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Abstract

Hypoxic-ischemic encephalopathy (HIE) remains a leading cause of neonatal morbidity and mortality, and there
remains an urgent need for effective therapeutic strategies. This study investigated the neuroprotective
effectiveness and long-term benefits of platelet-rich plasma (PRP) therapy in hypoxic-ischemic encephalopathy.
Ten-day-old Wistar albino rats were randomized into three groups: PRP (n = 12), HIE (n = 12), and sham (n =
12). With the exception of the Sham group, all animals were subjected to the HIE model. In the PRP group, 5
microliters of PRP per animal was administered as a single intraventricular dose after HI injury, whereas the HIE
and sham groups received physiological saline. Five pups from each group were euthanized 72 hours after
induction of the model for early-period assessment; the remaining seven pups underwent cognitive-behavioral
testing and late-period histological evaluation at 6 weeks of age. Histological evaluations included TTC, TUNEL
and IL-1p staining. PRP therapy reduced the infarct size and the number of TUNEL-positive cells, particularly
during the late period (p = 0.01). Furthermore, PRP treatment attenuated neuroinflammation during both the
early and late periods, as evidenced by reduced IL-1f staining (p=0.01). Behavioral tests demonstrated that PRP
therapy reduced elevated anxiety-like behaviors in HIE. This study demonstrates, for the first time, that PRP

therapy may be a promising therapeutic option for HIE in newborns.
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Introduction

Hypoxic-ischemic encephalopathy (HIE) in the newborn period is a condition characterized primarily by
neurological impairment resulting from reduced cerebral blood flow and oxygen deprivation. Infants are
classified as having mild, moderate, or severe encephalopathy based on the Sarnat Scoring System (Sarnat &
Sarnat, 1976). These findings, supported by cranial imaging and amplitude electroencephalography, provide
information about the degree of brain damage and the likelihood of neurological sequelae. The incidence of HIE
is approximately 2 per 1,000 live births in high-income countries, but it can reach up to 26 per 1,000 live births
in developed countries (Douglas-Escobar & Weiss, 2015; Victor et al., 2022). Globally, around one million
infants develop moderate to severe HIE annually, resulting in approximately 400,000 babies having a
neurodevelopmental impairment (Victor et al., 2022). The pathophysiology of hypoxic-ischemic brain injury
(HIBI) is complex, with the primary mechanisms including excitotoxicity, oxidative stress, and inflammation.
Ultimately, it leads to neuronal cell death through apoptosis or necrosis. Following HIBI, an initial energy-deficit
phase characterized by ATP insufficiency is followed by a latent period during which reperfusion is partially
restored. If homeostasis is not adequately restored, a secondary phase of energy deficit develops within 12-72
hours, followed by a third phase of neuronal cell death that continues for days or months (Pedroza-Garcia et al.,

2022).

Therapeutic hypothermia (TH) is currently the standard treatment for late preterm and term neonates with
moderate to severe types of HIE, initially starting within the first 6 hours of HIBI (Perlman et al., 2010).
Although TH is considered the gold standard treatment, approximately half of neonates with moderate or severe
HIE treated with TH die or suffer neurological complications (Jacobs et al., 2013). Furthermore, considering
constraining factors such as device cost and the limited indications for TH treatment, research on treatments that
can be used in conjunction with hypothermia is still ongoing, and an effective approach has not yet been proven
(Jerez-Calero et al., 2020; Riiegger et al., 2018; Tsuji et al., 2020; Wu et al., 2022). Consequently, there is a
critical need to develop drugs that offer neuroprotection and long-term clinical benefits for infants with HIE.
Such therapeutics are essential to serve as either standalone alternatives or adjunctive enhancements to current

TH.

Platelet-rich plasma (PRP) is a preparation derived from the centrifugation of donor blood that contains a high
concentration of platelets. It encompasses numerous growth factors and cytokines. PRP is regarded as
particularly beneficial in angiogenesis, neuroprotection, neurogenesis, and neuroinflammation due to the
presence of growth factors, such as platelet-derived growth factor (PDGF), insulin-like growth factor (IGF),
vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and transforming growth factor-f§
(TGF-B) (Anitua et al., 2014; Zhang et al., 2015). Experimental evidence demonstrates its efficacy in alleviating
the inflammatory response and providing neuroprotection for various neuroinflammatory disorders of the central
nervous system (Anitua et al., 2014; Bayat et al., 2020; Borhani-Haghighi & Mohamadi, 2019). Its anti-
inflammatory process is mediated by numerous molecules, including IGF-1 and other growth factors, which
diminish NF-kB activation in the brain and reduce the expression of nitric oxide, cyclooxygenase, and tumor
necrosis factor (Anitua et al., 2015). Other growth factors such as brain-derived neurotrophic factor (BDNF),

PDGF, VEGF, IGF-1, and TGF-B have been shown to have antiapoptotic and neuroprotective effects on



mesenchymal stem cells, neurons, and human neural stem cells, either alone or in combination (Emel et al.,

2011; Lee et al., 2003; Luo et al., 2012; Rao & Pearse, 2016; Sondell et al., 1999).

This study investigates whether PRP offers neuroprotection in newborn rats with HIBI, specifically focusing on

its therapeutic role in hypoxic-ischemic encephalopathy.
Experimental Procedures
Animals

Thirty-six rat pups were provided by University's Experimental Application and Research Center of Health
Sciences. Male rat pups, maintained with their mothers and fed with breast milk since birth. Animals were
enrolled in the study on postnatal day 10 (PND 10), an age developmentally equivalent to term human infants
(Semple et al., 2013). All animals were housed under a 12-hour light/12-hour dark cycle, with room temperature
maintained at 21-23°C and humidity maintained at 40-60%. The study only included male rat pups, as female rat
pups may interfere with the behavioral assessments during the transition to adulthood (D’Hooge & De Deyn,
2001). The "resource equalization" method was used to determine the number of rats designated for each group
(Festing, 2006). Twelve rat pups were assigned to each group using computer-assisted randomization. The
groups were as follows: the Sham group (n = 12): a single intraventricular dosage of 5 microliters (5 pL) of
physiological saline was given, and then only a skin incision was performed without being subjected to hypoxia
or ischemia procedures, Hypoxia-ischemia (HIE) group (n=12): group was subjected to hypoxia-ischemia and
administered 5 pL of physiological saline intraventricularly, PRP group (n=12): The group that received 5 pL of
PRP intraventricularly. Intraventricular injection was administered over 1 minute using a 25-pL. Hamilton
syringe (Bonaduz, Switzerland). The dosage was determined based on previous studies in the literature (Miura et
al., 2006). PRP Donor Group (n=6): adult males were enrolled and used for homologous PRP preparation. Five
pups from each group were euthanized 72 hours after induction of the HIE model, and their brain tissues were
collected for early-period analysis. The remaining seven pups underwent cognitive-behavioral tests at 6 weeks of
age (adulthood). Body weights were measured daily using a digital scale accurate to 0.1 grams. Humane
euthanasia was considered appropriate in cases of significant weight loss, inability to obtain the dam's dairy
products, food, or water, or signs of extreme stress during the follow-up period. One rat pup in the PRP group

died following the intraventricular injection and was excluded from subsequent analyses.
Animal model of HIE

Unilateral (left) carotid artery ligation was performed following inhalation of isoflurane (POLIFARMA,
Tekirdag, Tiirkiye) (beginning at 4% and then maintained at 1.5%) to induce the HIE model. Subsequently, the
animals were exposed to a gas mixture of 8% oxygen and 92% nitrogen for 90 minutes inside a temperature-
controlled hypoxic chamber at 34-36 °C aiming to implement Rice-Vanucci's hypoxia-ischemia model (Rice et
al., 1981). The rat tails were dyed intradermally using a microneedle (Dr.Pen A6, EKAI tech, Guangzhou,
China). Rat pups were returned to their mothers for 30 minutes after the procedure. Subsequently, the prepared
PRP treatment was administered intraventricularly over 1 minute via a stereotaxic device (Stoelting, USA) using
a Hamilton syringe equipped with a micro-syringe pump. Coordinates targeting the left lateral ventricle (1.0 mm
posterior to bregma, 1.5 mm lateral to the sagittal suture, and 3.0 mm ventral to the skull surface) were

determined using a rat brain atlas. Injection accuracy was initially confirmed via Evans blue dye administration
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in an additional pilot pup not included in the study cohort. The sham group and the HIE group received a single
intraventricular dose of 5 puL/animal of physiological saline. At 72 hours after induction of the HIE model, five
pups from each experimental group were euthanized under isoflurane anesthesia, and their brain tissues were
collected for early-period histological assessment. The remaining seven pups in each group were maintained
until 6 weeks of age. Following cognitive and behavioral testing, animals were euthanized for histological
evaluation. Researchers who were blind to group allocation performed the surgical procedures, treatment
administration, and animal assignment to experimental groups. The intraventricular injections (PRP or saline)
were given by one researcher, the procedures were carried out by another, and the data analysis was done by a
third researcher. Researchers that were blind to the experimental conditions performed statistical analysis,
behavioral testing, pathological evaluation, and image quantification. All protocols in this study were approved
by the Ethics Committee of the Medical and Experimental Research Center at University's Faculty of Medicine
(approval number 2021-05).

PRP preparation

Six adult male Wistar Albino rats were randomly selected for PRP preparation. Approximately 8 ml of blood
was obtained from the right ventricle of each rat's heart while under isoflurane anesthesia. Blood samples were
collected into PRP tubes containing 3.20% sodium citrate (VACURESA PRP Kit, Diasera, Izmir, Tiirkiye). The
sample in the tube was then centrifuged at 2500 g for 10 minutes (Thermo Scientific Heracus Multifuge 3SR,
U.S.A.) according to the manufacturer’s instruction. Two milliliters of PRP were carefully collected from the
plasma layer above the erythrocyte pellet at the bottom of the tube, carefully avoiding the leukocyte-rich buffy
coat. Platelet counts in PRP and the initial blood sample were measured and recorded using an automatic counter
(The Exigo hematology analyzer, Sweden). The platelet concentration in PRP should be at least three-fold higher
than that in whole blood. In our measurements, the baseline whole blood platelet count was 179 x 10° /uL,
whereas the final PRP preparation yielded a platelet count of 675 x 10° /uL, achieving a 3.77-fold concentration.
Consequently, the 5 uL intraventricular dose administered to the PRP group contained approximately 3.37 x 10°

viable platelets.
Histopathological study

Pathological analysis was performed in the Department of Pathology, University Faculty of Medicine. All
subsequent procedures including behavioral testing, image quantification, and statistical analysis were also

performed by investigators blinded to the treatment groups.
Triphenyl tetrazolium chloride (TTC) and hematoxylin-eosin staining

The collected brain tissues were washed in normal saline at room temperature and then cut into 2-mm sections
from the olfactory compartment to the cerebellum. The sections were placed in a saline solution containing 2%
TTC (Merck, Darmstadt, Germany) and incubated for 15 minutes at 37 °C. The tissues were then rinsed with
phosphate-buffered saline to remove the TTC solution. The sections were fixed in a 4% formaldehyde solution at
4°C for 24 h. Macroscopically, infarcted regions were pale-white, while normal regions exhibited a pink-red
color. Infarct areas were quantified using image analysis software (Image-Pro Plus 5.1), and edema-adjusted
absolute infarct areas were calculated using the following formula: edema-adjusted infarct area (IEA) = absolute

unadjusted infarct area (I) x (contralateral hemisphere area/ ipsilateral hemisphere area). The final volume of the
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infarct was obtained by multiplying the thickness of the slice and summing across all slices using the Reglodi

method (Nouraee et al., 2019; Reglodi et al., 2002).
IL-1 B staining

For immunohistochemical assessment, paraffin-embedded coronal brain sections were cut at a thickness of 5 pm
and rehydrated through an alcohol series of 90%, 75%, and 50%. Sections were stained with IL-1f antibody
(rabbit polyclonal antibody, PO1584, 1:400 dilution; Bioss, Boston, USA) using a Ventana BenchMark XT
automated immunohistochemistry instrument. Hematoxylin was used as the counterstain, and lymph node tissue
was used as a positive control. IL-1 immunostaining was evaluated in the ipsilateral hemisphere, focusing on
the peri-infarct cortical and subcortical regions identified with reference to TTC-stained parallel sections.
Sections obtained at corresponding coronal levels were evaluated across all animals to ensure anatomical
comparability. The prepared sections were examined using an Olympus microscope at X400 magnification.
Within each section, the region showing the highest IL-1p staining was selected, and the percentage of positively
stained area within this region was quantified using Image-Pro Plus 5.1 image analysis software. Data were

expressed as the percentage (%) of IL-1B-positive stained area.
TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) staining

In accordance with the manufacturer's instructions, TUNEL staining was performed to detect DNA strand breaks
associated with cell death (TUNEL Assay Kit-HRP-DAB, ab206386, Merck, USA). After a one-hour incubation
at 60°C and subsequent deparaffinization with xylene for 15 minutes, coronal brain sections (5 pum thick) were
incubated with proteinase K for 30 minutes at room temperature. Sections were washed in phosphate-buffered
solution and exposed to the terminal deoxynucleotidyl transferase reaction mixture for one hour at 37°C. 3,3-
Diaminobenzidine tetrahydrochloride and methyl green were used as the chromogen and counterstain,
respectively. Tonsil sections were used as a positive control. TUNEL-positive neurons were counted separately
in each hemisphere. Quantification was performed by averaging the number of TUNEL-positive cells across five
ischemic regions spanning the parietal cortex, hippocampus, and prefrontal cortex. The same staining protocol
and quantification approach were applied at both the early and late timepoints. Data were expressed as the

number of TUNEL-positive neurons.
Behavioral tests

The open field (OF) test was used to assess their locomotor ability at six weeks of age, while the Morris water

maze (MWM) test was used to assess learning and memory of the seven remaining rats in each group.
Open field test

The open-field structure is constructed of black plexiglass, measures 70 x 70 x 30 cm, and has 1-cm-thick walls
and an open top. The rats were placed in a corner of the apparatus, and their behavior was recorded for 5 minutes
with a video camera positioned 2.5 m above the center of the field. The light intensity and room temperature
were set to 100 lumens and 22 + 1°C, respectively. Following this, the distance traveled by the rats in the open
area, the time spent in the center of the apparatus, and the latency to first enter the center were scored using the
ETHOVISION XT computer program, while the frequencies of rearing and defecation were scored manually. In

the OF test, rats' anxiety, stress levels, and locomotor activity were evaluated.



Morris water maze test

The Morris water tank is cylindrical, with a diameter of 140 cm and a depth of 45 cm. Although 140 cm is
smaller than standard adult tanks, it is appropriate for the body size and swimming capacity of 6-week-old rats. It
consists of galvanized sheet metal and has a black interior. There is a mobile escape platform inside the pool that
measures 27 cm in height and 10 cm in diameter during experiments. During the experiments, the pool was filled
with opaque tap water until the water level reached 1 cm above the platform. The water temperature was set to
21 + 1 °C. To provide spatial cues to the rats swimming in the pool, black geometric shapes, contrasting with the
light-colored walls, were placed on the laboratory walls within the rats' field of vision. The light in the pool has
been set to 150 1x. The MWM training trials and final-day tests were used to assess rats' spatial learning and
memory. Rats in MWM underwent training trials four times daily for five consecutive days. In each trial, rats
were released into the pool from any of the four hypothetical quadrants, and were allowed to swim for 90
seconds to find the escape platform. When the rats reached the platform, they were kept there for 15 seconds
before being removed from the pool. During training trials, if rats failed to locate the platform within 90 seconds,
they were manually guided to the platform to learn its spatial location and were then kept on it for 15 seconds
before being removed from the pool. The platform's position was kept fixed in the same quadrant throughout all
trials. Between training trials, rats were kept in their cages for 30 seconds at an appropriate room temperature.
On the final day of testing, the platform was removed from the pool, and the rats were released from the
quadrant opposite that in which the platform had been located before its removal. During the test, the rats were
allowed to swim in the pool for 90 seconds, and the time they spent in the target quadrant before the platform

was removed was recorded by a video camera and analyzed using ETHOVISION XT (NOLDUS, version 4.1).
Statistical Analyses

IBM SPSS Statistics version 20.0 was used for the analyses. Results were expressed as mean + standard error.
The significance level was set at p<0.05. The Tukey test was used for pairwise comparisons following ANOVA
when group variances were homogeneous and the data were approximately normally distributed. For groups that
were not normally distributed and that exhibited heterogeneous variances, the Kruskal-Wallis test was used,
followed by pairwise comparisons using the Mann-Whitney U test. Tukey's test was used for pairwise

comparisons, and repeated-measures ANOVA was used for MWM and body weight data.
Results
Bodyweights

Body weight increased significantly in all groups over 5 weeks [F (8,72)=9.6 p<0.001]. However, there were no
significant differences between groups across all weeks [F (2,18)=2.8 p=0.08].

Infarct area

The representative brain cross-sections in Figure 1 demonstrate that the infarcts were successfully established
and show the observed effect of PRP therapy. Assessments of the infarct area in the early and late periods
showed significant differences between the groups (H (2,14)=7.1 p=0.02, H (2,14)=11.1 p=0.004, respectively)
A significant increase in the infarct area was found in the HIE group compared with the sham group in both the

early and late periods (U=2.5, p=0.01; U=0.0, p<0.001, respectively). While no significant difference was found
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between the PRP and HIE groups in the infarct area during the early period (U=4.5, p=0.17), a significant
decrease was found in the infarct area during the late period (U=0.0, p=0.01) (Figures 2a, 2b). PRP significantly

reduced the infarct size, particularly in the late period.

Sham

HIE

’ 10 mm

—_

Fig. 1 The early period infarct areas of the groups
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Fig. 2 Infarct area (a) early period, (b) late period. *p<0.05, **p<0.001 compared to the sham group, #p<0.05
compared to the HIE group. Kruskal-Wallis followed by Mann-Whitney U (n=4-5 per group, data presented as

mean =+ standard error)
TUNEL staining

During the early period, TUNEL staining revealed a significant difference between groups in the number of
TUNEL-positive cells in brain tissue [H (2,14) = 8.7, p = 0.013]. The number of TUNEL-positive cells was
significantly higher in the HIE group than in the sham group (U = 0.5, p = 0.01). However, no significant
difference was found between the PRP and HIE groups (p > 0.05) (Figure 3a).

During the late period, a significant difference in TUNEL-positive cell counts was also found between the
groups [H (2,14) = 9.2, p = 0.01]. The HIE group showed a significantly greater number of TUNEL-positive
cells than the sham group (U = 0.0, p = 0.009). Furthermore, the number of TUNEL-positive cells was
significantly lower in the PRP group than in the HIE group (U = 0.0, p = 0.01) (Figure 3b). Although PRP was
associated with a numerical reduction in TUNEL-positive cells during the early period, this difference was not
statistically significant; the reduction was significant during the late period. Representative photomicrographs of

TUNEL-positive apoptotic cells and IL-1 immunoreactivity in the cerebral cortex are shown in Figure 4.
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Fig. 3 Quantitative analysis of TUNEL staining during the early (72-hour) and late (42-day) periods. Data
presented as mean + standard error. Quantitative data are expressed as the number of TUNEL-positive neurons.
*p < 0.05 and **p < 0.01 compared with the sham group; #p < 0.05 compared with the HIE group. Kruskal-

Wallis test followed by Mann-Whitney U tests for pairwise comparisons (n=4-5 per group, ns; not significant)
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Sham

HIE

PRP

Fig. 4 Representative photomicrographs showing (A) TUNEL-positive apoptotic cells and (B) IL-1B
immunoreactivity across the experimental groups (Sham, HIE, and PRP). In the Sham group, minimal or absent
positive staining is observed for both markers. The HIE group shows a marked increase in TUNEL-positive
apoptotic nuclei (brown stain) and elevated IL-1f expression compared to the Sham group. Treatment with PRP
notably attenuates both apoptotic cell death (TUNEL) and inflammatory cytokine expression (IL-1B). (Scale bars
=79.4 um, magnification: 200x)

IL-1p staining

Significant differences between the groups in IL-1p staining percentage were found in the early and late periods
(H (2,14)=11.2 p=0.004, H (2,14)=9.1 p=0.01, respectively). The percentage of IL-1p-staining areas was higher
in the HIE group than in the sham group during both the early and late periods (U=0.0, p=0.008; U=0.0,
p=0.009, respectively). However, IL-1p-staining areas decreased significantly in the PRP group compared with
the HIE group during both the early and late periods (U=0.5, p=0.01; U=0.0, p=0.01, respectively) (Figure 5).
The high levels of IL-1B staining in the HIE group indicate successful establishment of the hypoxic-ischemic

model. PRP reduced neuroinflammation in both the early and late periods.
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Fig. 5 Quantitative analysis and representative photomicrographs of IL-1B immunohistochemical staining during
the early (72-hour) and late (42-day) periods. IL-1B immunoreactivity was quantified as the percentage of
positively stained area within the selected peri-infarct region. *p < 0.01 compared with the sham group; #p <
0.05 compared with the HIE group. Kruskal-Wallis test followed by Mann-Whitney U tests for pairwise

comparisons. Data presented as mean =+ standard error (n=4-5 per group)
Open Field Test

The OF test was utilized to evaluate differences in locomotor activity and anxiety-like behaviors. A significant
difference among groups was observed in time spent at the center area [F (2,18)=7.5, p=0.04]. The HIE group
spent significantly less time in the central area than the sham group did (p=0.03). Additionally, time spent in the

central area was significantly higher in the PRP group than in the HIE group (p=0.004) (Figure 6).

A significant difference was found among groups in entry time to the center [F (2,18)=5.6 p=0.01]. Latency to
enter the center in the HIE group was significantly prolonged compared to the sham group (p=0.04). In addition,

the PRP group's central latency time was significantly lower than the HIE group's (p=0.016).

The groups differed significantly in total distance traveled [F (2,18)=8.3 p=0.03]. There was no significant
difference in the distance traveled between the HIE and sham groups. (p>0.05). However, the PRP group

exhibited a significant increase in total distance traveled compared with the HIE group (p=0.002).

There was a significant difference in the frequency of center crossings [F (2,18)=8.4 p=0.01]. No significant
difference was found in the frequency of center crossings between the HIE and sham groups. (p>0.05). However,
the PRP group showed a significant increase in the frequency of center crossings compared with the HIE group

(p=0.002).

12



a
40— | | 150 | |
m ¢ A C
b 0
E 30— A }.:;
= A -
& t 100—
@ HE
i’- e —+_ e I
c [}
g 20— 4 £
£ o ®
€ A > 50— o A
@ [+
10 |[*e] = 5 . N
: = |, 3
= s I:L;l . A
[ |
0 I T T 0 T ' T
Sham HIE PRP Sham HIE PRP
c h d
2500 = 20— #H
1
A
A A
_ 2000 ns A ren
s | | €
[ ] "]
3 % ° Ii
9 1500— m r\ =
E - o 10_ ®
- ... m n A G
2 1000— w - A
g £ *
B - S 54 am |
0O 50— ] ®
|| L A
® | |
0 T T T 0 T T T
Sham HIE PRP Sham HIE PRP

Fig. 6 Graphical representation of the trials conducted in the OF test. (a) Time spent in the central area during
the OF (sec). *p<0.05 compared to the sham group, #p<0.01 compared to the HIE group, (n=7). (b) Time of
central latency (seconds). *p<0.05 compared to the sham group, #p<0.05 compared to the HIE group, (n=7). (c)
Distance traveled. ##p<0.01 compared to the HIE group, (n=7), ns: not significant. (d) Frequency of center
crossing. ##p<0.01 compared to the HIE group, (n=7). Data presented as mean + standard error. Tukey's test for

pairwise comparisons following ANOVA
Morris water maze test

The MWM test was used to evaluate memory and spatial learning. Over the five training days, the groups
showed a significant decrease in the time spent finding the platform [F (4,324)=32.2 p<0.001]. A significant
difference was found between groups in the training trials [F (2,81)=11.8 p<0.001]. In the PRP group, the

platform-finding time significantly increased on the second, third, and fourth days compared to the sham group
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(p=0.04, p=0.003, and p=0.01, respectively). Additionally, on the third day, the PRP group showed a significant
increase compared with the HIE group (p<0.001). In the MWM training trials, no significant differences in
swimming speed were found between groups [F (2,81)=2.9 p=0.15] (Figures 7a, 7b). On the sixth day of the
MWM test, there were no significant differences between groups in the time spent in the target quadrant and

swimming speed ([F (2,18)=2.0 p=0.15] [F (2,18)=2.6 p=0.09], respectively).
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Fig. 7 MWM test: (a) platform finding time (seconds), (b) swimming speed. *p<0.05, **p<0.01 compared to the
sham group, ###p<0.001 compared to the HIE group. Repeated measures ANOVA, Tukey test for pairwise

comparisons. Data are presented as mean + standard error. (n = 7 per group)
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Discussion

This study sought to determine whether PRP treatment could mitigate neuroinflammation in newborn rats with
HIE and to assess its long-term impact on neurological function. Although PRP therapy reduced the infarct area
and the number of apoptotic cells in the early period, this effect was more significant in the late period. The
increased percentage of IL-1B-stained areas in the HIE group indicates successful establishment of the HIE
model. Furthermore, the reduction in IL-1B-stained areas with PRP treatment in both early and late periods
indicates that it reduces neuroinflammation. Subsequent behavioral assessments indicated that elevated anxiety-
like behavior in the HIE group decreased following PRP treatment. However, the MWM test also showed that

PRP had no effect on cognitive functions.

Oxidative stress, inflammation, excitotoxicity, and energy deprivation—induced cell death (whether by apoptosis
or necrosis) can all play a role in causing brain injury during HIE (Ranjan & Gulati, 2023). Subsequently, the
resulting free oxygen radicals activate signaling pathways involved in the production of proinflammatory
cytokines and chemokines such as IL-1p, IL-6, TNF, and interferons (IFNs), thereby triggering the inflammatory
response and apoptosis (Ranneh et al., 2017). In a study evaluating the anti-inflammatory effect of PRP, it was
demonstrated that it significantly inhibits the production of inflammatory factors, including IL-1p and TNF-q, in
intervertebral disc degeneration (Akeda et al.,, 2019). Additionally, PRP has been found to reduce levels of
proinflammatory cytokines (TNF-a, IL-1p, or IL-6) in an experimental model of arthritis (Tong et al., 2017). The
anti-inflammatory properties and presence of various trophic factors in PRP have been shown to play an
important role in the treatment of neurological disorders in several studies (Alcaraz et al., 2015; Anitua et al.,
2015; Stolle et al., 2018; Wang et al., 2024). Thus, PRP therapy has been shown to reduce inflammation and
promote neuronal survival in central nervous system models where neuroinflammation is a major factor, such as
Parkinson’s disease and stroke (Anitua et al., 2014; Borhani-Haghighi & Mohamadi, 2019; Zhang et al., 2015).
In our study, PRP significantly decreased IL-1B levels, consistent with previous findings. However, this effect
was particularly noticeable during the late period. The higher IL-1p staining observed at day 42 compared with
day 3 in the HIE group is consistent with the concept of sustained tertiary neuroinflammation, whereby
proinflammatory signaling may persist for weeks to months after the initial hypoxic-ischemic insult (Levison et
al., 2022; Pedroza-Garcia et al., 2022). In support of this interpretation, Wixey et al. reported persistent IL-13
elevation at postnatal day 45 in neonatal rats subjected to hypoxia-ischemia (Wixey et al., 2011), while
Shrivastava et al. documented sustained cytokine expression for up to 21 days following neonatal hypoxia-
ischemia in mice (Shrivastava et al., 2013). Activated resident microglia and infiltrating monocytes represent
important cellular sources of IL-1p in the injured neonatal brain, and reactive astrocytes may also contribute to
the sustained inflammatory response at later timepoints (Chen et al., 2022; Leavy & Jimenez Mateos, 2020;
Levison et al., 2022; Pedroza-Garcia et al., 2022). Importantly, the 72-hour and 42-day assessments in our study
were performed in separate cohorts of animals (n = 5 and n = 7 per group, respectively), rather than as
longitudinal measurements in the same animals. Therefore, direct numerical comparisons between the two
timepoints should be interpreted cautiously, as inter-cohort variability in injury severity, litter effects, and
regional susceptibility may contribute to the observed differences. Nevertheless, the significant attenuation of IL-
1B staining in both the early and late periods following PRP administration supports a sustained anti-
inflammatory effect of treatment and is consistent with the documented capacity of PRP-derived growth factors

to suppress NF-kB-mediated inflammatory signaling (Anitua et al., 2015).
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PRP stimulates neurogenesis, angiogenesis, cell survival and migration by activating platelet-derived growth
factor (PDGF), insulin-like growth factor -1 (IGF-1), fibroblast growth factor (FGF), and vascular endothelial
growth factor (VEGF), as well as some neurotrophic factors like nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF) (Kojima & Tator, 2002; Swift et al., 2006; Zhang et al., 2015). In a study
investigating the effects of PRP on central nervous system cells, it was found to be efficient in ameliorating
inflammation on microglia, decreasing apoptosis in neural progenitor cells, and maintaining neuronal synapses
(Delgado et al., 2021). In another study that developed a neonatal HIE model, PDGF suppression resulted in a
significant loss of neurons and inhibited neurite growth. It was concluded that suppression of PDGF induces
neuronal apoptosis after neonatal cerebral hypoxia and ischemia by inhibiting P-PI3K and P-AKT signaling
pathways (Xiong et al., 2019). Our research demonstrated that the anti-apoptotic activity of PRP was more
pronounced during the late period; it also markedly reduced infarct areas at this stage. The lack of substantial
efficacy during the early period may be due to increased blood-brain barrier permeability resulting from VEGF
activity in PRP. The finding of a greater number of TUNEL-positive cells in the late period (day 42) than in the
early period (day 3) may seem counterintuitive when considering only classical apoptosis, since caspase-
dependent apoptosis following hypoxic-ischemic injury normally peaks within 24—72 hours (Pulera et al., 1998).
A critical methodological consideration is that early and late assessments were carried out in different cohorts of
animals (n = 5 and n = 7 per group, respectively) so that the numerical difference between timepoints does not
reflect a longitudinal increase within the same animals. The same TUNEL staining protocol and quantification
approach were used at both time points and the consistently low staining seen in the sham groups argues against
a systematic staining artifact. Additionally, the late TUNEL signal is consistent with the tertiary phase of
neurodegeneration in HIE, which can last for weeks to months after the initial injury and is characterized by
ongoing neuroinflammation, mitochondrial dysfunction, oxidative stress, and neuronal loss (Levison et al., 2022;
Pedroza-Garcia et al., 2022). Importantly, TUNEL detects DNA strand breaks regardless of the mechanism
involved and is therefore not specific for classical apoptosis. Other programmed cell death pathways, such as
necroptosis and PARP-1-dependent parthanatos, and oxidative DNA damage can also lead to TUNEL-positive
nuclei (Kari et al., 2022; Lear et al., 2025; Zhu et al., 2000). Therefore, the elevated TUNEL signal in the late
period is likely to be due to a combination of continued secondary and tertiary neurodegeneration and non-
apoptotic DNA damage, rather than simply the persistence of the acute apoptotic wave. The marked decrease in
TUNEL-positive cells after PRP treatment in the late phase suggests that PRP may preferentially suppress

mechanisms that contribute to this delayed phase of neuronal injury.

Multiple studies on the neuroinflammatory model of central nervous system disorders have shown that PRP
exerts a neuroprotective effect on learning, memory, and synaptic plasticity by alleviating neuroinflammation
and apoptosis (Bayat et al., 2020; Ji et al., 2023). The OF test, which is used to evaluate motor activity and
anxiety-like behaviors, indicated that the HIE group spent less time in the central area and required more time to
enter the central area. On the contrary, PRP administration reversed these effects, as evidenced by increased time
spent in the central area, higher frequency of center crossings, greater total distance traveled, and a reduced
latency to first entry to the central area. Collectively, these findings indicate that PRP treatment effectively
ameliorates HIE-induced anxiety-like behavior. Additionally, the increased distance traveled by the PRP group

compared with that of the HIE group indicates greater locomotor activity. The MWM test, which is conducted to
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assess spatial learning and memory, revealed that cognitive functions were not affected, as no significant

differences were found between the groups during the training trials or on the test day.

This study has several important limitations that must be addressed. A major limitation of this study is that it was
not possible to demonstrate clearly the pathways through which growth and neurotrophic factors contained in
PRP exert their effects. Due to the lack of cell-specific co-labeling, future studies should include a broader panel
of cytokines (e.g., IL-6, TNF-a) to fully elucidate the inflammatory pathways involved. Another limitation of
this study is the lack of evaluation regarding the efficacy of different PRP dosages and administration timings.
Furthermore, it is important to acknowledge that the exclusion of female pups limits our ability to evaluate
potential sex-dependent differences in neuroprotective responses to PRP. However, female rat pups were not
included in the study because they might influence behavioral assessments during the transition to adulthood.
Another limitation is that, because TUNEL staining detects DNA strand breaks regardless of the underlying cell
death mechanism, it does not discriminate between classical caspase-3-mediated apoptosis and alternative
programmed cell death pathways such as necroptosis or parthanatos (Kari et al., 2022; Zhu et al., 2000).
Definitive characterization of the predominant cell death mechanisms — particularly at the late timepoint —
would require complementary assays such as active caspase-3 immunolabeling or flow cytometry-based
Annexin V staining. Additionally, IL-1p expression was quantified solely by immunohistochemistry, which is
inherently semi-quantitative; complementary approaches such as enzyme-linked immunosorbent assay (ELISA)
or quantitative reverse-transcription polymerase chain reaction (qRT-PCR) would allow more precise
determination of protein and mRNA levels, respectively. Furthermore, the absence of co-labeling with cell-type-
specific markers — such as ionized calcium-binding adaptor molecule 1 (Iba-1) for microglia or glial fibrillary
acidic protein (GFAP) for astrocytes — precluded identification of the principal IL-1B-producing cell
populations in the present model. Future studies incorporating cell-type-specific dual immunofluorescence
labeling would also be valuable for determining the relative contributions of microglia, astrocytes, and neurons
to the persistent IL-1P signal. Nevertheless, we believe that this is the first study to use PRP in a model of

hypoxic-ischemic encephalopathy.

This study demonstrates that PRP therapy holds promising therapeutic potential for the management of HIE.
However, further studies are required to elucidate the pathophysiological mechanisms underlying this therapeutic

effect in HIE.
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