. In addition, a
correlation between NGAL, HIF-la, and VEGFA mRNA
expressions was observed. Inflammation is one of the main
initiators of NGAL production (35, 36); however, the com-
plexity of the association pattern revealed by our analysis
suggests that multiple mechanisms influence its expression.
Hypoxic response and inflammation are strongly interlinked
processes; moreover, they have been demonstrated to regu-
late each other (37, 38). On the contrary, it has been shown
that metabolic acidosis, an inevitable consequence of PA,
directly regulates inflammatory processes (39). Although
both mechanisms primarily support tissue regeneration and
adaption to hypoxic conditions via the promotion of angio-
genesis and tissue remodeling, prolonged or severe hypoxia
together with unresolved inflammation may lead to post-
AKI fibrosis and chronic renal dysfunction (40-43). We
found that HIF-1a is a central node and therefore may be a
key regulator of the pathomechanism of PA. However, fur-
ther research is needed. Our results indicate that asphyxia
promotes excessive inflammatory mediator production
locally in the kidney, most likely by tubular epithelial cells
and intrinsic immune cells, as we did not detect significant
macrophage infiltration. The tubular epithelium is known to
be actively involved in the inflammatory response to hy-
poxia by producing proinflammatory cytokines and che-
mokKkines as well as expressing TLRs, damage-associated
molecular patterns, complement and complement recep-
tors, and costimulatory molecules (44).

Interestingly, our statistical analysis did not show signifi-
cant correlations between HSPs and other pathways; how-
ever, elevated mRNA expression of HSF-1 and HSP-27 clearly
reflects the induction of heat shock response, which plays
an important role in the protection against oxidative
stress and the inhibition of renal fibrogenesis in renal is-
chemia (45, 46).

The diagnosis and prognosis of hypoxic-ischemic ence-
phalopathy and multiorgan injury are low in sensitivity.
Identifying novel biomarkers that can detect subclinical
alterations would significantly advance neonatal care.
Decision tree-based machine learning methods have
become trending in the past decade and have been profitably
implemented in various omics studies (47, 48). In the RF
analysis, the subset model of three core variables (renal
mRNA expressions of KIM-1, HIF-1a, and HSP-27) identified
PA with an overall accuracy of 95.5%. Although this analy-
sis is based on mRNA expression levels, KIM-1 and HSP-27
are routinely detected in serum in neonates with asphyxia
(34, 49, 50). Moreover, although HIF-1a is not measured in
serum, the routinely measured IL-1p is a similarly impor-
tant parameter according to the Gini index. Interestingly,
cross-correlation analysis identified HIF-1a as a key regu-
lator; however, KIM-1 and HSP-27 showed no strong corre-
lation with any other variable. These results indicate that
delineation of the pathomechanism is necessary but not
sufficient to select sensitive biomarkers.
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Multiple studies have associated neonatal AKI with an
increased risk of CKD later in life (51-53). Furthermore, even
subclinical changes of kidney function are independently
associated with progression to end-stage renal disease or a
twofold risk of CKD (54-57). In line with this, although BUN
and creatinine clearance values did not change in adult rats,
HSP-27, TLR-2, and CTGF expressions persistently increased,
pointing to possible permanent, subclinical effects of PA.
This hypothesis was tested on healthy and post-PA rats sub-
jected to renal IR at 6 mo. Indeed, post-PA adult rats suffered
more severe functional decline and tubular injury after renal
IR. Furthermore, hypoxic, heat shock, inflammatory, and
profibrotic pathways were more robustly activated in PA IR
rats than controls. These results suggest that PA may pro-
voke a dysregulated molecular environment with inflamma-
tory reprogramming early in life, which mounts up to
increased sensitivity to subsequent insults. It should be
noted that repeated exposure to mild hypoxia can confer
protection against subsequent AKI (58-60). However, the
conditions we used to mimic PA are different from those typ-
ically used for hypoxic preconditioning: single exposure
with lower O, levels and high CO, levels, which model the
basic and relevant features of PA, i.e., hypoxia with respira-
tory acidosis (13, 14). There are extensive data showing that
the basic features of PA (hypoxia with respiratory acidosis)
are not mimicked in animal models based on hypoxia only
(13, 14). In addition, immature Kidneys are especially suscep-
tible to hypoxic injury, underscoring the need for further
investigations to validate the effects of hypoxia at this devel-
opmental stage. Nevertheless, the current findings highlight
the importance of both the severity and frequency of
hypoxic exposure in determining the outcome.

Taken together, PA activated major molecular pathways
in the kidney, which resulted in subclinical tubular injury.
RF analysis revealed an outstanding predictive value of our
trinomial model, which is a potential basis for further PA
biomarker research. Our findings clearly demonstrate that
PA may have lifelong consequences regarding the kidney
and may be a risk factor for diseases with renal involvement.
From the clinical aspect, regular checkups of kidney func-
tion and extra precautions during particular interventions
(e.g., imaging with contrast media, supra-aortic surgeries)
are worth considering in the PA-affected and preterm
population.
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