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Original Article

Serum 24S-hydroxycholesterol predicts
long-term brain structural and functional
outcomes after hypoxia-ischemia in
neonatal mice

Fuxin Lu1, Shujuan Fan1, Andrea R Romo2, Duan Xu3,
Donna M Ferriero1,4 and Xiangning Jiang1

Abstract

The major pathway of brain cholesterol turnover relies on its hydroxylation into 24S-hydroxycholesterol (24S-HC) using

brain-specific cytochrome P450 46A1 (CYP46A1). 24S-HC produced exclusively in the brain normally traverses the

blood-brain barrier to enter the circulation to the liver for excretion; therefore, the serum 24S-HC level is an indication

of cholesterol metabolism in the brain. We recently reported an upregulation of CYP46A1 following hypoxia-ischemia

(HI) in the neonatal mouse brain and a correlation between serum 24S-HC levels and acute brain damage. Here, we

performed a longitudinal study to investigate whether the serum 24S-HC concentrations predict long-term brain

structural and functional outcomes. In postnatal day 9 mice subjected to HI, the serum 24S-HC levels increased at

6 h and 24 h after HI and correlated with the infarct volumes measured histologically or by T2-weighted MRI. The 24 h

levels were associated with white matter volume loss quantified by MBP immunostaining and luxol fast blue staining. The

animals with higher serum 24S-HC at 6 h and 24 h corresponded to those with more severe motor and cognitive deficits

at 35-40 days after HI. These data suggest that 24S-HC could be a novel and early blood biomarker for severity of

neonatal HI brain damage and associated functional impairments.

Keywords

Biomarkers, brain development, cholesterol metabolism, hypoxia-ischemia, neonatal brain injury

Received 5 August 2019; Revised 15 January 2020; Accepted 16 January 2020

Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE),
which occurs in 3 per 1000 live births, remains a leading
cause of perinatal death and lifelong neurological def-
icits with few tools for timely diagnosis and interven-
tion.1–3 Specific and reliable markers that are
associated with brain damage and long-term neurolog-
ical impairments in newborns with encephalopathy at
birth are currently unavailable. We use a murine model
of neonatal hypoxia-ischemia (HI) at postnatal day 9
(p9) to mimic HIE in term infants. Our recent work
suggests that the brain-derived cholesterol metabolite
24S-hydroxycholesterol (24S-HC) might be a promis-
ing candidate to serve as a novel lipid biomarker for the
extent of HI brain injury.4 24S-HC is produced exclu-
sively in the brain by neuron-specific cytochrome P450
46A1 (CYP46A1 in human, cholesterol 24-hydroxy-
lase, Cyp46a1 in mouse). This oxysterol is capable of

crossing the blood–brain barrier (BBB) into circulation
by concentration gradient (>100-fold) and is eventually
excreted in bile in the liver. This is the primary pathway
for brain cholesterol elimination.5–9 The hypothesis of
using this oxysterol as an HI brain injury marker is
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made for several reasons: (1) 24S-HC is a cholesterol
metabolite specific to the brain;5 (2) HI-induced upre-
gulation of Cyp46a1 mediates the increased formation
of brain 24S-HC, leading to its concurrent elevation in
the blood at 6 h and 24 h after HI;4 (3) there is a co-
localization of enhanced Cyp46a1 with apoptotic cell
death as seen by the expression of cleaved-caspase 3 at
24 h after HI;4 and (4) serum 24S-HC levels correlate
well with HI-induced acute brain damage at 6 h and
24 h as evaluated by the buildup of spectrin breakdown
products and cleaved-caspase 3, which indicate activa-
tion of calpain and caspase.4 Therefore, higher serum
24S-HC reflects enhanced brain cholesterol turnover
and probably ongoing neuronal death after neonatal
HI.

Alterations in the levels of 24S-HC in the circulation
have been reported in the conditions involving aberrant
cholesterol homeostasis in the brain. For example,
children with autism spectrum disorders have a signif-
icantly higher 24S-HC plasma level,10 while those
with the Smith–Lemli–Opitz syndrome have reduced
concentrations.11 This oxysterol is considered as a
likely biomarker for disease activity and progression
in various neurodegenerative disorders.12,13 Clinical
studies showed an increase or a tendency for an
increase of serum 24S-HC in early stages but decreased
levels in later stages as a consequence of extensive loss
of metabolically active neurons, the brain cells that
express abundant CYP46A1,7,9,14 and brain atrophy
in multiple sclerosis (MS)15 and Alzheimer’s disease
(AD) patients.16 Elevated levels of 24S-HC in the cere-
brospinal fluid (CSF) were found in young MS patients
with positive brain lesions on magnetic resonance
imaging (MRI) scan.15 CSF levels of 24S-HC also
correlate with the disease duration in Parkinson’s

disease.17 It is speculated that the temporarily

increased 24S-HC is released from neuronal death-

associated plasma membrane breakdown or through

demyelination at active stages in neurodegeneration,

which have not been demonstrated with animal

data. Our finding of the upregulation of Cyp46a1 fol-

lowing neonatal HI may explain the corresponding

increase of 24S-HC in the ipsilateral hemisphere and

in the blood.4

In this study, we extended our previous work to

investigate the relationship between the serum 24S-

HC levels and brain structural integrity and long-

term functional outcomes to evaluate its value as a

diagnostic and prognostic blood marker for the sever-

ity of neonatal HI brain injury. We specifically exam-

ined the association between this oxysterol and the

longitudinal development of histological outcome and

motor and cognitive impairments.

Materials and methods

All animal procedures were performed in accordance

with the recommendations outlined in the Guide for

the Care and Use of Laboratory Animals of National

Institutes of Health, approved by the University of

California San Francisco Institutional Animal Care

and Use Committee, and reported in compliance

with the Animal Research: Reporting of In Vivo

Experiments guidelines. C57BL/6 mice (Charles River

Laboratory, Hollister, CA) with litters were allowed

food and water ad libitum. Both sexes were used on

postnatal day 9 (p9). Three sets of animals were used

for histology, brain imaging, and behavioral testing.

The experimental time line was shown in Figure 1.

Figure 1. The experimental time line of the study. Three sets of animals were used for this study. C57BL/6 mice received HI
procedure using the Vannucci model on postnatal day 9 (p9). The serum samples were collected at 6 h and 24 h after HI for 24S-HC
measurement. Histology, brain MRI, and the behavioral testing were performed at indicated postnatal (p) day (s) (OF: open field;
NOR: novel object recognition; ROD: rotarod; MBP: myelin basic protein; IHC: immunohistochemistry; LFB: luxol fast blue). The
animal numbers for sham and HI were listed for each set of experiment. HI: hypoxia-ischemia; MRI: magnetic resonance imaging.

2 Journal of Cerebral Blood Flow & Metabolism 0(0)



Neonatal brain HI

Neonatal HI was performed using the Vannucci
model.18 On p9, the pups underwent left common
carotid artery coagulation through a vertical midline
neck incision under isoflurane anesthesia (2%–3% iso-
flurane, balanced oxygen). The animals were allowed to
recover for 1 h with their dam and then exposed to
60min of hypoxia in a humidified chamber at 37�C
with 10% oxygen/balanced nitrogen. Sham-operated
control animals received isoflurane anesthesia and
exposure of the left common carotid artery without
coagulation and hypoxia.

Blood sample collection and measurement of
serum 24S-HC

Blood was collected from the pups using a BD SST
microtainer capillary blood collection tube with
serum separator (#365967; BD Diagnostics, Franklin
Lakes, NJ) after tail snip. The samples were placed
on ice for 30min to allow blood to clot and then cen-
trifuged at 10,000 r/min for 3min. Serum was pipetted
and kept at �80�C until use. A competitive ELISA kit
(ab204530; Abcam, Cambridge, MA) was used to mea-
sure the serum levels of 24S-HC as described previous-
ly.4 The concentration of serum 24S-HC was
normalized to serum protein concentration (ng/mg
protein).

Evaluation of HI brain injury with histology methods

Six days (p15) or sixweeks (42 days post-HI or on p51,
after the second MRI scan or the behavioral tests) fol-
lowing the HI procedure, the animals were euthanized
for histology study to evaluate brain injury. Animals
were anesthetized and perfused intracardiac with cold
4% paraformaldehyde (PFA) in 0.1mol/l phosphate
buffer. Brains were dissected and post-fixed in 4%
PFA overnight followed by cryoprotection with 30%
sucrose for three days. Serial brain sections at 50 lm
thickness were obtained using a vibratome and stained
with cresyl violet (CV) and Perl’s iron. Volumetric
injury analysis was performed on a series of 8 CV-
stained sections using Image J software. Brain total
infarct volume (%) was calculated and presented as
[(volume of contralateral hemisphere� volume of ipsi-
lateral hemisphere)/volume of contralateral hemi-
sphere]� 100%.19

Myelin basic protein and Cyp46a1
immunohistochemistry staining

Myelin basic protein (MBP) immunohistochemistry
was carried out to assess the amount of myelin and
white matter injury after HI. We also stained Cyp46a1

to study its regional and cellular expression in the devel-

oping mouse (p9) brain. After washing with phosphate-

buffered saline (PBS), the brain cryo-sections were

blocked with blocking buffer (10% goat serum and

0.1% Triton X-100 in PBS) for 1 h and then incubated

overnight at 4�Cwith rabbit monoclonalMBP antibody

(1:200, #78896; Cell Signaling Technology, Danvers,

MA) or mouse anti-Cyp46a1 antibody (1:100,
MAB2259; Millipore Sigma, St. Louis, MO).

Biotinylated goat anti-rabbit IgG (#BA-1000; Vector

Laboratories, Inc., Burlingame, CA) or goat anti-

mouse IgG (#BA-9200, Vector Laboratories) were

used as the secondary antibody, and Vectastain ABC

(Avidin/Biotin Complex) HRP kit (#PK-4000, Vector

Laboratories) with 3,30Diaminobenzidine as the chro-

mogen was employed to visualize the positive signals.

Injury to the ipsilateral white matter was analyzed by

measuring MBP-positive area with seven serial sections.

The MBP-positive area was measured by thresholding

method in Image J for both hemispheres and the per-

centage (%) of ipsilateral MBP volume loss was calcu-
lated as (1� ipsi/contra MBP volume)� 100%.

Luxol fast blue staining

Luxol fast blue (LFB) staining was performed on

vibratome brain sections to visualize myelin tracts in

the white matter. After rehydration in 100% and 95%

ethanol, the sections were stained with 0.1% LFB solu-

tion for 2.5 h at 60�C followed by differentiation in

0.05% lithium carbonate solution and 70% ethanol

for 45 s to 2 min until the gray matter was colorless

while the white matter remained blue and sharply
definedThe sections were washed in H2O, dehydrated,

cleared, and coverslipped. Similar to quantification of

MBP by thresholding technique, injury to the ipsilater-

al white matter was analyzed by measuring LFB-

positive area with seven serial sections. The percentage

(%) of ipsilateral LFB volume loss was calculated as

(1� ipsilateral/contralateral LFB volume)� 100%.

Brain MRI and analysis

T2-weighted (T2W) and diffusion tensor imaging

(DTI) were performed at 6 days (p15) and 32 days
(p41) post-HI. Images were acquired in anesthetized

pups using a Bruker 3T small animal imaging system

with a 1H transmit-receive volume coil (inner diameter,

40mm). The mice were anesthetized with isoflurane

(1.5%–2% mixed into 100% oxygen) delivered through

a facemask with bite bar and head restraint and

wrapped in a water-recirculating warming pad to main-

tain core temperature. We obtained T2-weighted con-

ventional spin-echo multi-slice images (repetition time/

echo time¼ 4750/60ms) covering the entire brain with
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consecutive 0.5-mm axial sections with field of

view¼ 2� 2 cm2, and data matrix of 160� 160 points

(0.125-mm in-plane resolution). A set of seven coronal

sections that spanned the entire damaged tissue with

hyper-intense signals (located between the appearance

of the lateral ventricle and the posterior hippocampus)

was selected for assessment of injury. Diffusion imag-

ing was performed using the same geometry, a lower

resolution (field of view¼ 1.8� 1.5 cm2, matrix

size¼ 96� 80, i.e., 0.1875-mm in-plane resolution),

repetition time/echo time¼ 2000/30ms and 30 diffu-

sion sensitizing directions, allowing for rotationally

invariant diffusion coefficient (Dav) and fractional

anisotropy to be quantified. Images were analyzed

using custom-built software. The area of hyper-

intense regions on T2-weighted images as well as the

entire ipsilateral and contralateral hemispheres of the

seven sections was measured. The infarct volume

(mm3) was calculated as (the sum of the infarct area

on seven sections)� 0.5mm (thickness). The percent-

age (%) of total brain infarct volume was presented

as (Vc�Vi)/Vc� 100%, where Vc¼ volume of the

contralateral hemisphere; Vi¼ volume of the remaining

ipsilateral hemisphere¼ ipsilateral hemisphere volu-

me� the infarct volume.

Behavioral testing

The behavioral tests were performed between 34 and

40 days (p43–p49) after HI in the following sequence:

open-field (OF) test on day 34 (p43), novel object rec-

ognition (NOR) test from day 35 to 38 (p44–p47), and

rotarod (ROD) test on day 40 (p49).

ROD test. The ROD test provides a rapid and simple

examination for the function of motor coordination

and balance. This test can accurately measure sensori-

motor impairments in multiple animal models includ-

ing neonatal HI. After a 1-min adaptation period on

the rod (15 cm above the base) with a slow speed

(4 r/min), the rod was accelerated by 5 r every 15 s, and

the maximum speed was 32 r/min. The length of time

that the mouse remained on the rod (fall latency or

retention time) was individually recorded.

Open field. The test was used here to evaluate anxiety-

related behavior. The mouse was placed in a 40� 40 cm

plastic chamber divided into central (20� 20 cm) and

peripheral zones and was allowed to explore freely in

the entire arena for 5min while being recorded by an

overhead camera. The percentage of time each mouse

spent in the center zone of the chamber was recorded to

represent the level of anxiety.

2-object NOR. NOR is used to evaluate hippocampus-

and cortex-dependent non-spatial learning and

memory. This test is based on the intrinsic exploratory

drive of rodents to spend more time exploring a novel

object than a familiar one. The time exploring the novel

object reflects the use of learning and recognition

memory. On two consecutive days, the mouse was

habituated to an open field arena for 5min. On the

third day, the mouse was exposed to the familiar

arena with two identical objects and allowed to explore

for 5min. In the 3-min test trial performed 24 h follow-

ing the familiarization phase, one of the familiar

objects was replaced by a novel object of the same

size. The time the mouse spent exploring each object

was recorded, and the percentage of time spent with the

novel object was calculated as [time with novel object/

(time with oldþwith novel object)]� 100%.

Statistical analysis

Analyses were performed using Prism 5 (GraphPad

Software, Inc). The medians were presented and com-

pared with Wilcoxon–Mann–Whitney test. Spearman

nonparametric correlation coefficient analysis was

used to evaluate the relationship between the serum

24S-HC concentrations and the outcome measure-

ments. Bonferroni correction was conducted for multi-

ple comparisons to adjust the levels of statistical

significance (a value).

Results

The serum levels of 24S-HC increased at 6 h and

24 h after HI

An initial experiment was performed in which the

blood samples were taken repeatedly at multiple time

points to establish the time course of the changes in the

serum levels of 24S-HC. Unlike what we published pre-

viously,4 blood was collected from mousetails instead

of by decapitation. Figure 2 shows that this oxysterol

increased significantly at 6 h and 24 h (one day) post-HI

(Figure 2(a), n¼ 7 for sham, n¼ 17 for HI, *p< 0.001

vs. the sham values at the same time point), which is

consistent with our previous data.4 This result was fur-

ther confirmed in the three sets of animals (Figure 1)

where blood was collected only at two points: at 6 h,

and again at 24 h after HI (Figure 2(b), n¼ 21 for

sham, n¼ 42 for HI, *p< 0.001 vs. the sham values

at the same time points). There was no gender differ-

ence in the levels of serum 24S-HC, so their values were

combined in all analyses.
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The serum 24S-HC levels were correlated with

HI brain histological injury

HI-induced brain damage evolves over time from

hours to days and is mediated by pathways of oxida-

tive stress, excitotoxicity, programmed cell death, and

inflammation in the early phase.1–3 We have previous-

ly shown a positive correlation of serum 24S-HC

levels and activation of calpain and caspase-3 acutely

after HI (6 h and 24 h).4 In this study, we chose to

evaluate brain injury at two stages: 6 days (on p15)

after the insult when cell death is complete and

full extent of injury is developed while endogenous

plasticity and neural repair is subtle and sixweeks

(42 days after HI, on p51) corresponding to young

human adults and the age when mice are capable

of conducting the behavioral tasks. As shown in

Figure 3, the average infarct volumes observed on

six days and sixweeks after HI were similar

(Figure 3(a)). There was a strong positive correlation

between the serum levels of 24S-HC (6 and 24 h) and

the infarct volumes on p15 and p51 (Figure 3(b)

to (e), the animal numbers, spearman rs and

p values were listed in the individual panels).

White matter injury was assessed by immunohisto-

chemistry with the oligodendrocyte-specific protein

MBP and LFB staining on p51, which consistently

showed an average of 30% loss of ipsilateral white

matter (Figure 4(a) and (d)). The serum 24S-HC con-

centrations at 24 h, but not at 6 h, were highly corre-

lated with the ipsilateral MBP and LFB volume loss

(Figure 4(b), (c), (e), and (f), for each comparison,

the significant level a was specified at 0.05/2¼ 0.025

after Bonferroni correction). There were no

gender differences in the infarct volumes and white

matter volume loss.

The serum 24S-HC levels were associated with
MRI-defined brain infarcts

MRI is increasingly used as a quantitative tool for the
assessment of injury location, severity, evolution, and
prognostication in neonatal encephalopathy (NE) or
HIE. The pattern of injury shown on the conventional
structural T2 weighted images was consistent with that
on the brain sections stained by CV or iron (Figure 5)
with the hyper-intense regions in the ipsilateral hippo-
campus; the lower layers of cortex and thalamus were
most damaged. Figure 6 shows that the MRI-defined
infarct volumes on p41 (32 days after HI) were slightly
higher than those on p15 (6 days after HI) (Figure 6
(a)), and their values were correlated (Figure 6(b)). The
serum 24S-HC levels at 6 h (Figure 6(c) and (e)) and
24 h (Figure 6(d) and (f)) were associated with the
infarct volumes assessed by T2W-MRI at both early
(Figure 6(c) and (d)) and late (Figure 6(e) and (f))
time points (for each comparison, the significant level
a was specified at 0.05/2¼ 0.025 after Bonferroni
correction).

The serum 24S-HC levels predicted brain long-term
functional outcomes after HI

In the OF test, the injured mice stayed less time in the
center than the sham animals, indicating increased anx-
iety (Figure 7(a), p< 0.0001). The serum levels of
24S-HC negatively correlated with the percentage of
time the mice spent in the center of the arena, i.e.,
higher 24S-HC was associated with higher level of anx-
iety (Figure 7(b) and (c)).

In the NOR test, there was no difference in time
spent with the two objects between the sham and HI
animals in day 3 familiarization phase, suggesting that
the learning ability was not adversely impacted by HI

Figure 2. The serum levels of 24S-HC increased at 6 h and 24 h after HI. (a) Serum was collected immediately after HI (0 h) and
repeatedly at multiple time points over six days. The 24S-HC levels were significantly higher in the HI animals than those in the sham at
6 h and 24 h (1d) (n¼ 7 for sham, n¼ 17 for HI, *p< 0.001 vs. the sham values at the same time point). (b) The results were confirmed
in mice where serum was collected at 6 h and 24 h (1d) only (i.e., all three sets of animals in Figure 1, n¼ 21 for sham, n¼ 42 for HI,
*p< 0.001 vs. the sham values at the same time points). 24S-HC: 24S-hydroxycholesterol; HI: hypoxia-ischemia.
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(Figure 7(d)). However, in day 4 test, the injured mice
spent significantly less time exploring the novel object
compared to the sham animals indicating a deficit in
NOR memory (Figure 7(e), p< 0.0001). The higher
serum 24S-HC levels were associated with poorer
NOR outcomes (Figure 7(f) and (g)).

In the ROD test, on 40 days after HI (p49), the
injured mice performed poorly on the rod with a grad-
ually increased speed (significantly reduced retention

time compared to the sham animals, Figure 7(h),
p< 0.0001). The animals with higher serum 24S-HC
levels at 6 h (Figure 7(i)) and 24 h (Figure 7(j)) cor-
responded to those with less retention time indicating
worse motor coordination function. For the compar-
isons between 24S-HC levels and the performance
in the three behavioral tests, the significant level a
was specified at 0.05/3¼ 0.017 after Bonferroni
correction.

Figure 3. The serum 24S-HC levels were correlated with HI histological infarct volumes. (a) The total infarct volumes (%) at six days
(p15) and sixweeks (p51) after HI. There was a significant positive correlation between the levels of serum 24S-HC at 6 h (b and d) or
24 h (c and e) and the infarct volumes evaluated at p15 (b and c) and p51 (d and e). The animal numbers, spearman rs, and p values
were listed in the individual panels. 24S-HC: 24S-hydroxycholesterol; HI: hypoxia-ischemia. *p< 0.0001.
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Discussion

With its unique cerebral origin and ability to diffuse

directly cross the BBB, the circulating 24S-HC is an

ideal dynamic indicator for brain cholesterol metabo-

lism. In the present study, we found a significant

increase in the levels of serum 24S-HC at 6 h and 24h

after neonatal HI. Their levels correlated with the extent

of brain injury, as well as the long-term functional out-

comes, suggesting its additional role as a potential diag-

nostic and prognostic marker for neonatal HI brain

damage, which may be translated to clinical use.
Expression of Cyp46a1, the enzyme responsible for

the formation of 24S-HC, in normal p9 mouse brain

showed a similar pattern to that in the adult mouse

brain.7,9,14 It is mainly localized in the large pyramidal

neurons in cortical layers V and VI, hippocampus and

thalamus (Supplementary Figure), namely, the most

metabolically active neurons and also the ones that

are most vulnerable to HI and energy failure.

Activation of Cyp46a1 leading to an increase in 24S-

HC in our HI model could be a result of excitotoxicity,

given that glutamate20 and oxidative stress21,22 have

been reported to enhance Cyp46a1 promoter activity.

Based on the speculation from human studies of neu-

rodegenerative diseases, 24S-HC may be released from

dying neurons or during acute demyelination. This is

because that excess free cholesterol, from either

disrupted plasma membranes or myelin breakdown at
the site of injury, needs to be cleared out by hydroxyl-
ation to 24S-HC, which readily crosses the BBB and is
then excreted in the liver. This may explain, in part, the
association between 24S-HC levels and the degree of
gray or white matter damage. In our model, the co-
localization of Cyp46a1 with cleaved-caspase 3 in the
dead or dying neurons4 seems to support the above
inference. This hypothesis can be tested by using an
apoptosis inhibitor to see whether 24S-HC amount is
diminished accordingly. In this case, increased 24S-HC
can be considered to be a by-product of neuronal cell
death, with levels that change with the severity of brain
injury.

Besides neurons, 24S-HC can be additionally
derived from glial cells under pathological conditions.
For example, glial-localized Cyp46a1 (in astrocytes,
microglia or macrophages) has been shown in traumat-
ic brain injury models23,24 and in AD patients.25 We
observed Cyp46a1 expression in neurons and oligoden-
drocytes in p9 naive brain and at 24 h after HI;4 how-
ever, their relative contribution to 24S-HC production
is unknown. Extended time points should be investigat-
ed to determine the cellular sources of the increased
24S-HC following neonatal HI. Conditional Cyp46a1
activation in glial cells can facilitate the conversion of
the excess cholesterol to 24S-HC in the brain and thus
abnormally higher flux into the circulation.

Figure 4. The serum 24S-HC levels at 24 h after HI were associated with the ipsilateral MBP and LFB volume loss at p51. MBP
immunohistochemistry and LFB staining were used to assess brain white matter injury and showed significant volume loss at six weeks
(p51) after HI (a and d). The serum 24S-HC concentrations at 24 h (c and f), but not at 6 h (b and e), were highly correlated with the
ipsilateral MBP/LFB volume loss. The animal numbers, spearman rs, and p values were listed in the individual panels. For each
comparison, the significant level a was specified at 0.05/2¼ 0.025 after Bonferroni correction. 24S-HC: 24S-hydroxycholesterol; HI:
hypoxia-ischemia; MBP: myelin basic protein; LFB: luxol fast blue. *p< 0.0001.
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Another explanation for the association of 24S-HC

with HI brain damage is that the toxic levels of 24S-HC

produced by upregulation of Cyp46a1 may cause cell

death and directly contribute to brain injury. 24S-HC

could promote N-methyl-D-aspartate receptor

(NMDAR)-mediated excitotoxic neuronal death

under HI because it is a potent allosteric modulator

in enhancing the function of NMDAR.26,27

Exogenous 24S-HC or Cyp46a1 overexpression exacer-

bate oxygen-glucose deprivation-induced neurotoxicity

through NMDAR in primary hippocampal neurons.28

In addition, 24S-HC is cytotoxic at supraphysiologic

concentrations by inducing apoptosis or necropto-

sis.29,30 The Noguchi laboratory reported a series of

studies and reviews describing the role of 24S-HC in

modulating neuronal cell death.29–33 However, the

related mechanistic studies were performed using

human neuroblastoma SH-SY5Y and Jurkat lympho-

cyte cell lines, which were informative but need to be

validated in vivo in the brain. Again, without utilizing a

Cyp46a1 inhibitor, the relationship between 24S-HC

production and brain damage remains ambiguous.
Our work has translational potential to clinical stud-

ies as the human brain contains about 80% of the

24S-HC in the whole body,34 and more than 90% of

24S-HC circulating in the blood can be attributed to

the central nervous system (CNS), a higher percentage

than that in rodents.35,36 Serum 24S-HC levels in

humans are markedly higher in infants and children

in the first decade of life compared to adults.34 Term

babies have higher serum concentrations of 24S-HC

than preterm infants but lower serum cholesterol

amounts.37 Therefore, the serum level of 24S-HC is a

rational marker to inform the dynamics of cholesterol

Figure 5. The representative images of MRI (T2W and DTI-fractional anisotropy map), histology staining (CV and Iron, LFB), and
MBP immunohistochemistry. In examples of sham, mild, moderate, and severe HI injury, the injury patterns were similar using the
imaging and histology methodology with the damage mainly located in ipsilateral hippocampus, cortex, and thalamus. MBP- and LFB-
positive areas are mainly corpus callosum, external capsule, caudate, thalamus, hippocampal fimbria, and internal capsule (note that
the circles on the right side of the MBP/LFB sections were punched to label the contralateral hemisphere, not the actual injury).
HI: hypoxia-ischemia; MBP: myelin basic protein; LFB: luxol fast blue; CV: cresyl violet; DTI: diffusion tensor imaging.
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metabolism in the human brain, especially in the devel-
oping brain.

The continuous efforts of identifying plasma bio-
markers for HIE or NE with multicenter randomized
trials have proposed many candidates for brain injury,
including brain-specific proteins released from dam-
aged CNS cells (UCH-L1, NSE, GFAP, S100b, total

Tau, etc.), oxidative stress-related products, metabolic
markers, microRNAs, inflammatory cytokines and
chemokines, neural exosomes, etc.38–41 The results
from evaluating these markers have been inconsistent
and thus limited their validity due to the complexity of
HIE etiology, variability of injury responses, the timing
of the insult and blood sampling, as well as the

Figure 6. Correlation of serum 24S-HC levels with brain HI infarct volumes defined by T2-weighted MRI. The infarct volumes
assessed at 6 days (p15) and 32 days (p41) after HI using MRI were correlated (a and b). The serum 24S-HC levels at 6 h (c and e) and
24 h (d and f) were associated with the infarct volumes assessed at both early (c and d) and late (e and f) time points after HI. The
animal numbers, spearman rs, and p values were listed in the individual panels. For each comparison, the significant level a was
specified at 0.05/2¼ 0.025 after Bonferroni correction. Please note that one animal died after the first MRI scan on p15. MRI: magnetic
resonance imaging; 24S-HC: 24S-hydroxycholesterol; HI: hypoxia-ischemia. *p< 0.001.
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approaches to assess clinical grade of brain damage

and outcomes. An ideal biomarker not only informs

the condition at the time of the measurement for a

timely treatment but also predicts disease progression

in order to provide patients with more information on

future clinical outcomes. It is elusive to find a single

molecule to achieve this goal and a panel of several

blood biomarkers may be required. Based on the

brain specificity, and the correlation with brain injury

evaluated either early or late after HI, circulating levels

of 24S-HC may be added to this panel as an earlier

lipid marker with the capabilities for both diagnostic

and prognostic application for HIE infants.
Our study demonstrated that serum 24S-HC could

be an acute marker of HI brain injury if measured

within 24 h after the insult, when secondary energy fail-

ure and cell death responses peak, but is of limited

value if it is measured beyond this time window. It is

difficult to pinpoint exactly when HI occurs in HIE

infants, especially when it happens before birth. But

in the cases when the patients show evidence of acute

peripartum or intrapartum hypoxia or interruption of

placental blood flow, serum 24S-HC can be measured

within 24 h to evaluate brain injury and provide early

prognostic information. As the 6 h time window is cur-

rently the standard for initiating therapeutic hypother-

mia in term infants, the 6 h 24S-HC levels can be used

in conjunction with other biochemical and imaging cri-

teria for selecting babies eligible for cooling. The tra-

jectory of 24S-HC production may be different in HIE

infants and needs to be validated for possible clinical

use for these newborns. Future studies are also

required to compare the predictive ability of 24S-HC

with other markers of HI brain injury. Although the

exact role of Cyp46a1 and 24S-HC in the pathophysi-

ology of neonatal HI brain injury is not clear yet, our

preclinical mouse data suggest that 24S-HC in the

blood is a plausible, novel, and promising biomarker

Figure 7. The high levels of serum 24S-HC predicted poor behavioral outcomes. The HI-injured mice showed increased anxiety in
OF test (a, n¼ 10 for sham, n¼ 18 for HI, *p< 0.0001), worse NOR memory (e, *p< 0.0001), and deficits in motor coordination
function measured by rotarod test (h, *p< 0.0001). The learning ability was not altered in the HI animals (d). The serum levels of
24S-HC at 6 h (b, f, and i) and 24 h (c, g, and j) were negatively correlated with the performance in the three behavioral tests.
The animal numbers, spearman rs, and p values were listed in the individual panels. For each comparison, the significant level a
was specified at 0.05/3¼ 0.017 after Bonferroni correction. 24S-HC: 24S-hydroxycholesterol; HI: hypoxia-ischemia; OF: open field;
NOR: novel object recognition.
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for monitoring HIE injury that is worth further explor-

ing in future clinical trials.
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