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Abstract: The levels and potential role of prolactin (PRL) in the brain under conditions of acute
systemic hypoxia were examined, focusing on the accumulation of PRL in cerebrospinal fluid (CSF)
and its effects on neuronal activity and injury. The amount of PRL in the brain was investigated
using brain tissues from forensic autopsy cases. We counted the number of neurites that formed
in human primary neurons (HNs) after the addition of PRL. Furthermore, HNs supplemented
with PRL or triiodothyronine (T3) were exposed to hypoxic conditions, and the dead cells were
counted. The results showed correlations between brain PRL and CSF PRL levels. Additionally, PRL
accumulation in the brain was observed in cases of asphyxia. In vitro experimental findings indicated
increased neurite formation in the HNs treated with PRL. Moreover, both PRL and T3 demonstrated
neuroprotective effects against hypoxia-induced neuronal cell death, with PRL showing stronger
neuroprotective potential than T3. These results suggest that PRL accumulates in the brain during
hypoxia, potentially influences neuronal activity, and exhibits neuroprotective properties against
hypoxia-induced neuronal injury.
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1. Introduction

Prolactin (PRL), except for placental PRL, is a hormone that is mainly synthesized
and secreted by lactotroph cells in the anterior pituitary gland [1]. PRL accumulates in
the tissue microenvironment and elicits its actions in an autocrine or paracrine manner to
regulate diverse physiological activities, including the immune response, osmotic pressure,
angiogenesis, and promotion of neurogenesis in the maternal and fetal brains [2–6]. PRL
is transported to the brain via specific transporters expressed in the choroid plexus [7],
but it has also been reported to be produced locally in the brain [8–11]. The PRL receptor
(PRLR) belongs to the type I cytokine receptor family and consists of three domains: ex-
tracellular, transmembrane, and intracellular [12,13]. In addition, expression of PRLR has
been reported in various brain regions, including the cerebral cortex, hypothalamus, and
hippocampus in mammals [13]. Regarding the binding of PRL to the single-pass, the trans-
membrane PRLR induces several intracellular signaling cascades that are mediated by the
Janus kinase (JAK)-signal transducer and activator of transcription (STAT) components [14].
Specifically, JAK2 is constitutively associated with PRLR, and once JAK2 is activated, it
recruits and phosphorylates STAT5 [15]. STAT5 regulates the expression of several target
genes in the nucleus, including genes related to cell cycle and survival [16].

Several studies on hyperprolactinemia under conditions of hypoxemia have been
reported [17–19]. In addition, other pathological conditions that have been reported to be
associated with elevated PRL levels include physiological and physical stress (trauma),
such as burns, surgery, and post-traumatic stress disorder [20]. In our previous study,
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we reported that PRL levels were increased in the cerebrospinal fluid (CSF) during acute
systemic hypoxia due to asphyxia, and PRL was transported from the blood to the CSF via
the choroid plexus under hypoxia [21]. However, the physiological significance of the PRL
transported to the CSF under hypoxia remains unclear.

As a result of hypoxia/ischemia in the brain, brain edemas and inflammation occur,
leading to hypoxic-ischemic encephalopathy (HIE) [22]. In forensic autopsy cases, HIE can
be caused by multiple conditions, such as traumatic or chemical events, respiratory and
cardiac arrest, asphyxiation, or obstruction of the cerebral or cervical vessels [23,24]. In
addition, neonatal HIE is one of the major causes of neurodegeneration and death in the
neonatal period [25]. Treatment is primarily by hypothermia, but the use of neuroprotective
peptides targeting cytotoxic or cytoprotective pathways has been reported [26]. For exam-
ple, it has been reported that triiodothyronine (T3) may be involved in the neuroprotective
mechanism of hypoxic preconditioning that resulted in potent neuroprotection against
HIE [27]. It has also been reported that PRL has complex stimulatory and regulatory effects
on neural stem cell activity and may itself play a role in the recovery process associated
with damage in the brain via signal transduction through PRLR [28]. PRL is also expected
to be a neuroprotective agent, but its role in humans during hypoxia is not fully understood,
and in vivo studies are lacking [29].

In the present study, we examined the levels and potential role of PRL in the brain
under conditions of acute systemic hypoxia with a focus on PRL accumulation in the CSF
and its effects on neuronal activity and injury.

2. Materials and Methods
2.1. Ethics Statement

The protocol of the present study was evaluated and approved by the Independent
Ethics Committee of the Osaka Metropolitan University Graduate School of Medicine. An
opt-out form of informed consent was approved for the use of autopsy data for analysis
(Authorization no. 4087).

2.2. Autopsy Samples

Serial autopsy cases were examined within 72 h postmortem at our institution. There
were 104 cases, and the median age was 67 years (range, 0–100 years). Cases were excluded
from this study if any drugs were detected. The specimens were collected aseptically
using syringes. Blood was collected from the right heart chamber. The blood samples
were immediately centrifuged to separate the serum and then stored at −20 ◦C until use.
The cause of death was classified according to the findings of the complete autopsy and
macromorphological, micropathological, and toxicological examinations as follows: sharp
instrument injury (n = 12), blunt injury (n = 32), fire fatality (n = 26), asphyxia (n = 20),
drowning (n = 6), and acute cardiac death (n = 8). The case profiles are presented in Table 1.
For each cause of death, clear and verifiable cases with well-established pathological
evidence without any significant complications were included.

Table 1. Case profiles (n = 104).

Cause of Death n Male/Female
Age (Years) Survival

Period (h)

Postmortem Period (h)

Range Median Range Median

Sharp instrument
injury

Acute 5 1/4 46–86 62 <0.5 12–64 23

Subacute 7 7/0 47–93 70 3–6 8–35 30

Blunt injury

Acute 7 7/0 20–84 63 <0.5 8–49 29

Subacute 14 9/5 47–100 59 2–6 7–58 26

Prolonged 11 8/3 1–93 71 7–24 15–73 29
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Table 1. Cont.

Cause of Death n Male/Female
Age (Years) Survival

Period (h)

Postmortem Period (h)

Range Median Range Median

Fire fatality

CO-Hb < 30% 6 5/1 44–86 71.5 <0.5 15–36 19

CO-Hb = 30–60% 12 8/4 51–88 72 <0.5 11–40 22

CO-Hb > 60% 8 6/2 61–79 74.5 <0.5 9–38 17

Asphyxia

Hanging 6 4/2 49–70 56.5 0.5–3 17–61 39

Strangulation 4 2/2 37–87 68.5 <0.5 19–65 47

Others 10 8/2 0–86 67.5 0.5–6 8–57 29

Drowning 6 6/0 33–85 64.5 <0.5 13–61 32

Acute cardiac death 8 8/0 0–75 45 <0.5 16–37 26

Total 104 82/22 0–100 67 <0.5–24 7–73 27

2.3. Toxicological Analyses

Blood CO-Hb saturation (%) was analyzed using a CO-oximeter system (ABL80 FLEX
system; Radiometer Corp., Tokyo, Japan). Blood cyanide and alcohol levels were deter-
mined using headspace gas chromatography/mass spectrometry [30,31]. Drug analyses
were performed using gas chromatography/mass spectrometry [32].

2.4. Biochemical Analysis

Levels of PRL in serum and CSF were measured by chemiluminescent enzyme im-
munoassay using PATHFAST® (LSI Medience, Tokyo, Japan) according to the manufac-
turer’s protocol [33]. The PRL concentrations in serum and CSF that were measured and
reported in a previous study [21] were included in the present analysis.

2.5. Western Blotting

For Western blotting analysis, we used tissue from the parietal cerebral cortex, where
many neurons are densely packed. The parietal lobe tissue specimens were immediately
stored at −80 ◦C until use after collection for Western blotting analysis. Tissues were lysed
in T-PER™ Tissue Protein Extraction Reagent (Thermo Fisher Scientific, Waltham, MA,
USA) and Protease Inhibitor Cocktail Set V (FUJIFILM Wako Pure Chemical, Osaka, Japan),
and the total amount of soluble protein was quantified using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific). Protein samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Bolt™ 4–12% Bis-Tris Plus Gels; Thermo Fisher
Scientific), and the resolved proteins were transferred onto nitrocellulose membranes (GE
Healthcare, Buckinghamshire, UK). The membranes were blocked with Blocking One
(Nacalai Tesque, Kyoto, Japan) and incubated with the primary antibodies followed by
horseradish peroxidase-conjugated secondary antibody (Thermo Fisher Scientific). The
primary antibodies were rabbit anti-human PRL polyclonal antibody (PB9361; Boster
Biological Technology Co., Ltd., Pleasanton, CA, USA) and anti-β-actin mouse monoclonal
antibody (AM4302; Thermo Fisher Scientific). The membranes were cut into two pieces;
one piece was reacted with the primary antibody for PRL, and the other piece was reacted
with the primary antibody for β-actin. After the staining steps, the two membrane pieces
were photographed at the same time when immunoreactive signals were visualized by
chemiluminescent detection using the ImageQuant LAS 500 (GE Healthcare). Protein
quantitative analysis was performed with an ImageQuant TL (GE Healthcare); protein
concentrations were normalized by calculating the ratios of PRL to β-actin.
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2.6. Addition of PRL to Nerve Cells under Hypoxic Conditions

The amount of PRL in neuronal cells after the addition of PRL was compared under
hypoxic and normoxic conditions in human neuroblastoma SH-SY5Y cells (EC94030304-F0;
DS Pharma Biomedical, Suita, Japan). Cells were cultured in D-MEM/Ham’s F-12 medium
supplemented with 1% MEM non-essential amino acids solution and 10% fetal bovine
serum (Product No. 04-121-1A; Biological Industries Ltd., Kibbutz Beit-Haemek, Israel)
and adjusted to 1.5 × 106 cells per 35 mm culture dish. PRL treatment experiments were
performed the next day. Cells were cultured in an incubator with 4.7% CO2 at 37 ◦C. PRL
was added to the cell cultures at a final concentration of 20 ng/mL (n = 3 for each). After
the addition of PRL, cells were cultured under hypoxic conditions with 1% O2 and 4.7%
CO2 at 37 ◦C. At 30 min, 60 min, and 24 h after hypoxic exposure, cells were collected, and
the PRL levels were analyzed by Western blotting.

2.7. Immunofluorescent Staining of Cultured Cells

SH-SY5Y cells (#EC94030304; KAC Co. Ltd., Kyoto, Japan) were cultured on chamber
slides, then PRL (20 ng/mL) was added, and the cells were cultured for 30 min under
hypoxic or normoxic conditions, followed by immunofluorescent staining. Cultured cells
were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde
phosphate buffer solution (FUJIFILM Wako Pure Chemical) for 10 min, then permeabilized
with 0.5% Triton X-100 (PBS preparation) for 10 min at room temperature. A blocking
solution (Blocking One Histo, Nacalai Tesque) was applied to cells at room temperature for
10 min. Next, mouse monoclonal anti-PRL antibody (SC-271773; Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) was added as the primary antibody, and the cells were incu-
bated at 4 ◦C overnight. Subsequently, Cy5 goat anti-mouse IgG (A10524; Thermo Fisher
Scientific), as the secondary antibody, reacted with the cells at room temperature for 60 min.
The cells were sealed with a cover glass using a DAPI-containing encapsulation material
(ProLong Gold Antifade Reagent with DAPI, #8961; Cell Signaling, Danvers, MA, USA)
and evaluated using a fluorescence microscope (FSX100; Olympus, Tokyo, Japan).

2.8. Analysis of PRL Effects on Human Primary Neurons

Human primary neurons (HNs) prepared from human brains were obtained from
ScienCell Research Laboratories (#1520; ScienCell, San Diego, CA, USA) and seeded onto
24-well cluster plates pretreated with Matrigel® basement membrane matrix (Corning,
Corning, NY, USA). Primary neurons were maintained in neuronal medium (ScienCell)
supplemented with neuronal growth supplement (ScienCell) according to the manufac-
turer’s instructions [34]. To investigate the morphological changes in neurons induced by
PRL, 1 to 100 ng/mL PRL was dropped into the medium, and the numbers of HN neurites
were determined after 24 h of culture (n = 3 for each). As a control, medium with no added
PRL was used. Neuronal maturation was evaluated using the ratio of cells of each neurite
number (1 to 4 and ≥5) to all cells. Subsequently, to investigate the neurophysiological
effects of PRL under hypoxia, 10 ng/mL PRL and 10 ng/mL T3 were dropped into the
medium, respectively, and cultured under a hypoxic condition (3% O2). The percentage of
dead cells due to apoptosis under hypoxia from 10 min to 24 h was measured by TUNEL
staining (n = 3 for each). The ratio of nerve cell death was defined as the number of dead
nerve cells/number of all nerve cells. As a control, medium with no added PRL or T3
was used.

2.9. Statistical Analysis

The Shapiro–Wilk and Kolmogorov–Smirnov tests were used to analyze the data
distribution. Both tests similarly demonstrated that our dataset was not normally dis-
tributed. Spearman’s rank correlation coefficient was used for the comparisons of two
values, including the PRL levels and the amount of brain PRL. For comparisons between
groups, the nonparametric Mann–Whitney U test was used. In this test, the line in each
box represents the median, and the lines outside each box represent the 90% confidence
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interval. The results of the cell culture experiments are presented as bar graphs, in which
the bar indicates the mean, and the whiskers indicate the standard error. All analyses
were performed using the SPSS 9.0 statistical package (SPSS Inc., Chicago, IL, USA). A
p-value < 0.05 was considered significant.

3. Results
3.1. Amount of PRL in the Brain

There was no difference in the amount of brain PRL between the males and females.
No relationship was found between the amount of brain PRL and the age, postmortem
period, or survival period. Moreover, there were no differences between any of the survival-
period groups (acute, subacute, and prolonged) among the sharp instrument injury and
blunt injury cases. A slight correlation was observed between the CSF PRL levels and the
amount of brain PRL (r = 0.211, p < 0.01). No relationship was found between the serum
PRL levels and the amount of brain PRL (Figure 1). The amount of brain PRL was higher in
cases of asphyxia than in cases of blunt injury and fire fatality (both p < 0.05). A trend was
observed for PRL to be increased with asphyxia (Figure 2).
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Figure 1. Relationships between the amount of PRL in the brain and (a) serum and (b) CSF levels of
PRL. A slight correlation was observed between the CSF PRL levels and the amount of brain PRL
(r = 0.211, p < 0.01). No relationship was found between the serum PRL levels and the amount of
brain PRL.
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Figure 2. Analysis of the amount of PRL in the brain by Western blotting. (a) PRL protein was
detected by Western blotting as a 25 kDa band. (b) Amount of PRL in the brain according to the cause
of death. The amount of brain PRL was higher in cases of asphyxia than in cases of organ damage due
to blunt injury and fire fatality (p < 0.05). The data are presented as box and whisker plots in which
the central horizontal line in each box represents the median, the boxes span the interquartile range,
and the whiskers represent the 90% confidence interval. Circles: outliers, asterisks: abnormal values.
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3.2. PRL Levels in SH-SY5Y Cells after Exposure to Hypoxic Conditions

After PRL was added to SH-SY5Y cells, a higher level of PRL was found in the cells
exposed to hypoxic conditions than in those exposed to normoxic conditions. In addition,
the concentration of PRL decreased over time for both the hypoxic and normoxic conditions
(Figure 3a,b). On the other hand, immunofluorescent staining of PRL showed no significant
difference in the fluorescence intensity between the hypoxic and normoxic conditions
(Figure 3c).
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Figure 3. Western blot and immunofluorescent staining results of PRL-treated SH-SY5Y cells after
exposure to hypoxia. (a) Western blotting for PRL and β-actin in SH-SY5Y cells. (b) PRL levels
in PRL-treated SH-SY5Y cells after exposure to hypoxia. The data are presented as bar graphs in
which the bars indicate the mean, and the whiskers indicate the standard error. (c) Photomicrographs
showing the immunofluorescent staining of PRL in SH-SY5Y cells under hypoxic (i–iii) and normoxic
(iv–vi) conditions.

3.3. Effects of PRL on Neuronal Maturation in Human Primary Neurons

After 24 h of culture, morphological changes were observed in the HNs to which PRL
was added. HNs without PRL did not have high neurite numbers and were immature, but
as the concentration of added PRL increased, the number of neurites increased, and more
morphologically mature neural cells were observed (Figure 4a).

The proportion of HNs with each neurite number after 24 h of culture was determined.
Without the addition of PRL, the mean proportions were 0 neurites, 31.1%; 1 neurite, 37.3%;
2 neurites, 33.0%; 3 neurites, 9.3%; 4 neurites, 2.0%; and ≥5 neurites, 0.7%. With the
addition of 1 ng/mL PRL, the mean proportions were 0 neurites, 30.9%; 1 neurite, 31.1%;
2 neurites, 22.5%; 3 neurites, 12.7%; 4 neurites, 1.6%; and ≥5 neurites, 1.2%. With the
addition of 10 ng/mL PRL, the mean proportions were 0 neurites, 13.0%; 1 neurite, 22.2%;
2 neurites, 25.0%; 3 neurites, 15.6%; 4 neurites, 12.3%; and ≥5 neurites, 11.9%. With the
addition of 100 ng/mL PRL, the mean proportions were 0 neurites, 6.7%; 1 neurite, 10.5%;
2 neurites, 13.4%; 3 neurites, 20.6%; 4 neurites, 26.3%; and ≥5 neurites, 22.5%. Of note, in
HNs with the addition of PRL, many neurons with 0 to 3 neurites were observed, but in
HNs to which 100 ng/mL of PRL was added, many neurons with 3 to 5 or more neurites
were observed (Figure 4b).
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microscopy. HNs were morphologically different in the medium with PRL [(i) 0 ng/mL, (ii) 1 ng/mL,
(iii) 10 ng/mL, (iv) 100 ng/mL] after 24 h of culture. Bar = 100 µm. (b) Percentage of HNs of each
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3.4. Neuronal Protection of Human Primary Neurons under Hypoxic Conditions

The proportion of dead HNs due to apoptosis was determined for each time point.
Without the addition of PRL, the mean proportion at each time point was 10 min, 5.3%;
30 min, 24.8%; 60 min, 53.0%; 3 h, 62.2%; 6 h, 83.1%; 12 h, 90.3%; and 24 h, 95.8%. With the
addition of T3, the mean proportion at each time point was 10 min, 4.4%; 30 min, 20.9%;
60 min, 46.3%; 3 h, 50.4%; 6 h, 63.0%; 12 h, 75.7%; and 24 h, 80.3%. With the addition of PRL,
the mean proportion at each time point was 10 min, 2.6%; 30 min, 15.9%; 60 min, 31.3%; 3 h,
38.6%; 6 h, 49.7%; 12 h, 61.3%; and 24 h, 71.7%.

When the HNs were exposed to hypoxic conditions, cell death due to apoptosis was
observed, and the number of apoptotic cells increased with longer hypoxic exposure time.
Among the HNs without the addition of PRL, the percentage of dead cells was 90% or more
after 24 h of hypoxic exposure. However, among the HNs with the addition of T3 or PRL,
the percentage of dead cells was about 80% and 70%, respectively, after 24 h of hypoxic
exposure. There were fewer apoptotic cells among the HNs with the addition of PRL or T3
than among the HNs without the addition of PRL or T3. Furthermore, PRL more strongly
suppressed apoptosis due to hypoxia exposure than T3 (Figure 5).
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4. Discussion

To determine whether PRL is present in the brain, we examined PRL in the brain of
forensic autopsy cases. Western blot analysis using brain tissue samples showed that the
amount of brain PRL correlated with CSF PRL. The amount of brain PRL was not influenced
by sex, age, postmortem period, or survival period. Furthermore, the amount of PRL in the
brain tended to increase with hypoxia, and PRL accumulated in the brain. Previous studies
have reported that PRL is transported from the blood to the CSF in acute hypoxic/ischemic
conditions [7,21]. It was suggested that PRL transported to the CSF may be taken into the
brain as a result of acute systemic hypoxia due to asphyxia. On the other hand, experiments
using SH-SY5Y cells showed that PRL was more abundant in cells exposed to hypoxia
than those under normoxia. These results suggested that PRL accumulates in the neurons
of the brain and is involved in the response to hypoxic conditions. The reason why no
observable difference was seen in the immunofluorescence staining results between the
hypoxic and normoxic conditions may be because of the small amount of PRL accumulated
on a cell-by-cell basis or because PRL is disseminated within and around the cells.

The source of PRL in the brain has been studied extensively, but it remains controver-
sial. Although sources of PRL other than the pituitary gland have been reported [8–11], PRL
expression is very low in brain regions other than the pituitary gland, and it is unlikely that
PRL produced in extrapituitary tissues has any effect on the circulating levels of PRL [13].
Therefore, the increase in PRL observed in this study during asphyxiation is believed to
be due to pituitary-derived PRL crossing the blood–brain barrier and accumulating in
neurons under specific physiological conditions (acute hypoxia). In this study, although
PRL accumulation in the brain tended to be higher among the cases of asphyxia, no sig-
nificant differences were observed for some of the other causes of death. This might be
because of secondary hypoxia due to blood circulation failure [35]. Reportedly, the final
stage of drowning involves alveolar damage rather than respiratory failure [36]. However,
by simply measuring the amount of PRL in the brain, acute cardiac death or drowning was
difficult to consider as a control for deaths that include brain lesioning or decreased oxygen.

With the addition of PRL to HNs, we found that the number of neurites increased
after 24 h of culture as the PRL concentration increased. This finding suggested that
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PRL promotes the growth of neuronal cells. Furthermore, in the HN hypoxic exposure
experiment, the proportion of apoptotic cells among the HNs with the addition of PRL or
T3 was lower than that among the HNs without the addition of PRL or T3. This suggested
that T3 and PRL have neuroprotective activity against hypoxia. In addition, PRL more
strongly suppressed hypoxia-induced apoptosis in the HNs than T3, suggesting that PRL
has a stronger neuroprotective effect than T3.

Thyroid hormone is known to play an important role in neurodevelopment [37]. The
neuroprotective effects of thyroid hormone treatment after acute brain injury, including
stroke and traumatic brain injury, have been reported [38,39]. Lin et al. showed that T3
significantly reduced the production of reactive oxygen species and prevented neuronal
cell death by promoting the removal of damaged mitochondria by Pink1-dependent mi-
tophagy [37]. In the in vitro experiments of the present study, we also found a similar
protective effect against neuronal cell death in a hypoxic environment. Regarding the
neuroprotective effects of PRL, it has been reported that pretreatment of rat hippocampal
neurons with PRL before glutamate incubation prevented cell death and mitochondrial
dysfunction [40]. In addition, the JAK-STAT signaling pathway may be involved in a mech-
anism by which PRL suppresses neuronal apoptosis under hypoxic conditions [41]. PRL
is known to activate the JAK-STAT signaling pathway through PRLR, and the JAK-STAT
signaling pathway is involved in apoptosis [42]. It has been reported that PRL-induced
apoptotic effects are mediated by the JAK2/STAT5 pathway [13]. It has also been reported
that PRL may regulate anti-apoptotic gene induction via STAT3 activation in cervical cancer
cells [43]. Thus, apoptosis may also be suppressed by a STAT-mediated mechanism in
human neurons.

Our results showed that PRL protects neurons from hypoxic environments but that
the neuroprotective mechanism appears to differ from that of T3. PRL showed a stronger
neuroprotective effect than T3, indicating a difference in their neuroprotective mechanisms.
Nonetheless, the neuroprotective effects of PRL are complex, and research remains lim-
ited [34]. Elucidation of the neuroprotective properties of PRL may facilitate its application
as a neuroprotective peptide for the treatment of HIE in the future.

This study has several limitations. In this study, asphyxia was used as a condition
indicating acute systemic hypoxia. Asphyxia causes an acute hypoxic state and is known
to have a particularly large effect on the brain [44]. However, research using autopsy
tissues has limitations in terms of the sample size and analysis methods, and comparisons
with research using cultured cells would be more appropriate for achieving the research
objectives. Nonetheless, the cells used in this study included primary cultured human
nerve cells, which are speculated to better reflect living nerve cells than established cell
lines, such as other neuroblastoma cells. In addition, in this study, the amount of PRL
present in the brain was measured, and the possibility that PRL accumulates in the brain
under hypoxia was raised. However, some papers have reported that PRL is expressed
in part of the brain [8–11], but it was not possible for us to determine whether the PRL
found in the brain was derived from the brain itself or was transported from the blood.
In addition, cell-to-cell relationships might differ in autopsy samples and monocultures,
but we were unable to assess these relationships. To address these limitations, it may be
necessary to conduct analyses of the PRL levels and PRLR in various regions of the brain.
Such analyses may allow us to better understand the influence of potential confounders
and further elucidate the role of PRL in hypoxia. In addition, the use of a co-culture system
may be useful for culturing and analyzing not only nerve cells but also other types of cells
within the central nervous system, such as microglia and astrocytes.

5. Conclusions

In conclusion, the present study results suggest that PRL accumulates in the brain
during hypoxia, potentially influences neuronal activity, and exhibits neuroprotective prop-
erties against hypoxia-induced neuronal injury. However, the neuroprotective effects of
PRL are complex, and research remains limited. Further elucidation of the mechanisms
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underlying the effects of PRL on neural responses to hypoxia may require a better un-
derstanding of the potential confounders and influences of cell-to-cell relationships. In
addition, elucidation of the neuroprotective properties of PRL may facilitate its application
as a neuroprotective peptide for the treatment of HIE.
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