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Cholesterol metabolism and brain injury in neonatal
encephalopathy
Amanda M. Dave1 and Eric S. Peeples1

Neonatal encephalopathy (NE) results from impaired cerebral blood flow and oxygen delivery to the brain. The pathophysiology of
NE is complex and our understanding of its underlying pathways continues to evolve. There is considerable evidence that
cholesterol dysregulation is involved in several adult diseases, including traumatic brain injury, stroke, Huntington’s disease,
and Parkinson’s disease. Although the research is less robust in pediatrics, there is emerging evidence that aberrations in
cholesterol metabolism may also be involved in the pathophysiology of neonatal NE. This narrative review provides an overview
of cholesterol metabolism in the brain along with several examples from the adult literature where pathologic alterations in
cholesterol metabolism have been associated with inflammatory and ischemic brain injury. Using those data as a background, the
review then discusses the current preclinical data supporting the involvement of cholesterol in the pathogenesis of NE as well as
how brain-specific cholesterol metabolites may serve as serum biomarkers for brain injury. Lastly, we review the potential for using
the cholesterol metabolic pathways as therapeutic targets. Further investigation of the shifts in cholesterol synthesis and
metabolism after hypoxia–ischemia may prove vital in understanding NE pathophysiology as well as providing opportunities for
rapid diagnosis and therapeutic interventions.
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IMPACT:

● This review summarizes emerging evidence that aberrations in cholesterol metabolism may be involved in the pathophysiology
of NE.

● Using data from NE as well as analogous adult disease states, this article reviews the potential for using cholesterol pathways as
targets for developing novel therapeutic interventions and using cholesterol metabolites as biomarkers for injury.

● When possible, gaps in the current literature were identified to aid in the development of future studies to further investigate
the interactions between cholesterol pathways and NE.

INTRODUCTION
Neonatal encephalopathy (NE) is the result of impaired cerebral
blood flow and oxygen delivery to the brain. It affects up to 1.5 per
1000 live births each year in the United States and is one of the
most serious complications affecting full-term infants.1 There are
many diverse etiologies underlying the impaired blood flow and
lack of oxygen that can come from maternal, fetal, or placental
pathologies. Unfortunately, the rate of NE has not significantly
decreased despite advancements in perinatal care aimed at
preventing this devastating disorder. Postnatally, the current
standard of care for infants suffering from NE is hypothermia;
however, many infants still die or sustain significant morbidity
despite treatment. The pathophysiology of NE is complex, and our
understanding of the various underlying pathways continues to
evolve.
There are three predominant stages of NE. The first stage

involves primary cellular energy failure secondary to the initial
injury and resulting reduction of cerebral blood flow. The extent of
the cerebral blood flow reduction contributes to further secondary
energy failure 6–48 h after the injury.2 The third stage of NE begins
~72 h after the initial injury and involves the subacute effects of

NE, including remodeling and gliosis.3 Excitotoxicity and inflam-
mation appear to be involved throughout the first two phases,
with the first phase also resulting in cellular necrosis and the
secondary phase primarily resulting in apoptotic cell death.2

Several brain cell populations are affected by NE, with the most
sensitive being oligodendrocytes, hippocampal neurons, and
microglia.2,4 Further investigation and identification of key path-
ways involved in NE is vital for the development of more effective
and targeted therapies.
In addition to the need for novel effective therapies, the care of

neonates with HIE is currently suffering due to a lack of sensitive
and specific biomarkers. Several risk factors, including maternal
and placental abnormalities, increase suspicion for NE but
have poor specificity.2 Currently, low Apgar scores, severe
metabolic acidosis, and clinical neurological features of encepha-
lopathy serve as the primary diagnostic triggers to initiate
hypothermia, although these also have relatively low sensitivity
and specificity and both the Apgar scores and neurological
examination are prone to subjectivity. Electroencephalography
(EEG) or amplitude-integrated EEG (aEEG) have also been used to
both evaluate for seizure activity and to assess background
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cerebral function as a surrogate for encephalopathy severity.5 In
addition, the background pattern can act as a prognostic marker,
as a persistently abnormal aEEG background pattern 48 h after
injury has been associated with poor neurodevelopmental
outcomes.6 Although both sensitive and specific starting ~48 h
after injury, aEEG lacks specificity early in the course of NE (0.61 at
6 h after injury).7 Magnetic resonance imaging (MRI) has demon-
strated some potential as a biomarker, particularly in neonates
that are more significantly affected. Unfortunately, patients are
often not stable enough for MRI, especially in the first 6 h, which is
when the decision to initiate hypothermia must be made.3 In
addition, many MRI sequences do not begin to demonstrate the
effects of injury until ~3 days after injury. Due to these challenges
in the rapid and accurate diagnosis of NE, significant advances in
the treatment of NE will likely require the identification of sensitive
and specific biomarkers.
Altered levels of cholesterol and its metabolites have been

demonstrated in the brain and serum after injury in several adult
diseases, including traumatic brain injury (TBI), stroke, and
multiple sclerosis.8,9 In addition, aberrations in cholesterol
metabolites have been associated with brain abnormalities and
significant developmental delay in genetic disorders, such as
cerebrotendinous xanthomatosis (CTX) and Smith–Lemli–Opitz
syndrome (SLOS).10,11 A few trials have demonstrated effects of NE
on brain cholesterol synthesis and the regulation of cholesterol
metabolism, suggesting not only that cholesterol pathways may
provide a therapeutic target in NE, but also that its metabolites
(specifically those released from the brain into the serum) may
potentially act as biomarkers to aid in the identification or severity
stratification of hypoxic–ischemic brain injury.4,12,13 Despite these
early study results, investigators are still far from having a
thorough understanding of the interactions between NE and
cholesterol. Further understanding of the alterations in cholesterol
synthesis and metabolism after hypoxia–ischemia may prove
essential in understanding NE pathophysiology as well as
providing opportunities for rapid diagnosis and therapeutic
interventions. This article will review the importance of cholesterol
and cholesterol metabolism in the brain during normal fetal and
neonatal development, as well as after acute injury. In addition, we
will describe the interactions between brain injury and cholesterol
seen in the adult literature and correlate those findings to the
studies that have been performed to date assessing the role of
cholesterol in NE.

CHOLESTEROL METABOLISM IN THE BRAIN
Cholesterol synthesis is necessary for brain growth and develop-
ment and costly with respect to energy expenditure. Excess
cholesterol can be toxic and result in cell death. Lipids in the brain
are composed of cholesterol, sphingolipids, and glyceropho-
spholipids.14 The majority of cholesterol in the central nervous
system is concentrated in myelin (~80%) as well as in the
membranes of neurons and glia.12 Cholesterol homeostasis is
dependent on balanced synthesis, absorption, and conversion to
bile acids.15 The concentration of sterols in the central nervous
system is higher than other parts of the body16 and peripheral
cholesterol is unable to cross the blood–brain barrier (BBB), so
cholesterol synthesis in the brain is almost completely de novo.17

Cholesterol biosynthesis occurs from a series of reactions in the
Kandutsch–Russell and Bloch pathways (Fig. 1).18 Neurons and
astroglia use the Bloch pathway preferentially.18 Maintenance of
adequate brain cholesterol levels is vital to neurodevelopment,
and interruptions of any of the several steps of the cholesterol
biosynthesis pathway may result in abnormal cholesterol levels,
potentially affecting neurodevelopment.4

Desmosterol is one of the key metabolites in the cholesterol
biosynthesis pathway. In the Bloch pathway, desmosterol is the
immediate precursor to cholesterol, as it is directly converted to

cholesterol via 24-dehydrocholesterol reductase (DHCR24, a.k.a.
3β-hydroxysteroid delta 24 reductase).19 An accumulation of
desmosterol signals sterol overload in the cell, which in astrocytes
stimulates liver X receptor (LXR) signaling to increase sterol
secretion from the cell.19,20 DHCR24 is highly localized to areas
that are steroidogenic and cholesterogenic and, as such, is
expressed at high levels in the spinal cord and medulla, as well
as in the liver and adrenal glands.19 DHCR24 may also play a role
in modulating oxidative stress.19 A deficiency in DHCR24 leads to
decreased cholesterol levels in plasma membranes and, because
desmosterol is not a good surrogate for cholesterol in lipid rafts,
the replacement of cholesterol with desmosterol in the plasma
membrane increases caveolar openings and decreases the
stability of caveolin oligomers. This impaired formation/stability
of lipid rafts can further alter downstream cellular signaling.21

Lanosterol is another key metabolite in the cholesterol
biosynthesis pathway. The conversion of lanosterol to cholesterol
requires the removal of three methyl groups. Hypoxia inhibits the
demethylation of lanosterol in vitro, thus leading to intracellular
accumulation of lanosterol. The accumulation of lanosterol may
accelerate the degradation of 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR), which controls one of the rate-limiting steps
in cholesterol synthesis.22 Studies of the brain myelin fraction
in vivo have not shown an increase in lanosterol after hypoxia,
however. In fact, no or trace amounts of lanosterol were detected
in the brains of rats exposed to moderate or severe hypoxia,23 and
in a model of global ischemia, there was actually a significant
decrease in lanosterol levels after injury.24

Several other metabolites and transcription factors have been
identified as critical for cholesterol metabolism in the brain as well.
Brain-specific cytochrome P450 46A1 (CYP46 or CYP46A1, a.k.a.
cholesterol 24S-hydroxylase) is an endoplasmic reticulum enzyme
that is expressed in neurons and microglia.25,26 CYP46 is mainly
localized in cortical layers V and VI in large pyramidal neurons,
but is also found in the thalamus and hippocampus.27 CYP46
converts cholesterol into 24S-hydroxycholesterol (24S-HC) via
hydroxylation in the brain and upregulates cholesterol efflux
through nuclear transcription factor X activation. CYP46 knockout
studies indicate that it is responsible for a majority of cholesterol
efflux in the brain.26 Since elevated intracellular levels of
cholesterol can be toxic, CYP46-mediated conversion of choles-
terol to 24S-HC may be protective to the injured brain, and
alterations in its activity have been seen in the glia during
pathologic states such as TBI and Alzheimer’s disease.26

24S-HC is specific to the brain, is able to cross the BBB, and is
cleared by the liver.28 It is a positive N-methyl-D-aspartate receptor
(NMDAR) modulator, and as such, administration of a 24S-HC
analog at the time of hypoxia has been shown to increase
neuronal injury in a hippocampal cell culture.29 Excess levels of
24S-HC can contribute to cell death and, since it passes through
membranes such as the BBB easier than cholesterol, it may serve
as a serum biomarker for brain injury.27 Increases in serum 24S-HC
levels have been demonstrated in the early injury phase of
multiple disease processes including multiple sclerosis and
Parkinson’s disease (PD), as well as in developmental alterations
such as autism spectrum disorders, while decreased levels may
suggest a loss of metabolically active neurons and brain atrophy in
Alzheimer’s disease and multiple sclerosis.30–32 Recently, high
serum levels of 24S-HC have also been seen acutely after NE.27

24S-HC further impacts cholesterol levels in the brain via
reduced sterol regulatory elementary binding proteins 1 and 2
(SREBP-1 and -2). SREBPs are transcription factors involved in lipid
homeostasis. Proteolytic release of SREBP-2 from the membrane
and movement to the nucleus prompts transcription of genes for
the synthesis, uptake, and use of lipids,33 and SREBP-2 is induced
when sterols are depleted.34 SREBP-2 is important to cholesterol
synthesis, and the absence of SREBP-2 is lethal.34,35 In addition,
SREBP-2 plays significant roles in the development and function of
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astrocytes,36 limb patterning,35 and neurite growth.36 Mice that
have lost SREBP-2 demonstrate impairments in social behavior,
memory, and motor coordination.36

CHOLESTEROL METABOLISM DURING BRAIN DEVELOPMENT
In early development, the fetal brain derives the majority of its
cholesterol from the mother, with maternal–fetal exchange
occurring at the yolk sac and placenta.37 In the placenta,
cholesterol is transported from the maternal trophoblasts to fetal
trophoblasts via receptor-dependent and -independent chan-
nels.38 As such, alterations of maternal serum cholesterol levels
early in pregnancy may affect fetal brain sterol concentrations.39

The majority of brain cholesterol continues to be derived from the
mother until the BBB develops at around E10–11 in the mouse
(corresponding to 4–6 weeks of gestation in humans).40 Once the
BBB develops in the fetus, the brain must generate the majority of
its cholesterol de novo, receiving only ~10% of its cholesterol from
the peripheral circulation by the time of birth.41,42

Although developing neurons are able to synthesize their own
cholesterol,13 fully developed neurons are predominantly depen-
dent on astrocytes for cholesterol synthesis43 (Fig. 2). Neurons
require cholesterol for synapse development44. Separating neu-
rons from astrocytes in vitro results in the significant decrease of
the number and efficacy of neuronal synapses.44,45 The roles of
other glial cells such as the lipid-rich oligodendrocytes in the
production of cholesterol remain unclear.13

As mentioned in the section above, desmosterol accumulation
generally signals sterol overload in the cell. Even in normal fetal

brain development, however, desmosterol can accumulate to levels
up to 30% of that of the total sterols in the brain; this is significantly
elevated compared to other tissues where cholesterol precursors
rarely make up >1% of the total sterols.20 Desmosterol accumula-
tion increases during fetal development of the brain and peaks in
the first postnatal week. This period corresponds to active growth
of neuronal cell processes and is followed by synaptogenesis.20

During this developmental accumulation of desmosterol, DHCR24
activity appropriately increases, so the accumulation does not
appear to be due to DHCR24 deficiency.20,46 Rather, progesterone
has been implicated as one cause of rising desmosterol levels as it
can cause post-transcriptional inhibition of DHCR24. It has been
postulated that fetal and early neonatal desmosterol accumulation
is evolutionarily conserved because desmosterol cannot be
esterified or metabolized to 24S-HC, thus increasing the pool of
brain sterols during the period of rapid brain growth. In addition,
the increased desmosterol levels may stimulate LXR-mediated sterol
secretion from astrocytes.20 Since it is not possible to accurately and
non-invasively measure human fetal brain cholesterol levels,
however, much of our current understanding of the effects of
altered cholesterol in the human brain during development comes
from genetic disorders of altered cholesterol metabolism such as
CTX and SLOS.

Cerebrotendinous xanthomatosis
CTX is a rare autosomal recessive disorder caused by a mutation in
the 27-hydroxylase gene (CYP27A1) that normally helps to break
down cholesterol into the bile acid chenodeoxycholic acid.10

Without CYP27A1, the body uses alternate metabolic pathways
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forming cholestanol, which, along with cholesterol, builds up in
tissues to form xanthomas.47 CTX can have broad manifestations,
but is often associated with progressive neurological dysfunction,
including epilepsy, neuropathy, and movement disorders, as well
as juvenile cataracts, premature atherosclerosis, and osteoporo-
sis.47,48 MRI studies of patients with CTX indicate cerebellar
atrophy, hyperintensity in the dentate nuclei, and white matter
changes.47 CTX is managed with supplementation of the bile acid
chenodeoxycholic acid, which can normalize cholestanol levels and
can improve both neurological and non-neurological symptoms.47

Smith–Lemli–Opitz syndrome
SLOS is an autosomal recessive inborn error of metabolism
resulting from missense, nonsense, or splice site mutations in 7-
dehydrocholesterol reductase (DHCR7).11 Much like DHCR24,
DHCR7 acts in both the Bloch and Kandutsch–Russell pathways.
DHCR7 dysfunction results in reduced cholesterol levels with
elevations in 7-dehydrocholesterol compared to controls.49

Patients with the lowest serum cholesterol levels tend to have
increased mortality.50,51

There is a wide clinical spectrum with a variable phenotypic
expression for patients with SLOS.52 Manifestations associated
with SLOS include craniofacial or other skeletal abnormalities,
endocardial cushion defects, and central nervous system abnorm-
alities, such as holoprosencephaly or partial agenesis of the corpus
callosum.52,53 A DHCR7 knockout mouse model of SLOS has been
developed, which mimics the sterol compositions in human
patients with SLOS. The knockout animals also develop some of
the clinical findings of SLOS, such as cleft palates, incomplete lung
development, and bladder distension.54 Homozygote mice have
labored breathing at delivery, lack of movement, and tend to die
within 18 h of delivery.54

In addition to their roles in brain development, many of the
steps in cholesterol metabolism can be altered in traumatic,
neurodegenerative, and ischemic disease states, demonstrating
significant interactions between cholesterol and brain pathology.55

PATHOLOGICAL ALTERATIONS IN CHOLESTEROL METABOLISM
Although there have been very few studies directly assessing the
interaction between neonatal NE and cholesterol metabolism,
there is much that can be learned by the research that has been
performed to date assessing cholesterol in other inflammatory
and ischemic brain injuries.

Stroke
It has long been known that patients with elevated levels of serum
cholesterol are at increased risk for vascular disease and stroke.

Interestingly, although, there appears to be a U-shaped associa-
tion between serum cholesterol and the incidence of intracranial
pathology, with increased risk seen in patients with both high
and low levels of total serum cholesterol. Low levels are associated
with intracerebral hemorrhage, while high levels are associated
with ischemic stroke.8 In addition to increasing the risk of stroke,
excess cholesterol accumulation in peripheral vasculature induces
an inflammatory response and a positive feedback loop that
subsequently induces further cholesterol deposition.56 An increase
in cholesterol has also been associated with an increase in
leukocyte recruitment as well as the release of chemokines and
proinflammatory cytokines.56

In extreme cases of cholesterol deficiency, such as that seen in
mice deficient in DHCR24, DHCR24-deficient mice demonstrate
larger areas of infarct than wild-type animals in a stroke model.57

Furthermore, the knockout model for DHCR24 demonstrates
increased proinflammatory markers after induced stroke. Con-
versely, in DHCR24-sufficient animals, DHCR24 expression
increases after stroke and those increases in DHCR24 have been
shown to be neuroprotective in acute stress conditions.57 This is
likely related to the observation that overexpression of DHCR24
increases the number of dendritic spines and mushroom spines in
mature hippocampal neurons.57

Similar to DHCR24, cholesterol levels do not only affect stroke
risk, but suffering a stroke can also have effects on cholesterol
levels. In a stroke model, researchers demonstrated increased
stimulation of glutamate receptors after stroke injury, which was
shown to result in the loss of membrane cholesterol.55 There was
no significant difference in the overall amounts of phospholipids,
cholesterol, and galactolipids in the brain tissue; however, when
comparing the ipsilateral and contralateral cerebrum in the
injured brain versus controls.58

Huntington’s disease
Huntington’s disease (HD) has also been associated with aberrations
of cholesterol metabolism.59 Expression of the mutant huntingtin
protein, the protein involved in the development of HD, has been
shown to lead to an accumulation of cholesterol and a reduction of
cholesterol synthesis in cell culture.60 Adeno-associated virus
vector-induced upregulation of CYP46 was shown in a knock-in
mouse model of HD to restore cholesterol homeostasis, alleviate
dysfunction with an improvement of synaptic activity, and increase
of both 24S-HC and desmosterol.59 In addition, this study
demonstrated that lanosterol, desmosterol, and CYP46 all reduced
mutant huntingtin protein aggregate formation and increased
clearance of aggregates via autophagy.59 Lastly, cholesterol
metabolism in HD may also be altered by SREBPs, as a reduction
in SREBP-2 has been demonstrated in HD cell culture.61
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Parkinson’s disease
Loss of dopaminergic neurons in the striatum is fundamental in
the development of PD. Cholesterol is reduced in membrane lipid
rafts of patients afflicted with Parkinson’s disease and several
preclinical and clinical trials have suggested that elevated plasma
cholesterol may be linked to the development of PD.62–65 In
addition to increasing the risk of PD development, high-fat diets
are associated with increased loss of dopamine neurons in animal
models of PD, suggesting that cholesterol may also play a role in
PD severity.66,67 In a PD animal model, lanosterol increased
autophagy, regulated mitochondrial function, and appeared to
serve as a survival factor in dopaminergic neurons. A decrease in
levels of lanosterol was seen in the striatum and ventral midbrain
of the PD animals.68

Traumatic brain injury
TBI can affect patients of all ages and is a complex injury resulting
from a combination of the primary impact and secondary injury
mechanisms.69 Secondary effects of TBI result from glial cell
activation, leukocyte recruitment, upregulation of inflammatory
mediators, and impairment of the BBB.70 TBI is associated with
changes in total cholesterol and phospholipid concentrations.9,71

CYP46 activity is upregulated in the ipsilateral cortex and microglia
3 and 7 days after TBI injury, likely reflecting the injured brain’s
attempt at normalizing the increased cholesterol levels through
lipid phagocytosis and increased efflux from the cells.25,26 Despite
the upregulation of CYP46, however, no increase in serum 24S-HC
was seen after TBI.72

CHOLESTEROL METABOLISM AFTER HYPOXIC–ISCHEMIC
BRAIN INJURY
Although the immature brains of neonates react differently to
insults as compared to adult brains, there are many similarities
between NE and the adult brain injuries described above.
Specifically, the inflammatory, excitotoxic, and oxidative injuries

seen after NE overlap considerably with those seen after stroke,
both in neonates and adults. Many of the same mechanisms are
also integral in the secondary response seen after TBI. Despite the
presence of significant differences between these different
pathologies that restrict the ability to directly apply their results
to the neonatal population, the adult literature described above
can at least provide a general roadmap for the types of studies
that need to be performed in neonates to better define the
interactions between NE and cholesterol.
The limited neonatal data that exist (Table 1) have demon-

strated that cholesterol levels are decreased in the brain white
matter after neonatal hypoxic–ischemic brain injury.4 Since
cholesterol is an important component of myelin, decreases in
cholesterol levels may result in impaired axon myelination.13,73

Levels of cholesterol, as well as other lipids such as gangliosides
and phospholipids, are decreased in the ipsilateral hippocampus
of neonatal rats for 7–90 days after hypoxic–ischemic brain
injury.13 The decreased lipid levels seen after hypoxic–ischemic
injury were significantly greater than those seen with ischemic
stroke-like injury alone or with hypoxia alone, suggesting that the
combined injury has a greater effect on cholesterol metabolism
than either injury alone.13 This is consistent with the adult study
described above that found no change in brain cholesterol levels
after stroke injury.58

CYP46 is upregulated at 6 and 24 h after NE with an associated
increase in 24S-HC in serum and ipsilateral cortex at those time
points, suggesting that one mechanism resulting in the
decreased cholesterol levels may be cholesterol efflux.12,27 This
is in contrast to TBI, where upregulation of CYP46 is also seen
after injury, but serum 24S-HC is not elevated. The elevated brain
levels of 24S-HC may potentiate the brain injury, as 24S-HC
functions to exaggerate oxygen glucose deprivation-induced
damage through activation of NMDA receptors.17 25-
Hydroxycholesterol (25-HC) is an oxysterol synthesized by
macrophages and possibly microglia that may antagonize the
NMDA receptor-mediated effects of 24S-HC. This decrease in

Table 1. Findings from preclinical studies assessing cholesterol metabolism in hypoxic–ischemic brain injury (HIBI).

Species Tissue type Results Citation

Rodent Hippocampal cell culture Exogenous or endogenous 24S-HC worsens OGD damage 94

25-HC is protective against damage exacerbated by 24S-HC 94

25-HC is protective independent of its effects on NMDAR 94

Mouse Hippocampus 24S-HC is significantly reduced in CYP46A1 knockout tissue 17

NMDAR activity is reduced in CYP46A1 knockout slices 17

Neuronal excitability and spontaneous transmissions are not affected by reductions in endogenous
24S-HC

17

Cortex 24S-HC is elevated in ipsilateral cortex at 6 and 24 h after neonatal HIBI 12

CYP46A1 is upregulated after HIBI 12

Levels of 24S-HC correlated with brain necrosis/apoptosis 12

Serum 24S-HC is elevated in serum at 6 and 24 h after neonatal HIBI 12

Higher serum levels of 24S-HC at 6 and 24 h after neonatal HIBI had more significant cognitive and
motor deficits at 35–40 days

27

Rat Hippocampus Cholesterol, gangliosides, and phospholipids were decreased in ipsilateral hippocampus for 7–90 days
after neonatal HIBI

13

Cholesterol depletion in ex vivo hippocampal slices prevented changes seen after anoxic insult 95

Hippocampus/cortex Brain injury in the cortex and hippocampus was attenuated in simvastatin-treated rats exposed to HIBI 96

Simvastatin treatment improved the performance of circular water and t-maze 96

IL-1β and TNF-α were not increased in animals treated with simvastatin 96

White matter Cholesterol levels decreased in white matter after neonatal HIBI 4

24S-HC 24S-hydroxycholesterol, 25-HC 25-hydroxycholesterol, NMDAR N-methyl-D-aspartate receptor, CYP46A1 cholesterol 24-hydroxylase, OGD oxygen glucose
deprivation.
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NMDA receptor activation may provide neuroprotection through
a reduction in excitotoxicity.74

The hypoxic–ischemic injury itself may not be the only aspect of
the infant’s care, however, that alters cholesterol metabolism. The
current standard management for NE is therapeutic hypothermia.
In conjunction with hypoxia, mild hypothermia has been shown to
alter the body’s metabolic response, resulting in increased
triglycerides, total cholesterol, and LDL cholesterol (LDL-C), as
well as inhibition of lipid uptake.75 As such, studies of cholesterol
metabolism and cholesterol-related therapies should take into
account the potential difficulty in translating any animal studies
performed at normothermia to human subjects with NE who will
be undergoing hypothermia.

CHOLESTEROL METABOLITES AS BIOMARKERS FOR BRAIN
INJURY
Infants with NE have limited time for diagnosis as hypothermia
must be initiated within the first 6 h after injury for full effect, and
ideally should be started in the first 3 h.76 Unfortunately, the brain
injury from the hypoxic–ischemic injury evolves over the first
hours of life, resulting in variable examination findings and each of
the current diagnostic criteria individually have relatively low
sensitivity and specificity. Because of this, several investigators
have attempted to identify novel biomarkers for diagnosis and
prognosis of infants after NE. Many biomarkers have been
evaluated, although none have yet been validated as providing
benefit in clinical practice. A few studies have examined
cholesterol metabolites as serum biomarkers for brain injury,
and some have shown early promise.
As mentioned above, 24S-HC is brain-specific and is able to

cross the BBB much easier than cholesterol, so it is a promising
candidate for a serum biomarker of brain injury. 24S-HC has been
found to be decreased in the plasma of patients with Parkinson’s
disease but increased in Alzheimer’s disease.77–79 In an NE model,
animals with higher serum 24S-HC at 6 and 24 h corresponded to
larger infarct volume and more significant injury at 35–40 days
after injury.27 Functionally, the higher serum 24S-HC levels were
associated with increased anxiety and poorer novel object
recognition in mice after stroke.27

Desmosterol is another cholesterol-related biomarker prospect,
as levels of desmosterol have been found to be decreased in the
plasma of patients with Alzheimer’s disease as compared to
controls.80 Conversely, desmosterol was increased in patients with
myotonic dystrophy.81 These changes were not identified in
patients with schizophrenia or Parkinson disease;80 however, and
to date, no study has assessed serum desmosterol levels after
neonatal hypoxic–ischemic brain injury.

CHOLESTEROL MODULATION AS THERAPY FOR BRAIN INJURY
In addition to clarifying pathophysiology and providing potential
biomarkers, the identification of aberrations in brain cholesterol
metabolism in infants with NE could also provide novel avenues
for future therapy.

Dietary cholesterol supplementation
Although cholesterol does not cross the BBB under healthy
conditions, brain injury often affects BBB integrity. For example, an
experimental model of demyelination via cuprizone demonstrated
increased permeability of the BBB after injury, which resulted in
the ability of dietary cholesterol to penetrate into the brain.82

Those animals that received cholesterol supplementation had a
significant increase in the number of astrocytes, a reduction in the
number of activated microglial cells, and attenuated axonal
damage.82

In a rat model of TBI, however, exposure to a high-fat diet prior
to injury was associated with higher baseline serum cholesterol,

but had no impact on neuronal apoptosis or neuroinflammation,
suggesting that cholesterol penetration of the BBB was not
increased despite injury.83 In addition, patients with
Smith–Lemli–Opitz did not show improvement in developmental
quotients or behavior when administered dietary cholesterol.52,84

The therapeutic effects of dietary cholesterol supplementation in
NE has not been evaluated.

HMGCR inhibitors
HMGCR inhibitors (a.k.a. statins) have been used for many years to
treat disorders of cholesterol metabolism; however, recently there
has been increasing interest in their use after brain injuries such as
TBI and NE. Statins are a class of drug that inhibit HMGCR, thereby
decreasing the levels of LDL-C, apolipoprotein B, and triglycerides,
as well as inhibiting the biosynthesis of cholesterol in the liver.56,85

Statins have also been shown to have anti-inflammatory effects
that appear to be unrelated to cholesterol homeostasis, such as
reducing C-reactive protein levels and decreasing other proin-
flammatory markers, including tumor necrosis factor-α (TNF-α)
and interleukin-6.56,85

Statins appear to impact TBI via a combination of cholesterol-
dependent and -independent effects.83 They were shown to cause
a decrease in the formation of isoprenoids and inflammatory
mediators with the improvement of BBB integrity and cerebral
edema.86 Furthermore, in rats that experienced TBI and then were
given simvastatin, there was decreased TNF-α expression in
astrocytes and microglia.83 Functionally, administration of statins
after TBI was associated with a reduction in neurologic deficits and
improvement in motor function.83,87

Statins also may improve endothelial function and increase
cerebral blood flow. They have been shown to decrease
intravascular thrombosis and promote angiogenesis, as well as
reducing infarct volume and glial cell activation in stroke.86,87 In
addition, lovastatin limited levels of 24S-HC, cholesterol, and 7-
ketocholesterol in an animal model of excitotoxic injury.88

When considering the use of statins in neonates such as those
affected by NE, data regarding safety are limited, although
statins have been used with some success in some inherited
disorders of cholesterol metabolism, including CTX and
Smith–Lemli–Opitz.89–91 A few small studies have assessed the
use of statins in animal models of NE. Prophylactic simvastatin had
a neuroprotective effect in animal models of NE, potentiating
autophagy and resulting in smaller infarcts compared to the
ischemic group. In addition, prophylactic simvastatin improved
memory as demonstrated by improved times in a circular water
maze that was similar to uninjured controls.92 Expression of sirtuin
1, a gene involved in the regulation of metabolism and
autophagy, was preserved in simvastatin-treated animals, sug-
gesting that it may play a role in the neuroprotective findings.93 In
another study, there was a reduction in pyknotic cells, microglial
activation, and neuronal loss after NE with the administration of
simvastatin. Hypomyelination in the external and internal capsule
was also reduced in the treatment group at 3 and 7 days after
injury.94 These effects may be due, in part, to simvastatin inducing
the overproduction of DHCR24, thus exerting its previously
characterized neuroprotective effects.72

CURRENT RESEARCH GAPS
Dysregulation of cholesterol metabolism is found in neurodegen-
erative, traumatic, and ischemic disease states. Early studies have
similarly suggested that the underlying pathophysiology of NE
may also be linked to cholesterol metabolism. Future studies
could help to answer several questions that remain in the
neonatal literature regarding the interaction between cholesterol
and neonatal hypoxic–ischemic brain injury. For instance, is it
possible to use serum levels of cholesterol metabolites such as
24S-HC or desmosterol as biomarkers for effective diagnosis and/
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or prognosis in infants after NE? How are the levels of cholesterol
and its precursors affected by neonatal hypoxic–ischemic brain
injury and can those effects on cholesterol metabolism be
ameliorated by targeted therapies? Lastly, can systemic therapies
such as dietary cholesterol supplementation or administration of
statins after injury improve the outcomes of neonates suffering
from NE? Continued investigation of cholesterol dysregulation in
NE may provide an avenue for novel interventions and improve-
ments in therapy could decrease the significant neurodevelop-
mental morbidities seen in infants after NE.
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