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Abstract: Perinatal asphyxia is a common pathological condition occurring
worldwide in approximately 4 million newborns annually. The result of this
phenomenon is multi-organ damage and the development of chronic hypoxic
encephalopathy. It is currently believed that an episode of cerebral hypoxia/
ischemia may be one of the major factors responsible for the development of
Alzheimers disease-type dementia and/or Alzheimer’s disease. It cannot be ruled
out that hypoxia in the perinatal period may be a trigger factor for the develop-
ment of Alzheimer’s disease in adulthood. The data from scientific research
indicate a possible relationship between hypoxia in the earliest stages of life
and the occurrence of long-lasting genetic and biochemical changes leading to the
development of neurodegeneration in Alzheimer’s disease-type.
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INTRODUCTION

Perinatal asphyxia (PA) is a condition resulting from insufficient availability of
oxygen to various organs and tissues of the fetus and newborn in the antenatal
and intranatal periods. The American College of Obstetricians and Gynecologists
(ACOG), and the American Academy of Pediatrics (AAP) consider the following
criteria for the diagnosis of PA: profound metabolic or mixed acidemia in a new-
born with Apgar score of less than 5 at 5 and 10 minutes, with neurological defi-
cits and multiple organ involvement (1). The prevalence of PA is ~2 per 1,000 live
births in developed countries, but the number of those affected rises to 26 per
1,000 in developing countries (2-7). PA occurs worldwide in approximately
4 million newborns annually (8) and is responsible for 23% of all infant deaths
and 8% of child deaths (9). As many as 25% of those who survived have persistent
neurological deficits (3), which is the second most frequent cause of neurological
disability in the world (4). Despite advances in the treatment of causes, and PA
itself, the incidence of perinatal asphyxia has not decreased over the past
decade (10). The consequence of PA is the development of hypoxic-ischemic
encephalopathy (HIE), diagnosed in 1.8 out of 1,000 live births (11-13), with
subsequent deterioration of the postnatal neurological status of newborns.

HIE is the result of a combination of limited oxygen supply to the brain and
reduced cerebral blood flow (2-5). The development of nervous tissue at birth is
still incomplete, which does not allow for a proper response to pathological con-
ditions. HIE can result in severe neurodevelopmental disorders or death in 24.9%
and 34.1% of cases, respectively (14). Further observations of infants suffering
from PA showed that 27-33% of those aged 6—7 will present features of intellec-
tual disorders (15). Brain injury occurs secondary to a hypoxic-ischemic episode
as well as to reoxygenation-reperfusion following resuscitation (16). HIE in new-
borns after hypoxia still remains a relatively common and very serious disease
entity. It is well known that infants with HIE are at high risk of complications later
in life, such as development of neurodegenerative diseases, cognitive impairment,
severe mental retardation, learning and behavioral problems, and motor impair-
ments, which develop as long-term consequences (2, 10). The high level of
unpredictability of the consequences and sequelae of PA makes the treatment
strategy and prognosis a real challenge. PA is a globally deepening problem with
serious long-term consequences (6). Experts emphasize the need to search for
complementary therapies to the currently used hypothermia, as well as to identify
and validate biomarkers for both damage and prognosis, in order to develop the
best protocol to protect the neonate’s brain and reduce disability and death related
to this disease (17).

Currently, the main challenge in clinical practice is the unpredictability of this
phenomenon and the fact that, once it has started, little can be done to limit its
devastating consequences. It is understandable why so much preclinical and clini-
cal research is now focused on searching for early predictors of PA as well as for
the determinants of early and late sequelae of asphyxia upon which prophylaxis
or effective treatment could be implemented. Moreover, there are many indica-
tions that cerebral ischemia and neonatal hypoxia-ischemia may be causally
related to Alzheimer’s disease (AD) development (18-23). It is currently believed
that an episode of cerebral hypoxia may be one of the major factors contributing
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to the development of Alzheimer’s-type dementia and/or AD (24-28). Both clini-
cal and experimental studies have shown that after a history of central nervous
system ischemia, pathological changes typical of AD can be found, including amy-
loid deposits and tau protein dysfunction in brain (26, 29-33). Studies based on
experimental models of brain ischemia have shown secondary dysfunction of
genes associated with AD, including those responsible for the production of amy-
loid, B-secretase, presenilins or apolipoproteins (25, 33). It must be emphasized
that AD begins very deceitfully, the moment when the trigger mechanism acts,
and when neurodegenerative process begins still remains unknown (34). It cannot
be though excluded that hypoxia in perinatal period may result in the develop-
ment of AD in adult life. The periods of prenatal and early postnatal life are
extremely important for the development of brain structures (35, 36). It is often
suggested that PA may result in disturbance of the nervous system functions at
various stages of life, predisposing to the development of neurodegenerative
diseases with age (36). Following a hypoxic-ischemic episode, some neurons die,
and others are damaged. This phenomenon occurs in both adults and newborns
(37-39). Regardless of the mode of neuronal death, the question remains whether
PA provokes the development of delayed complications, including induction of
neurodegenerative diseases in adulthood (40).

BRAIN INJURY IN HYPOXIC-ISCHEMIC EPISODE
POST-ASPHYXIA

The risk of brain damage is the greatest in the neonatal period (41). The severity
of neurological effects, primarily HIE and its long-term devastating consequences,
is directly proportional to the severity of the PA (42). The severity of brain damage
is clinically estimated according to the Sarnat method (43): grade 1 (mild), grade 2
(moderate), and grade 3 (severe). It takes into account such parameters as neona-
tal level of consciousness, neuromuscular functions and autonomic disorders,
presence or absence of seizures, and EEG changes. In assessing the severity of
complications, this classification also takes into account cardiovascular symptoms
such as arrhythmias and disturbances in blood pressure, often observed during
the reperfusion period.

Within the central nervous system of full-term newborns, PA causes selective
necrosis of the cortical neurons, nuclei of the cranial nerves and the basal ganglia,
thalamus, Purkinje cells, anterior horn cells of the spinal cord, as well as the dien-
cephalon, or brainstem. MRI is the gold standard technique to detect patterns of
cerebral damage in neonatal HIE (44). Conventional MRI, with T1 and T2
weighted images, have a good diagnostic ability to detect brain damage at the end
of the first week following an episode of perinatal hypoxia. Unfortunately, the
prognostic value of MRI has significant limitations, and normal images do not
guarantee normal neurodevelopment. Changes in MRI in neonates after PA usu-
ally involve parasagittal watershed infarcts between anterior/middle cerebral
artery and middle/posterior cerebral artery, with both cortical and subcortical
involvement, and damage to metabolically active regions, such as the basal gan-
glia, thalamus, putamen, hippocampus, brainstem, and corticospinal tracts (45).
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Abnormalities of the posterior limb of the internal capsule, basal ganglia, and
thalami show the greatest prognostic significance for a poor neurodevelopmental
outcome, in particular motor functions (46).

At the cellular level, post-hypoxic brain injury develops in two phases. The
first phase takes place during and immediately after asphyxia and has the charac-
teristics of a typical hypoxia. After birth and resuscitation, the condition of the
newborn is temporarily stabilized, which lasts for the first few hours of life (6).
After about 6 hours, a second pathological phase begins, characterized by hyper-
emia from previous hypoxia or ischemia, with biochemical changes, such as
excitotoxicity, oxidative stress, cytotoxicity and neuroinflammation (47, 48). In
combination with previous hypoxia and ischemia, it causes a cascade of biochem-
ical reactions leading to the death of cerebral neurons and peri- and postnatal
brain atrophy. Apart from the immediate death of neurons (necrosis) during an
episode of asphyxia, there is also delayed death of brain neurons (apoptosis) (13).
Necrosis develops almost immediately, within minutes. Depletion of the cell’s
energy reserves and loss of cell membrane integrity result in leakage of cytoplas-
mic contents and a subsequent neuro-inflammatory response. Conversely, apop-
tosis is a highly controlled, energy-consuming process that takes time and leads to
cellular “suicide” (49). The process of apoptosis significantly contributes to per-
manent brain damage after asphyxia (16). In the hypoxic brain of the newborn,
neuro-inflammatory reaction also develops, characterized by the production of
chemokines and cytokines. Inflammatory cells, in particular macrophages and
microglia, accumulate at the site of damage and may contribute to further deterio-
ration. In the early period of reperfusion, neutrophils additionally contribute by
accumulation in the vascular bed, thus clogging microvessels and disrupting
blood circulation (49).

Neuropathology of Alzheimer’s disease-type

Both genetic and environmental factors play a role in the manifestation of AD. AD
is characterized by the loss of synapses with subsequent neuronal atrophy through
the cerebral cortex, most affecting the medial temporal lobe (50, 51). The appear-
ance of § amyloid deposits (AP) and neurofibrillary tangles (NFTs) precede clini-
cal symptoms by years, suggesting that the onset of the disease may have occurred
many years earlier than the appearance of the first symptoms. Ap deposits are
primarily composed of various 36-43 residues long amyloid peptides that undergo
fibrillation to form A plaques resistant to degradation (52). They are often located
together with the remnants of neurons, activated microglia, and astrocytes. The
amyloid pathology appears to precede the tau protein, with NFTs only found in
regions where amyloid was already present. NFTs are intra-neuronal aggregates of
the hyperphosphorylated tau protein encoded by the microtubule-associated pro-
tein tau gene (53). Although amyloid aggregates and tau protein are associated
with neuronal loss and toxicity, they correlate poorly with cognitive decline as AD
progresses. On the other hand, synaptic loss correlates strongly with cognitive
loss as a measure of AD progression (54). The exact mechanism of AD pathology
and neuronal loss remains unclear. The roles of both Ap and tau protein have been
studied extensively over the past few decades, but their role in this disease has yet
to be fully explained. Various mechanisms have been proposed to explain what
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actually accounts for the pathogenesis of AD. It is still unclear which changes are
primary and which are secondary and what is the first trigger factor. It is very
likely that the combination of diverse environmental and genetic factors activates
disease through several alternative pathways, ultimately leading to a common
mode of neurodegeneration (54).

An episode of cerebral ischemia is proposed as one of the most important risk
factors for the development of AD (55-57). Both in humans and animals, cerebral
ischemia/hypoxia induces the production and accumulation of AP peptide, and
additionally impedes the removal of neurotoxic  amyloid from the extracellular
and intracellular space of the brain (29, 31). Additional evidence suggests that
ischemic brain injury in humans and animals may contribute to tau protein dys-
function, especially in neurons (58, 59). Pre-existing brain damage associated
with ischemia/hypoxia and reperfusion may further increase the likelihood of
dementia related to AD development through the proteomic and genomic
cascades (25, 60). Based on the above observations, it has been suggested that
the course of cerebral ischemia in humans and animals is associated with subse-
quent development of AD (24-26, 29, 57, 59, 60). It should be emphasized that
AD starts very insidiously, and the timing of the first trigger to the development
of neurodegeneration is still unknown. Therefore, it cannot be ruled out that
hypoxia in the perinatal period may result in the development of AD in adult-
hood, through mechanisms of perinatal re-programming that affect the expres-
sion of individual genes.

Changes of Alzheimer’s disease-associated genes and proteins

The mechanisms of the development of AD after cerebral ischemia and PA are not
yet known, but animal models have shown increased expression of genes encod-
ing amyloid protein precursor (APP) and tau protein, the major AD risk factors
(18-23). PA in mice causes delayed damage to the hippocampus and a significant
deficit in memory and spatial learning (18). Significantly higher concentrations of
APP, total tau protein and its phosphorylation, decreased hypoxia-inducible fac-
tor, lower levels of amyloid-degrading neprilysin, increased astrocyte-activated
amyloid deposition, and brain microglia have been documented (61). Another
study demonstrated a significant decrease in AB,_4, in the cerebrospinal fluid
(CSF) of newborns after hypoxia (62). Based on the amyloid hypothesis of AD,
reduction of APB,_4, in CSF is considered the first significant change in this disease
(63). In the prodromal and preclinical stage of AD, the concentrations of Ap;_4, in
CSF are reduced (64), a similar pattern of changes was reported in experimental
PA (62). A key point in the cellular response to hypoxia-ischemia is hypoxia-
inducible factor 1-a (HIF 1-a). The accumulation of HIF 1-a affects cellular
metabolism by increasing anaerobic glycolysis and reducing mitochondrial oxy-
gen consumption. However, in a state of prolonged ischemia, HIF 1-a can cause
deleterious effects such as apoptosis and inhibition of cell growth (65). This pic-
ture correlates positively with the results of studies showing a tendency to reduce
the expression of HIF 1-a in lymphocytes of newborns post-asphyxia (66).

The lymphocyte response to AP, which is a product of B- and y-secretase
action in the brain of AD patients, was first described over 20 years ago (67). The
analysis of immunopeptide databases provides evidence that certain proteins
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present in lymphocytes are a source of endogenous neurodegenerative proteins
such as APP, presenilin 1 and 2, tau protein, apolipoprotein E, and a-synuclein
(65). There were no significant differences in the lymphocytic APP and B-secretase
mRNA in vascular dementia, healthy elderly, and AD patients, but their presence
in these lymphocytes was confirmed (68). These data correlate positively with a
study in which decreased expression of APP and S-secretase genes was observed in
neonates after PA (66). Lymphocytes, primarily associated with inflammation
and immune responses, also secrete several pro-neurodegenerative molecules
for the initiation and modulation of neurodegeneration (65). It has been shown
that 15 days after an episode of PA, overexpression of the y-secretase-related
presenilin genes occurs in lymphocytes, suggesting that the presenilins may reflect
pathological processes in the brain after hypoxia. (66). Increased expression of
presenilin genes, related to y-secretase metabolizing APP to amyloid, positively
correlates with presenilins and amyloid proteins in lymphocytes of patients with
neurodegenerative diseases (65).

PERIPHERAL MULTI-ORGAN INJURY IN HYPOXIC-ISCHEMIC
BRAIN EPISODE

Perinatal asphyxia acts primarily on the nervous tissue of the newborn, but also
on the heart, lungs, kidneys, and adrenal glands. Initially, the damage is caused
by hypoxia, and then related to ischemia and reperfusion (8). Hypoxia leads to
redistribution of blood to the brain, heart, lungs, kidneys, and adrenal glands,
which originally has a protective effect, but gradually increases the damage to
these organs along with the prolonged time of hypoxia (6). All indications are
that multi-organ injury, especially cardiovascular failure, plays a key role, espe-
cially in the second stage of hypoxic-ischemic encephalopathy and is responsi-
ble for high mortality (6). So far, most studies have focused on HIE, but the
impact of perinatal hypoxia on other systems and organs also remains very
important (6).

Damage to the cardiovascular system in neonates after asphyxia is caused both
by hypoxia itself and secondary ischemia, metabolic acidosis, and multiorgan
damage (69). Neonatal cardiomyocytes can survive under hypoxic conditions due
to the possibility of glycolytic metabolism. However, hypoxia delays the physio-
logical transformation that should occur after birth towards a more efficient, aero-
bic pathway of energy production. This results in a reduction in ATP production
and a less effective contraction. In turn, in the reoxygenation and reperfusion
phase, young cardiomyocytes do not yet have fully developed defense mecha-
nisms against the aggression of free oxygen radicals. In the clinical aspect, PA can
result in significant disorders of the cardiovascular system—from arrhythmias
(including bradycardia), systemic blood pressure disorders (especially hypoten-
sion) through dysfunction of the heart muscle with impaired contractility,
myocardial ischemia, and persistent pulmonary hypertension of the newborn.
All these abnormalities can lead to further impairment of the oxygenation and
perfusion of the brain and other organs. So far, no data are available on the long-
term consequences of hypoxia on the circulatory system (6).
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Another significant complication is acute kidney injury (AKI), recognized as
an almost inevitable consequence of PA, due to the redistribution of blood to the
brain, heart, and adrenal glands during an episode of hypoxia, resulting in an
additional reduction in renal oxygenation (70, 71). In addition, an episode of
AKI in the neonatal period has also been associated with an increased risk
of developing chronic kidney disease (CKD) later in life (72). The incidence of
respiratory dysfunction in infants with PA is 23-86% (73-75). The spectrum
of disorders differs from transient oxygen demand to severe and persistent pul-
monary hypertension. The pathogenesis of respiratory system failure is complex,
but primary hypoxia is the most important causal factor (2). Intestinal hypoxia
and ischemia lead to an increased risk of neonatal necrotizing enterocolitis and
gastrointestinal perforation. Liver damage is manifested by hypertransaminase-
mia and results in plasma coagulation disorders and albumin deficiency (2). In
the hematopoietic system, hypoxia leads to increased percentage of nucleated
erythrocytes, and thrombocytopenia. Elevated leukocytosis correlates with
abnormal neurological outcome (76). The immune system is more prone to sys-
temic infections. Several classification systems for evaluation of the multi-organ
damage after PA have been developed. The most well-known, proposed by Shah
etal. (73), takes into account renal, cardiac, hepatic and pulmonary parameters.
According to the studies conducted by the above authors, renal, cardiovascular,
pulmonary, and hepatic disorders occurred in 70%, 62%, 86% and 85% of
hypoxic newborns, respectively.

BIOMARKERS IN POST-HYPOXIC-ISCHEMIC BRAIN INJURY

The clinical diagnosis of neonatal HIE and the assessment of disease severity are
mainly based on the Sarnat Grading Scale, MRI, USG, and EEG. Due to the influ-
ence of the progressive disease and other factors, the Sarnat Grading Scale is
subjective, and other parameters have limitations and insufficient effectiveness.
Therefore, early monitoring of biomarkers associated with neonatal HIE in serum
or CSF is particularly important (77). Among the laboratory tests, the acid-base
balance takes a special place. The consensus is that lactate levels reflect the degree
of hypoxia-ischemia in the fetus, but a single lactate measurement does not pro-
vide an answer about the duration of asphyxia. Metabolic acidosis also has some
predictive value. Increased metabolic acidosis at birth correlates with severe brain
damage in newborns treated with hypothermia (78).

As mentioned earlier, the effects of PA are body-wide, so it is understandable
that it can increase the activity of enzymes that are markers of damage to various
organs. The relationship between the degree of hypoxia and the activity of trans-
aminases and alkaline phosphatase as well as the concentration of ammonia has
been shown (79). Also, early cardiac troponin I levels correlate with the severity
of HIE (80). The activation of the immune system is a consistent finding of many
studies, as evidenced by the increased levels of cytokines in neonates with HIE.
Inflammatory interleukin levels, monocyte chemotactic protein-1 and tumor
necrosis factor a are significantly elevated in neonates with HIE and correlate with
the severity of HIE and treatment outcome (81). Changes in the concentration
of lactate dehydrogenase are associated with lesions in the grey matter of the
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brain and may be an indicator of neurodevelopmental prognosis in infants
with HIE (82). Although the abovementioned markers of hypoxia have been
studied many times and are quite widely used in clinical practice, there are cur-
rently insufficient data to establish cut-off points corresponding to the severity of
HIE (83).

Attention was also paid to the possibility of determining the concentration of
biomarkers targeting neurovascular system. Calcium-binding proteins and other
brain biomarkers were taken into account. Attention was drawn to the increased
levels of the S100B protein and neuron-specific enolase (NSE) in the serum of
newborns with HIE (84). Moreover, it has been shown that serum levels of ST00B
and NSE in neonates with HIE were associated with neurodevelopmental disor-
ders at 15 months of age (85). Another study found that serum levels of glial
fibrillary acidic protein in the first week of life were elevated in neonates with
HIE and were predictors of brain damage present on MRI (86). Another research
group showed increased levels of activin A and concluded that this parameter
can be taken into account as a prognostic factor (87). Ubiquitin C-terminal
hydrolase L1 has a predictive potential for long-term neurological outcomes
(88). Scientists are currently focusing on developing new tools for the early esti-
mation of PA severity, in particular for predicting short- and long-term sequelae,
in order to reduce mortality, neurological deficits, and multi-organ damage
(4, 89). Despite investigating various inflammatory mediators, neuronal-specific
proteins, microRNAs, metabolite pathways and others, so far, no biomarkers
have been conclusively confirmed, especially concerning the long-term sequelae
of PA and HIE (90, 91). The abovementioned indicators focus mainly on the
anatomic-functional features of the hypoxic-ischemic injury, not on dynamic
metabolic changes at the cerebral level.

In recent years, scientists have turned towards the use of metabolomics to
identify and quantify metabolites present in biological fluids and hypoxic tissues
(4). Ultimately, attention should be paid to proteins associated with neurodegen-
erative diseases such as AD, in particular APP-encoded proteins and presenilins 1
and 2 (65). Metabolomics and genomics, which make it possible to obtain a holis-
tic picture of the metabolic state of the body, seem to provide a powerful platform
for assessing the severity and consequences of polymorphic pathological condi-
tions, such as PA. Following this, several studies have recently attempted to assess
whether serum tau protein may be a reliable biomarker for the early diagnosis and
prognosis of cognitive development after PA. The results of these studies suggest
that there is a close relationship between tau protein and perinatal brain injury
(92-95). Tt has also been noticed that the level of tau protein in the serum of
newborns with HIE has a prognostic value regarding their long-term neurodevel-
opmental prognosis (96). According to the available literature, only one study has
evaluated the usefulness of B-amyloid 40 and 42 in serum as a prognostic
biomarker in HIE (96). The results of this study seem promising; however, the
determinations were carried out only in the first 4 days of life, and no further
neurodevelopmental evaluation of patients was conducted.

As the immune system emerges as a potentially important factor in both neu-
rodegenerative diseases and hypoxic brain injury, starting research on lympho-
cytes seemed logical. It has been proved that in cases of cerebral hypoxia, activated
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lymphocytes can penetrate the central nervous system and participate in the
inflammatory process (65, 67, 97). Based on the conducted research, it turned out
that with age, circulating lymphocytes in newborns after PA overexpress presenilin 1
and 2 genes, which are closely related to neurodegenerative diseases, including
AD (66). Moreover, in the same study, it was noticed that the expression of APP
B-secretase and HIF1-a genes in hypoxic neonatal lymphocytes was lower than in
the control group. Increased expression of presenilin genes in lymphocytes may be
a promising biomarker for predicting the severity of brain neurodegeneration
following neonatal asphyxia and potentially useful for predicting the long-term
sequelae of asphyxia later in life.

So far, the knowledge of neonatal HIE and its distant neurological prognosis is
incomplete. Early and accurate prognostic methods are needed, both to avoid
long-term treatment in those patients who will not respond to it, and, above all,
to ensure optimal treatment for patients with a potential for recovery. Research on
biomarkers related to post-hypoxic neurodegeneration in neonates is currently at
a very early stage of development. The ability to monitor the entire metabolomics
and genomics profile and to screen molecular intermediates for different patho-
logical pathways provides a multi-parameter response that appears to be more
appropriate in any complex and multi-factorial disease. In addition, studying
dynamic changes in genomic profiles can help in various key clinical aspects,
including early diagnosis of PA and full-blown HIE, treatment response, and per-
haps, prognosis of early and late consequences. The current need is to define a
profile or set of biomarkers that can be used in a narrow time window for use in
early neuroprotection.

CONCLUSION

Data suggest that the hallmarks of AD may also occur during PA, leading to the
development of full-blown AD later in life. Thus, PA may contribute to the devel-
opment of AD, supporting the thesis that environmental factors influence the
development of neurodegenerative diseases (61, 98, 99). Whether this constitutes
the etiological basis of neurodegenerative disorders, such as AD in adulthood, still
needs to be verified by conducting additional experiments as well as clinical and
epidemiological observations (18). Accordingly, since the detailed link between
PA and AD is very likely, the mechanism by which early life episodes contribute to
the development of neurodegenerative disease in adulthood emerges as an excit-
ing new line of research.
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