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ABSTRACT

7B-Hydroxycholesterol enhances the amyloidogenic pathway:

implications for Alzheimer’s disease

Junghee Ha
Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Eosu Kim)

Purpose: Despite increasing evidence that oxysterols are elevated in Alzheimer’s disease (AD),
little is known about the effects of oxysterols on AD brain pathology. Further, the analysis of
oxysterols has been challenged because of methodological limitations that allow sampling of
only blood or CSF. Recently, hair cholesterol has been reported as a valid peripheral marker
for cholesterol metabolism. Therefore, the aim of the present study was to investigate the
relationship between hair 7p-hydroxycholesterol (7-OHC) and AD in human and examine the
effects of 7B-OHC treatment on the mouse brain.

Methods: 73-OHC levels in the scalp hair of participants with normal cognition (NC, n = 82),
mild cognitive impairment (MCI, n = 39), and AD (n = 81) were assessed using gas
chromatography-mass spectrometry. The relationships between hair 7B-OHC levels and
various clinical features representing cognitive status were analyzed. Upon stereotaxic
injection of 7B-OHC into the hippocampus of mice, AD pathologies such as B-amyloid, tau,

and neuroinflammation were analyzed. The behavioral effects of intracerebroventricular



injection of 7B-OHC were assessed using the touchscreen-based 5-choice serial reaction time
task.

Results: Hair 7B-OHC levels were increased in AD patients than in NC individuals (p =0.001).
There were also significant correlations between hair 7-OHC levels and Mini-Mental State
Examination (MMSE) and Global Deterioration Scale (GDS) scores after controlling for age,
sex, education, and statin use. The animal experiments showed that hippocampal 7p-OHC
injection induced microglial and astrocyte activation and increased the levels of interleukin
(IL)-1P and IL-6. Hippocampal 7B-OHC injection also promoted the amyloidogenic pathway
of amyloid precursor protein (APP) processing by upregulating -amyloid converting enzyme
1 (BACE1; B-secretase) while downregulating tumor necrosis factor alpha converting enzyme
(TACE; a-secretase). Behavioral assessment showed that 78-OHC treatment increased
perseveration, which is compatible with the response observed in frontal lobe dysfunction.
Conclusion: The results of this study suggest that 7B-OHC levels in the scalp hair could serve
as a convenient peripheral biomarker for AD. Given that the levels of accumulated steroid
molecules in the hair reflect plasma levels during the past few months, this study also suggests
that elevated plasma 7B-OHC could contribute to AD pathogenesis via increasing

neuroinflammation and inducing the amyloidogenic pathway.

Key words: oxysterol, 7B-hydroxycholesterol, hair cholesterol, neuroinflammation,

Alzheimer’s disease



7B-Hydroxycholesterol enhances the amyloidogenic pathway:

implications for Alzheimer’s disease

Junghee Ha
Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Eosu Kim)

I. INTRODUCTION
1. Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is a debilitating neurodegenerative disease that results in a decline in
memory and other cognitive functions. AD eventually results in an inability to cope with the demands
of daily and social life. The disease is responsible for up to 60% of dementias and is a major public
health burden. In Korea, the number of people with AD is estimated to be 705,473; this figure is
predicted to reach 20 million by the year 2039. About 10% of the population over 65 years old are
diagnosed with AD in Korea. The annual medical cost per person with dementia was estimated to be
approximately 2,074 million Korean won (KRW). The national economic cost attributable to dementia,
including direct and indirect medical costs, was estimated to be approximately 1.4 trillion KRW,

accounting for 0.8% of the Korean GDP, and is projected to increase in the future.! Therefore, early



detection of AD and identification of modifiable risk factors are important for optimal disease

intervention and management.

AD is histologically characterized by the presence of extracellular B-amyloid (AP) plaques and
intracellular neurofibrillary tangles (NFTs). The amyloid hypothesis of AD proposes that an imbalance
between A production and clearance plays a central role in AD.>* However, the validity of this theory
has been challenged because no therapeutic interventions targeting AP have yielded promising results.
In addition, emerging evidence shows that profound alterations in multiple cellular pathways begin long

before the onset of clinical symptoms.*’

Early-onset AD (EAOD), which presents in patients under the age of 65 years, affects less than 5%
of the AD population and is known as a dominantly inherited familial disease in which genetic mutations
related to amyloidogenic pathways have been identified. Conversely, late-onset AD (LOAD) accounts
for the majority of cases and its incidence increases with age. LOAD is a rather complex and
multifactorial disease that results from a combination of genetic, environmental, and lifestyle risk
factors; hence, the amyloid cascade theory alone cannot fully explain all aspects of the disease
pathogenesis.®” This lack of understanding regarding the heterogeneity of AD could explain why

previous clinical trials targeting AB have repeatedly failed to show clinical benefits.’

Owing to the failure of previous therapeutic interventions, there is an increasing demand to identify
alternative mechanisms of AD pathogenesis. An alternative hypothesis proposes a link between AD and
metabolic distress, which often precedes the development of AD. The presence of metabolic risk factors
in midlife, such as hypertension, diabetes mellitus, arteriosclerosis, obesity, and hypercholesterolemia,
are associated with cognitive decline later in life. In particular, cholesterol metabolism is linked to these
metabolic risk factors.!%!? The role of cholesterol in AD pathophysiology has been noted in studies of
apolipoprotein E (ApoE), an important cholesterol transporter in the brain, which is strongly implicated

in the risk for LOAD."



2. Cholesterols in AD pathology

The brain is a cholesterol-rich organ that accounts for 2.1% of total body weight and 23% of total
cholesterol content.'* Cholesterol is a major component of neuronal membranes and plays an important
role in the development and maintenance of neuronal function.'® Cholesterol acts as a precursor for the
synthesis of steroid hormones and oxysterols and regulates the activities of membrane-bound enzymes,
receptors, and ion channels.'® Cholesterol homeostasis is tightly regulated within the brain, and
disturbed cholesterol metabolism may cause structural and functional impairments in the brain, which

could potentially lead to AD.

Increased biologically active free cholesterol levels are associated with the presence of NFTs.!”
Increased cholesterol levels are associated with increased AP production in cell cultures,'®2° and high-
fat/high-cholesterol diet-induced hypercholesterolemia also significantly increases A levels in the

brain of transgenic mice.*!*> Furthermore, a high cholesterol diet upregulates B-amyloid converting

enzyme 1 (BACEL; B-secretase) through the SIRT1-PPARY-PGC-1 pathway in C57BL/6 mice.?

To understand the relationship between cholesterol and A production, understanding of the concept
of lipid rafts is necessary. Lipid rafts are subdomains of the plasma membrane that are enriched in
cholesterol and glycosphingolipids. Lipid rafts play important roles in neuronal cell functions including
signal transduction, cell adhesion, and the trafficking and organization of bilayer components such as
enzymes, receptors, and ion channels.'*!3?* Importantly, amyloid precursor protein (APP), BACE1, and
y-secretases interact within the lipid rafts of neuronal cells. BACEl and y-secretase proteins are
predominantly localized within the rafts, while the tumor necrosis factor alpha converting enzyme
(TACE,; a-secretase) and a disintegrin and metalloproteinase domain-containing protein 10 (ADAM10)
are predominantly located outside of the rafts. Previous reports suggest that the amyloidogenic
processing of APP occurs in lipid rafts, while the non-amyloidogenic processing occurs mainly in the

non-raft regions.”>?” Increasing membrane cholesterol levels augments lipid raft abundance, which



favors the generation of A through the amyloidogenic pathway.?®

Cholesterol metabolism regulates the amyloidogenic pathway and might play various roles in the
brain with respect to AD pathogenesis. Recently, genes known as AD risk factors, such as clusterin
(CLU), ATP binding cassette subfamily A member 7 (4BCA7), and sortilin related receptor 1 (SORLI),
have also been reported to be strongly associated with cholesterol metabolism.?**! Moreover,
cholesterol also affects tau pathology. Tau is a microtubule-associated protein that plays essential roles
in determining neuronal structure and plasticity, and its functions are regulated by site-specific
phosphorylation.? A high cholesterol diet has been reported to induce hyperphosphorylation of the tau
protein in mice.* Further, dendrite outgrowth is reduced in cholesterol-deficient neurons because of
decreased microtubule stability, owing to the inhibition of the phosphorylation of microtubule-
associated protein 2 (MAP2), a cytoskeletal protein crucial for microtubule stability.’* Therefore,

cholesterol metabolism seems to play complex roles in the brain with regard to AD pathology.*>3¢

As cholesterol is linked to changes in AD pathology, studies have been performed to understand the
relationship between cholesterol metabolism and AD development. The Washington Heights/Inwood
Columbia Aging project showed that increased cholesterol (total cholesterol and LDL-C) levels and a
history of diabetes were associated with faster cognitive decline in patients with AD.?” In a cohort of
9,844 participants aged 40-45 years, midlife high serum total cholesterol was associated with increased
risk for developing AD.** In other epidemiological studies, hypercholesterolemia in middle-aged
individuals also correlated with the risk for developing AD.**-° However, other studies that particularly
investigated the link between cholesterol levels and AD risk showed conflicting results.'?* There was
no correlation between total cholesterol levels and AD development in the large population-based
cohort from the Framingham and Honolulu-Asia aging study.*! Nevertheless, in the elderly, it has even
been reported that low total cholesterol levels are associated with cognitive decline. These contradicting
results could be attributed to the limitation of simply measuring plasma cholesterol levels because serum

total cholesterol levels do not reflect complex cholesterol metabolism.** In fact, cholesterol is



metabolized to various bioactive derivatives or metabolites. Therefore, AD-related pathology might be
influenced by the distribution of cholesterol in different cell compartments and altered metabolism to

various metabolites.***°

3. Cholesterol metabolism and oxysterols

Although cholesterol metabolism is associated with AD pathogenesis,***’ a mechanism explaining
the link between AD and cholesterol has not yet been established. The blood-brain barrier (BBB)
prevents peripheral cholesterol from entering the brain; hence, brain cholesterol is largely independent
of dietary intake and hepatic synthesis. The brain synthesizes its own cholesterol. Total cholesterol
levels steadily increase between the ages of 20 and 65 years in humans.*® The maintenance of cholesterol
homeostasis is crucial for neuronal function and brain development. In cholesterol-fed rabbits, brain
cholesterol remained unchanged while blood cholesterol levels were highly increased.* Instead, the
administration of a high fat diet in an AD animal model was able to induce A deposition and worsen
cognitive functions by changing the flux of oxysterols to the brain.’®3! Oxysterols differ from
cholesterol in the presence of an additional polar moiety. Brain cholesterol has been suggested to
maintain its levels and exert its functions through cholesterol metabolites. In light of this, oxysterols,
oxidized derivatives of cholesterol, are currently the subject of interest in AD research because they can

cross the BBB in both directions.*?

Oxysterols are derived from both enzymatic and non-enzymatic pathways (Figure 1).°> Their
chemical structures vary according to the number and location of oxygenated functional groups
including keto, hyroxy, and epoxy groups. Enzymatic pathways of oxysterol production mainly involve
cytochrome P450 enzymes. For example, 27-hydroxylase (CYP27A1), a key enzyme for alternative
bile acid synthesis, leads to the production of 27-hydroxycholesterol (27-OHC), while 7a-hydroxylase

(CYP7A), a rate-limiting enzyme in the bile acid synthesis pathway, catalyzes the synthesis of 7a-



hydroxycholesterol.’*3 Oxysterols that are produced by non-enzymatic pathways are generated through
auto-oxidation. 7B-OHC is an example of an auto-oxidation product. The enzyme 24S-hyrdoxylase
(CYP46A1) is only expressed in the brain. This enzyme converts excess cholesterol into 24-
hydroxychoelsterol (24S-OHC), which is a more soluble and diffusible form of cholesterol that can
ecasily cross the BBB. 24S-OHC levels are directly proportional to brain cholesterol levels.>®
Extracerebral cholesterol metabolites such as oxysterols also enter the brain via the circulation. 27-OHC
is the most abundant cholesterol metabolite in plasma.>” This metabolite efficiently regulates cholesterol
synthesis, is transported via the peripheral circulation, and crosses the BBB by diffusion.’® In non-
pathological conditions, 27-OHC levels are significantly lower than 24-OHC levels in the brain due to

the tight regulation of cholesterol homeostasis.*®>’
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Figure 1. Structures of cholesterol and major oxysterols. Oxysterols are cholesterol oxidation products
derived from autoxidation or enzymatic oxidation of cholesterol. The major oxysterols resulting from
autoxidation  (7B-hydroxycholesterol, 7-ketocholesterol) and enzymatic oxidation (24-

hydroxycholesterol, 27-hyroxycholesterol, and 25-hydroxycholesterol) of cholesterol are presented.



Adapted from “Oxysterols and Their Cellular Effectors”, by Vesa M. Olkkonen and Eija Nissild,

Biomolecules 2012.9°

4. Oxysterols in AD

The major oxysterols that have so far been associated with AD are 24S-OHC, 27-OHC, and 73-OHC.
CYP46A1 is the main enzyme regulating cholesterol elimination in the brain, and its levels are
positively correlated with cognitive function.®! Plasma levels of 24S-OHC were recently shown to be
decreased in patients with advanced AD, while the levels of 24S-OHC in CSF were increased.>>%>6
Since levels of ApoE, tau, and hyperphosphorylated tau (p-tau) are increased along with 24S-OHC in
the CSF of AD patients, 24S-OHC is considered a sensitive marker for diagnosis of AD.** The levels
of 27-OHC are significantly higher in homogenates of the temporal cortices of AD patients.®® In vitro
studies have shown that 27-OHC increases APP, AB, and phosphorylated tau levels,**%” and knocking
out CYP27A1 in mice improves the learning and memory deficits induced by a high-fat diet.®® It appears
that 27-OHC may mediate the negative effects of cholesterol on memory. Most studies have focused on
either 24S- or 27-OHC, while few have focused on 78-OHC.%*° In addition, in most of the studies,
24S- and 27-OHC were measured in the CSF of participants, making it difficult to use these as early
diagnostic markers for AD in large-scale population-based screening. The collection of CSF through
lumbar puncture is an invasive procedure with potential complications. To examine the role of

cholesterol metabolites in AD pathology, novel, convenient, and safe methods are needed.

5. Hair cholesterol profiling

The skin, which is the largest organ of the body, can act as a peripheral neuroendocrine organ that is
closely linked to central stress.”! As an adnexal structure of the skin, the hair can reflect systemic cortisol

exposure over longer periods of time.”> Compared to blood and CSF samples, hair fiber is very stable



and easy to collect and store.” Analytic techniques for hair cholesterol derivatives have recently been
developed. Scalp hair has proven useful in identifying endocrine disorders, and several studies have
reported the benefits of hair-based metabolomic profiling in stress-mediated chronic diseases.”’¢ It has
been suggested that the levels of steroids in the hair can reflect chronic exposure to systemic steroids
more reliably than their one-time plasma levels, which can easily be influenced by diurnal variation or

diet. ™7

6. Unexplored role of 73-OHC in AD

7B-OHC is a derivative of cholesterol oxidation via a non-enzymatic pathway, and it was initially
associated with the pathogenesis of atherosclerosis. This oxysterol has been identified in atheromatous
plaques and associated with endothelial cell dysfunction. Impairment of vascular homeostasis by 7-
OHC has been shown to induce an inflammatory phenotype in endothelial cells, and 7B-OHC is
involved in oxLDL-induced monocyte differentiation, which is an essential prerequisite for fibrous cap
formation.®®#! In smooth muscle cells, 7B-OHC disrupts intracellular Ca>" homeostasis and activates
mitogen-activated protein kinase.® It also induces oxidative stress and apoptosis of human cells.?*34

The formation of 7B-OHC has recently been associated with AD. The levels of 78-OHC are increased
in the plasma,®>® frontal cortex, and CSF of AD patients.*”®® 7B-OHC is known to be highly
neurotoxic,® and its production via cholesterol oxidation is induced by APP and AB.”® However, the
direct role of 7B-OHC in AD pathogenesis remains largely unexplored. It is unclear whether the increase
in 7B-OHC levels is a consequence of neurodegenerative processes or whether 73-OHC plays a role in
promoting AD pathogenesis. There have been no extensive investigations regarding whether the levels
of 7B-OHC in the scalp hair are associated with AD, and if so, whether 7B-OHC has a specific role in
AD pathogenesis.

Therefore, the aim of the present study was to investigate the relationship between 78-OHC and AD,
and the role of 7B-OHC in AD pathophysiology. First, I measured hair 7B-OHC levels in participants

with normal cognition (NC), mild cognitive impairment (MCI), and AD, and investigated their

10



relationships with clinical parameters of AD. Second, I performed in vivo studies to examine whether
7B-OHC directly affects AD-related pathologies and cognitive behavior. Herein, I report that hair 7f3-
OHC levels are significantly increased in AD patients than in those with normal cognition and that 7f3-
OHC induces AD pathologies in animal models, suggesting its potential role as a biomarker for AD

pathogenesis.

I1. MATERIALS AND METHODS

1. Chemicals and reagents

Reference standards of 19 sterols were obtained from Sigma (St. Louis, MO, USA) and Steraloids
(Newport, RI, USA). Other chemicals, including the deuterium-labeled internal standards (ISs)
2,2,3,4,4,6-ds-cholesterol for free cholesterol and three plant sterols; 2,2,3,4,4,6-ds-cholesteryl stearate
(C/D/N Isotopes, Pointe-Claire, Quebec, Canada) for two cholesterol esters (CEs); and
25,26,26,26,27,27,27-d7-4B-hydroxycholesterol  and  25,26,26,26,27,27-ds-27-hydroxycholesterol
(Avanti Polar Lipids, Alabaster, AL, USA) for four cholesterol precursors and nine hydroxycholesterols
(OHCs), were obtained. The trimethylsilyl (TMS) derivatizing agents N-methyl-N-
trifluorotrimethylsilyl acetamide (MSTFA), ammonium iodide (NH4l), and dithioerythritol (DTE), were
purchased from Sigma. Hybrid solid-phase extraction/precipitation cartridge (H-PPT; 1 mL, 30 mg)
was supplied by Supelco (Bellefonte, PA, USA). All organic solvents were of analytical and high-
performance liquid chromatography grades and were purchased from Burdick & Jackson (Muskegon,
MI, USA). The pulverization of hair samples was performed using a tissue lyser (Qiagen, Hilden,

Germany). 7p-OHC was purchased from Sigma (H6891, MW 402.65).

2. Hair metabolic profiling of cholesterols

11



Quantitative metabolite profiling of hair cholesterols was performed using gas chromatography-
mass spectrometry (GC-MS).?! The stability of the analyst during sample collection and handling has
already been validated in previous reports.”® Two strands of hair were obtained from the vertex of
participants’ scalps and were then pulverized in 0.5 mL of methanol/dichloromethane (1:2) solution
with three zirconia beads using the TissueLyser at 25 Hz for 10 minutes. This pulverization process was
then repeated. Supernatants were discarded after centrifugation (12,000 rpm, 5 minutes). Sterol-free
hair samples were used for calibration and quality control (QC) purposes. Each hair sample was filtered
and washed three times with methanol/dichloromethane (1:2) solution and dried at 60 °C for 1 hour.

Sterol-free hair was obtained as determined by the negative results for all analytes.

3. GC-MS analysis

GC-MS was performed using an Agilent 6890 Plus gas chromatograph interfaced with a single-
quadrupole Agilent 5975C MSD (Agilent Technologies, Palo Alto, CA, USA). Each sample (2 pL) was
injected in split mode (10:1) at 300 °C and separated through an MXT-5 capillary column (15 m x 0.25
mm inner diameter, 0.25 um film thickness, Silcosteel-treated stainless steel; Restek; Bellefonte, PA,
USA). Oven temperature was initially maintained at 265 °C for 5 minutes, then increased to 280 °C at
2 °C/minute, and finally increased to 380 °C at 5 °C/minute (held for 3 minutes). The carrier gas was
ultra-high-purity helium at a column head pressure of 89.6 kPa (13 psi; column flow: 1.1 mL/minute at

an oven temperature of 265 °C).

4. Participants

Participants were classified into three groups according to their cognitive status: NC, MCI, and AD.
Of the 285 participants recruited from a memory clinic of a university-affiliated general hospital (Seoul,

South Korea) and a community dementia center, 82 participants with NC, 39 with MCI, and 81 with

12



AD were finally selected (Figure 2). The demographics of the participants are described in Table 1. This
study was approved by the Institutional Review Board of Severance Hospital at Yonsei University
Health System. Exclusion criteria were: (1) a history of major psychiatric illness; (2) a history of major
neurological illness such as stroke, head trauma, or epilepsy; (3) other dementias including vascular
dementia, Lewy body disease, and frontotemporal dementia; (4) being younger than 60 years or older
than 80 years old; and (5) having a Global Deterioration Scale rating (GDS) > 5. All participants were
evaluated and diagnosed by two board-certified psychiatrists based on a clinical interview,
neuropsychological tests, and blood tests. The diagnostic classification of AD was based on the
Diagnostic and Statistical Manual of Mental Disorders®® and that of MCI was based on Peterson’s
criteria.”® The Mini-Mental State Examination (MMSE) and GDS were used to measure cognitive
ability and severity of dementia. Two strands of hair were obtained from the vertex of participants’
scalps for quantitative sterol analysis. Age, sex, and years of education did not significantly differ

between the groups (Table 1).
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285 participants assessed for
eligibility

239 participants aged 60-80
recruited

36 Excluded

* Vascular dementia (n = 20)

* Dementia of Lewy bodies
(n=28)

* Frontotemporal dementia (n = 8)

h 4

.| 1Excluded

* Missing data (n=1)

202 participants included in
analysis

l

Y

Y

Normal cognition
(n=82)

Mild cognitive impairment
(n=39)

Alzheimer’s disease
(n=81)

Figure 2. Flow chart of study participants. Two hundred eighty-five participants from a memory

clinic of a university-aftiliated general hospital and a community dementia center were assessed for

eligibility, and 239 participants aged between 60 and 80 years were finally recruited. Among them, 20

patients with vascular dementia, 8 patients with dementia with Lewy bodies, and 8 patients with

frontotemporal dementia were excluded. A total of 202 patients were included in the analysis—=82

participants with normal cognition, 39 with mild cognitive impairment, and 81 with Alzheimer’s disease.
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Table 1. Participant demographics

Variable NC (n=82) MCI (n = 39) AD (n=81) p

Age (years) 71.1(5.12) 72.7 (5.71) 72.2 (5.23) 0.257

Female patients, n (%) 52 (63.4%) 29 (74.4%) 59 (72.8.0%) 0.323

Education (years) 7.9 (4.88) 7.7 (4.91) 8.3 (3.87) 0.766

MMSE 27.6 (1.61) 25.3 (2.52) 21.3 (4.09) <0.001

GDS 59 (72%) - - <0.001

23 (28%) 28 (71.8%) 2 (2.5%)
- 11 (28.2%) 56 (69.1%)
- - 14 (17.3%)
- - 9 (11.1%)

Cholesterol (mg/dL) 190.7 (30.28) 188.7 (44.05) 180.3 (44.36) 0.761
HDLc (mg/dL) 68.0 (31.19) 46.8 (10.40) 49.1 (13.31) 0.065
LDLc (mg/dL) 98.9 (41.02) 115.3 (40.54) 108.4 (38.66) 0.768

Triglyceride (mg/dL) 118.7 (38.89) 115.7 (37.63) 131.5 (71.34) 0.724

Dyslipidemia, n (%) 29 (35.8%) 15 (38.5%) 22 (27.2%) 0.360

Statin use, n (%) 26 (31.7%) 12 (30.8%) 21 (25.9%) 0.702

Hypertension, n (%) 50 (61.0%) 25 (64.1%) 39 (48.1%) 0.145

Diabetes mellitus, n (%) 22 (26.8%) 5 (12.8%) 20 (24.7%) 0.219

Data are presented as mean (SD), n (%). One-way analysis of variance (ANOVA) was used to compare
between diagnosis states. Abbreviations: NC, normal cognition; MCI, mild cognitive impairment; AD,
Alzheimer’s disease; HDLc, high density lipoprotein cholesterol; LDLc, low density lipoprotein

cholesterol. MMSE, Mini-Mental State Examination; GDS, Global Deterioration Scale.
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5. Animals and treatment

All procedures involving animals were approved by the Institutional Animal Care and Use
Committee of Yonsei University Health System, in accordance with the guidelines of the Animal
Welfare Act. A total of 39 male C57BL/6 mice were obtained from Orient Bio (Orient Bio Inc.,
Seongnam, Korea) and bred at Yonsei University College of Medicine. All mice were aged between 16
and 18 weeks at the onset of the experiment. Seventeen mice were assigned for biological study, and
they were randomly assigned to either the vehicle (n = 8) or 73-OHC group (n =9). In addition, 22 mice
were assigned for further behavioral experiments. All mice participating in the study were housed under
a 12-hour light/dark cycle with food and water available ad libitum. They were anesthetized with a
mixture of nitrogen gas and oxygen gas and placed on a stereotaxic apparatus (JD-SI-02, JEUNG-DO
B&P Co., Ltd., Seoul, South Korea). 78-OHC (50 uM dissolved in 0.1% ethanol in PBS) or vehicle
(0.1% ethanol in PBS) were stereotaxically injected into the bilateral hippocampus through a small
craniotomy using the following coordinates with respect to the bregma: anterior-posterior (AP): -2.00
mm, medial-lateral (ML): £1.3 mm, and dorsal-ventral (DV): -2.2 mm. The needle was withdrawn 5
minutes after the hippocampal injection, and the scalp was sutured. An intracerebroventricular infusion
was conducted for the behavioral experiment to minimize the effects of additional behavioral changes
due to tissue damage. The mice were sacrificed 3 days after the injection (Figure 3). The right cortex
and hippocampus were immediately harvested, placed on ice, and stored in a freezer at -80°C until
western blot and ELISA analyses were conducted. For immunohistochemistry analysis, the left-brain
hemisphere was immediately fixed after harvesting, using a 3.7% formaldehyde-containing phosphate-

buffered saline (PBS). It took less than 8 minutes from decapitation to tissue-freezing for all mice.
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Vehicle (0.1% ethanol in PBS), n =8
= 7B-OHC,50 yM,n=9

Intrahippocampal injection Tissue collection
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1 2 3 4 5 6
Days

C57BL/6, Male mice, 16 -18 wks

Figure 3. General scheme of the experiment. (a) Hippocampal injection of 7B-OHC in C57BL/6 mice.
The drawings were adapted from the “Mouse Brain in Stereotaxic Coordinates Atlas”.** (b)
Experimental scheme for the stereotaxic injection and tissue collection. Animals were sacrificed 3 days

after stereotaxic injection. Abbreviations: 73-OHC, 7B-hydroxycholesterol.
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6. Immunohistochemistry

The fixed, frozen left hemispheres were cut into 20-um coronal sections using a cryostat. Sections
were stained whilst floating. They were first permeabilized in PBS containing 0.3% Triton X-100 for 1
hour. Sections were then blocked using 5% bovine serum albumin (BSA) in PBS containing 0.3% Triton
X-100 for 1 hour. After blocking, sections were incubated with anti-GFAP-antibody (1:500, ab173004,
Synaptic Systems, Gottingen, Germany) and anti-Ibal-antibody (1:100, 019-19741, Wako, Osaka,
Japan) in PBS containing 2% BSA and 0.3% Triton X-100 at 4 °C overnight. The slices were then
washed three times with PBS and labeled with secondary antibodies (1:500) targeting donkey anti-goat
IgG conjugated to Alexa-488 (705-545-003, Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) for 1 hour. The sections were then washed three times with PBS and counter-stained with 4, 6-
diamidino-2-phenylindole (DAPI) (D9542, Sigma-Aldrich, St. Louis, MO, USA) and observed under a

confocal laser scanning microscope (Carl Zeiss, Thornwood, NY, USA).

7. Cytokine production assay

The levels of interleukin (IL)-1p and IL-6 in mouse brain homogenates were quantified using mouse
IL-1B (ab46052; Abcam, Cambridge, MA, USA) and IL-6 ELISA kits (M6000B; R&D Systems,
Minneapolis, MN, USA). All experiments were performed according to the respective manufacturer’s

protocols.

8. Cell viability assay

Apoptotic nuclear DNA breaks in the tissue sections were assessed by double-fluorescent labeling
using a terminal dUTP nick-end labeling (TUNEL) assay (11684795910; Sigma-Aldrich, St. Louis, MO,

USA). The brain hemisphere sections (20-pum thick) were air-dried at room temperature and
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permeabilized in PBS containing 0.3% Triton X-100 for 1 hour. Positive control sections were incubated
with 20 pg/mL proteinase K solution for 30 minutes. Then, the sections were incubated with reaction
mixtures for 60 minutes at 37 °C in a dark, humidified atmosphere. The sections were washed three

times with PBS and counter-stained with DAPI.

9. Western blot analyses

Brain tissues from the right hemisphere were lysed in a buffer containing 20 mM HEPES (pH 7.0),
I mM EGTA, 10 mM KCI, 1.5 mM MgCl,, 250mM sucrose, and protease inhibitors. Soluble lysates
were fractionated by SDS—polyacrylamide gel electrophoresis and then transferred onto polyvinylidene
difluoride membranes. The following antibodies were used for detecting BACE1 (1:1,000, 5606S; Cell
Signaling Technology, Beverly, MA, USA), TACE (1:1,000, sc-13973; Santa Cruz Biotechnology,
Dallas, TX, USA), APP (1:1,000, 2450S; Cell Signaling Technology), sAPPf (1:1,000, sig-39138;
Biolegend, San Diego, CA, USA), AP (1:1,000, sc-28365; Santa Cruz Biotechnology), tumor necrosis
factor-o, (TNF-a; 1:1,000, sc-133192; Santa Cruz Biotechnology), phospho-tau (Ser262; 1:1,000, sc-
101813; Santa Cruz Biotechnology), phospho-tau (Ser199, Ser202; 1:1,000, 44-768G; Invitrogen,
Carlsbad, CA, USA), phospho-tau 356 (1:1,000, sc-101814; Santa Cruz Biotechnology), total tau
(1:1,000, 4019; Cell Signaling Technology), and GAPDH (1:20,000, sc-25778; Santa Cruz
Biotechnology). Signal intensity was measured using Multi Gauge 3.0 analysis software (Fujifilm,

Tokyo, Japan).

10. Touchscreen-based behavior experiment
A. Apparatus

Cognitive functions were assessed by the Bussey-Saksida mouse touchscreen operant system
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(Campden Instruments Ltd., Loughborough, UK) as previously reported.”>’ A trapezoidal touchscreen
operant chamber was housed in a sound- and light- attenuating box (Figure 4). A fan was fitted in the
box to improve ventilation and block outside noise. The chamber consisted of a touchscreen (12.1-inch,
resolution of 800 X 600) which presented the stimulus. Undesirable responses were blocked, and
different spatial locations were created by placing a black Perspex mask in front of the touchscreen. In
this experiment, a 5-window mask was used (Campden Instruments, Ltd.). A magazine (reward
dispenser) was placed next to a 3 W light bulb on the opposite side of the touchscreen. During each trial
of the experiment, 20 pL of reward was delivered to the magazine, and the light was illuminated.
Infrared beams were installed near the magazine and touchscreen to detect the motor activity of the
mice. All behavioral procedures were controlled and implemented by ABET II Touch software

(Campden Instruments, Ltd.) and Whisker Server.”®

Figure 4. The 5-choice serial reaction time (5-CSRT) task in touchscreen chambers for mice. This task
measures attentional ability, requiring mice to respond to a brief visual stimulus presented randomly in

one of five locations.

B. Acquisition

Attention and response control ability were assessed by a 5-choice serial reaction time (5-CSRT)

task. The experiment was conducted as previously described.”® Briefly, the mice were trained to initiate
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each trial by entering the magazine and touching the stimulus on the touchscreen to get the reward.
During acquisition, the mice were trained to respond to the pseudo-randomly located stimulus within a
stimulus duration (SD) and limited hold (LH). The stimulus was presented on the screen only during
the SD, and mouse responses were recognized for a further 5 seconds of LH. Each session was
terminated when the mice completed 60 trials or when 1 hour had elapsed. When all mice achieved an
accuracy rate greater than 80%, the baseline was set with an SD of 2 seconds for 2 consecutive days.
During this acquisition phase, two mice were excluded because they did not meet the accuracy

requirement.

C. Probe test

After 1 week of recovery from the stereotaxic infusion surgery, the mice underwent a reminder
session. They all met the requirement; hence, they were all included in the probe session. Probe sessions
were conducted for 4 consecutive days. The SDs were 2, 1.5, 1, 0.5 seconds to tax the attentional load.

Stimuli were pseudo-randomly presented at one of five locations.

11. Statistical analysis

Statistical analyses were conducted using the Statistical Package for the Social Sciences version
25.0 (SPSS, Inc., Chicago, IL, USA), R Statistical Software version 3.0.2 (R Foundation for Statistical
Computing, Vienna, Austria), and GraphPad Prism software version 8.02 (San Diego, CA, USA). Non-
normally distributed data were transformed into natural logarithms for statistical analysis. Between-
group differences were analyzed using analyses of variance (ANOVA) or analyses of covariance
(ANCOVA) with Bonferroni post hoc tests. Age, sex, education, and statin usage were used as
covariates in the ANCOVA test. The Kruskal-Wallis test was used to determine the between-group

differences in hair sterol levels. To test the correlations between hair cholesterol level and the MMSE
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and GDS scores, partial correlation analysis was performed with age, sex, education, and statin usage
as covariates. In the animal study, unpaired two-tailed z-test was used to analyze the statistical difference
between the vehicle and 7B-OHC groups. Continuous variables are expressed as means + standard
deviation or median (interquartile range, IOR), and categorical variables are expressed as quantities and

percentages. Statistical significance was set to o = 0.05.

I11. RESULTS

1. 7-OHCs levels in the hair of AD patients

Of the 19 sterols monitored, 9 were quantitatively detected in two strands of 3-cm-long hair samples
(Table 2). All the groups had similar levels of absolute free cholesterol, cholesterol esters, and
cholesterol precursors, while the AD group had significantly higher sitosterol levels. Both 7a-OHC and
7B-OHC levels were significantly higher in those with MCI and AD than in those with NC. Post-hoc
comparisons showed a marginal difference in 7a-OHC levels between participants with NC and AD (p

=0.057). 7B-OHC levels were significantly different between participants with NC and AD (p = 0.004).
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Table 2. Sterol levels in the scalp hair

NC MCI AD p*
Compounds
N Median IQR N Median IQR N Median IQR Overall NCvs.MCI NCvs.AD MCIvs. AD
Free cholesterol 79 6095 3022 39 5224 3034 78 61045 2625 0.428 >0.999 >0.999 0.583
Cholesteryl laurate 74 15 19 37 1.2 1 76 15 1.35 0.297 0.358 >0.999 0.912
Cholesterlyl myristate 76 211 1275 37 22 134 73 247 124 0.249 >0.999 0.373 0.66
Sitosterol 78  1.05 0.7 39 12 08 77 1.3 0.9 0.002 0.439 0.001 0.443
Desmosterol 79 1035 483 39 979 596 78 98.75 60 0.469 0.664 >0.999 >0.999
Lathosterol 79 10 59 39 76 37 78 945 5.7 0.175 0.208 >0.999 0.376
Lanosterol 79 3.1 1.1 39 3.2 14 78 3.35 15 0.298 >0.999 0.359 >0.999
7a-Hydroxycholesterol 79 1.7 1.1 39 2.1 14 78 2.1 1.3 0.034 0.145 0.057 >0.999
7B-Hydroxycholesterol 79 25 1 39 2.7 08 78 285 0.9 0.005 0.272 0.004 >0.999

The statistical significance of group differences in cholesterol metabolite levels was determined by the non-parametric Kruskal-Wallis test. All values are
given as median (interquartile range). Dunn's multiple comparison test was conducted for post hoc analysis of all variables.

* p <0.05 for significant differences. Abbreviations: NC, normal cognition; MCI, mild cognitive impairment; AD, Alzheimer’s disease.
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2. Relationship between 7-OHCs and AD severity

7B-OHC can vary significantly according to statin regimen'®’; hence, statin use was included as a
covariate in addition to age, sex, and education level. A one-way ANCOVA test revealed a significant
between-group difference in 7a-OHC (£ [2,189] =4.27, p = 0.015) and 7B-OHC (F' [2,189]=7.07,p =
0.001) levels (Figure 5a, 5d). Bonferroni post hoc test for multiple comparisons showed that the AD
group had significantly higher 7a-OHC and 7B-OHC levels than the NC group. Based on these findings,
the correlation of hair cholesterol levels with cognition and dementia severity was calculated. A
significant correlation was found between 73-OHC levels and MMSE and GDS scores (Figure 5b, 5¢).
A significant correlation was also found between 70-OHC levels and GDS scores (Figure 5f), but no

correlation was found between 7a-OHC levels and MMSE scores (Figure Se).
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Figure 5. Relationship between hair 70/B-OHC levels and AD severity and clinical features. Partial
correlation coefficients (%) adjusted for age, sex, education, and statin use were calculated to show the
relationship between oxysterols and clinical features of AD. (a) Hair 7a-OHC levels increased
according to dementia severity. Post hoc comparisons indicated a significant difference between NC
and AD groups (p = 0.013). (b) There was no correlation between 7a-OHC levels and MMSE scores.
(c) 7a-OHC and GDS scores were positively correlated. (d) Hair 7 -OHC levels increased according
to dementia severity. Post hoc comparison identified a significant difference in 7p -OHC levels between
NC and AD (p = 0.001). (e, f) There was a significant positive correlation between 73-OHC levels and
both MMSE and GDS scores. *p < 0.05 and **p < 0.01 in post hoc comparisons. Abbreviations: OHC,

hydroxycholesterol; NC, normal cognition; MCI, mild cognitive impairment; AD, Alzheimer’s disease;
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MMSE, Mini-Mental State Examination; GDS, Global Deterioration Scale.

25



3. 7B-OHC levels and increased risk of AD

Since I found that both 70-OHC and 7B-OHC are closely related to AD, I conducted logistic
regression analysis to determine the association between AD risk and the levels of 7a-OHC and 7f-
OHC. Table 3 shows the age-, sex-, education-, and statin usage-adjusted risk estimation for AD for 7a-
OHC and 7B-OHC. 7B-OHC levels were associated with both AD risk (adjusted OR = 1.55) and
cognitive impairment, which accounts for both MCI and AD (adjusted OR = 1.56). However, there was

no statistically significant correlation between 7a-OHC levels and either AD or cognitive impairment.

Table 3. Binary logistic regression analysis of 7-oxysterols and AD risk

OR 95% CI p
Cognitive impairment 70-OHC 0.99 0.801-1.231 0.95
(MCI+AD) 7B-OHC 1.56 1.036-2.342 0.03"
7a-OHC 1.04 0.839-1.284 0.73
AD
7B-OHC 1.55 1.045-2.311 0.03"

*p < 0.05. Abbreviations: OHC, hydroxycholesterol; MCI, mild cognitive impairment; AD,

Alzheimer’s disease; CI, confidence interval.
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4. Glial cell activation and pro-inflammatory cytokine production by 7p-OHC

Given that 7B-OHC levels were found to be correlated with higher odds of AD, I investigated whether
7B-OHC directly affects AD pathology such as neuroinflammation, AP levels, and tau phosphorylation.
To observe the effect of 7B-OHC on the inflammatory response, 7B-OHC was stereotaxically injected
into the mouse hippocampus, and the morphological changes of glial cells were observed (Figure 6a).
GFAP intensity was increased in the CA1 and DG regions after injection of 7p-OHC (Figure 6b).
Significant increase of Iba-1 positive microglia was observed at CA1 regions of 7B-OHC-treated mice
(Figure 6¢).

Activation of microglia by injection of 7B-OHC may stimulate the expression of pro-inflammatory
cytokines such as IL-1PB, IL-6, and TNF-0.!°"1% T measured pro-inflammatory cytokines in brain
homogenates, and found that IL-6 and IL-1p levels were significantly higher after injection of 73-OHC
(Figure 7), but TNF-a levels were not significantly changed (Figure 8). These results indicate that 7[3-
OHC induces neuroinflammation in the hippocampus. When cells die in vivo, they cause a variety of
inflammatory responses.'®® Since 7B-OHC is known to be cytotoxic and can trigger apoptosis,'® 1
examined whether increased neuroinflammation after 7-OHC treatment is associated with apoptotic
cell death. However, TUNEL staining showed no significant cell death in 20 pm of embedded frozen
brain sections from 7B3-OHC-treated mice compared to that in vehicle treated mice (Figure 9). These

results suggest that the increase in neuroinflammation after 73-OHC treatment was not due to cell death.
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Figure 6. Glial activation upon 78-OHC injection. (a) Immunohistochemical staining of the brain
sections with anti-Iba-1 antibody (green), DAPI (Blue), and anti-GFAP antibody (red) after bilateral
stereotaxic injection of vehicle (ethanol) or 7B-OHC (50 uM). (b) 7B-OHC-injected mice showed
marked expression of GFAP in the CAl and DG areas of the hippocampus. (c) Quantification of
Ibal+ microglia in confocal images of vehicle- or 7B-OHC-injected C57BL/6 mice hippocampi (n =
5). *p < 0.05, **p < 0.01. Abbreviations: 7B-OHC, 7p-hydroxycholesterol; CA1l, cornu amonis 1;

DG, dentate gyrus; CA3, cornu amonis 3.
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Figure 7. Pro-inflammatory cytokine levels measured by ELISA in the hippocampus of 73-OHC-
injected mice. (a) IL-6 protein levels were significantly elevated in the brain of 73-OHC-injected
mice. (b) Total IL-1p protein levels were elevated in the brain of 73-OHC-injected mice. *p <

0.05, ***p < 0.001. Abbreviations: IL, interleukin; 78-OHC, 7B-hydroxycholesterol.
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Figure 8. Expression levels of TNF-a in the homogenates of mouse hippocampus after 3 days of
7B-OHC treatment in comparison with those after vehicle treatment (n = 6 per group). The
intensity of target bands was quantified using Multigage software and normalized to GAPDH
levels. Abbreviations: 73-OHC, 7B-hydroxycholesterol; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase; TNF, tumor necrosis factor.
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Figure 9. TUNEL-positive cell death was not observed after 7B-OHC treatment. (a, b) Detection of
apoptotic cell death by the TUNEL assay (green) in CA1, DG, and CA3 regions of the hippocampus.
DAPI (blue) was used for nuclear counterstaining. (c) Arithmetic mean intensity for TUNEL was
measured using ImagelJ software. Scale bar is 50 um. Abbreviations: 78-OHC, 7B-hydroxycholesterol;
TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; CA1, cornu amonis 1; DG,

dentate gyrus; CA3, cornu amonis 3.

31



5. 7B-OHC and BACEI1 levels

Elevated neuroinflammation after 7B-OHC-treatment indicated that 7B-OHC could be involved in
AD pathogenesis. Since AB can induce the oxidation of cholesterol to form 7B-OHC,” I hypothesized
that 7B-OHC induces the activation of the amyloidogenic pathway. To test this hypothesis, I examined
the effect of 7B-OHC on the levels of APP, TACE, and BACEI1 in the mice. The levels of BACE1
increased significantly in 78-OHC-treated mice while those of TACE decreased significantly (Figure
10a). Consistently, AP levels were increased (Figure 10b). Sirtuin 1 (SIRT1) levels were decreased after
7B-OHC treatment, and there were no significant changes in ADAMI10 or sAPPp levels. These results
suggest that 7B-OHC stimulates the amyloidogenic pathway by upregulating BACE1 and down-

regulating TACE expression.
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Figure 10. Effect of 78-OHC on APP metabolism and production of AB. (a) Representative western
blot analysis and (b) densitometry graph of proteins detected in the homogenates of mouse hippocampus
after 3 days of 7B-OHC treatment compared with those after vehicle treatment (n = 6 per group).

GAPDH was used as a loading control. *p <0.05, ** p <0.01, *** p <(.001.

Abbreviations: AB, amyloid ; 7B-OHC, 7B-hydroxycholesterol; GAPDH, glyceraldehyde-3-phosphate
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dehydrogenase; APP, amyloid precursor protein; BACEI1, B-amyloid converting enzyme 1; TACE,
tumor necrosis factor alpha converting enzyme; ADAM10, A disintegrin and metalloproteinase domain-

containing protein 10; SIRT, sirtuin (silent mating type information regulation 2 homolog).

6. Tau phosphorylation upon 73-OHC treatment

Tau phosphorylation at Ser262 (p-tau262), Ser396 (p-tau396), Ser199/202 (p-taul99/202), and
Thr231 (p-tau231) might contribute to the pathogenesis of AD.* The effect of 7B-OHC on tau
phosphorylation was assessed in mouse hippocampal homogenates. 73-OHC treatment caused an
increase in p-tau262 levels but did not significantly affect p-tau199/202, p-tau 396, p-tau231, or total
tau levels (Figure 11a, 11b). Ser262 is one of the major phosphorylation sites causing inhibition of the
binding of Tau to microtubules.!® These results indicate that 7B-OHC might affect tau phosphorylation

at selective sites without affecting total tau levels.
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Figure 11. Effect of 73-OHC on tau phosphorylation. Expression levels of total tau and phosphorylated
tau (p-tau262, p-taul99, p-tau231, and p-tau396) were assayed in the homogenates of mouse
hippocampus after 3 days of 7B-OHC treatment compared with those after vehicle treatment (n = 6 per
group). The intensities of the target bands were quantified using Multigage software and normalized to
total tau or GAPDH levels. *p < 0.05. Abbreviations: 7B-OHC, 7B-hydroxycholesterol; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.
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7. 7B-OHC treatment induces perseveration

Touchscreen-based behavioral experiments were conducted to determine whether 7B-OHC treatment
resulted in cognitive impairment. As both attention and response control abilities are impaired in the
early stages of AD,!%17 [ used the 5-CSRT task to examine the behavioral effects of 78-OHC. After a
1-week recovery from intracerebroventricular stereotaxic infusion, mice were used to perform baseline
sessions of the 5-CSRT on 2 consecutive days with 2-second SD. In the baseline sessions, no differences
in accuracy (Figure 12a) or omission (Figure 12b) were observed between mice injected with 78-OHC
and those with vehicle. Thus, these mice were moved onto probe sessions. The shortened SD stimuli
were presented pseudo-randomly so that probe sessions receive more attention than the baseline
sessions. There was no significant change in accuracy (Figure 13a) or omission (Figure 13g) between
mice that received 7B-OHC injection and those that received the vehicle. Additionally, the level of
impulsivity was not affected by 7B-OHC treatment (Figure 13d). However, mice that received 7B-OHC
injection engaged in a significantly higher number of perseveration responses to incorrect stimuli
(Figure 12b) but not to correct stimuli (Figure 13c). These deficits were not attributed to locomotor
impairments following anesthesia and brain surgery since beam break rates (Figure 13e, 13f) and reward

collection latencies were not altered by 7B-OHC treatment (Figure 13h, 131).
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Figure 12. Baseline performance on the 5-CSRT task with 2.0-second SD. (a) Accuracy. (b) Omission.
(c) Premature response. (d) Response to incorrect stimuli. (e¢) Response to correct stimuli. Data are

presented as mean = SEM. Abbreviations: 78-OHC, 7p-hydroxycholesterol.
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Figure 13. 7B-OHC injected mice showed perseveration in the 5-CSRT task. (a-f) 5-CSRT task
performance. (a) Accuracy. Perseveration responses to (b) incorrect stimuli and (c) correct stimuli. (d)
Premature responses. Beam break rate of (e) front and (f) rear sides of the chamber. n = 11 per group.
(g-1) Levels of omission and motor activity during probe test. (g) Omission. (h) Response latency. (i)
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hydroxycholesterol.
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IV. DISCUSSION

The aim of this study was to elucidate the role of 7-OHC in AD pathology. Despite extensive
research on AD pathogenesis and biomarkers, none of the previous efforts have been implemented in
clinics. The present study showed that 7B-OHC levels in the human hair could be used as reliable and
convenient peripheral biomarkers for AD-related cognitive decline, using the novel quantitative sterol
signature derived by GC-MS. The animal studies showed that the treatment with 78-OHC exerts potent
effects on AD-related pathology. The results demonstrated that 7B-OHC induced significant
neuroinflammation and promoted the activation of the amyloidogenic pathway while inhibiting the non-
amyloidogenic pathway. Furthermore, p-tau262 levels were increased by 7p-OHC treatment. These

results suggest that accumulation of 73-OHC in the brain may play a role in AD pathogenesis.

1. Previous studies on 73-OHC

Cholesterol is highly sensitive to auto-oxidation in free radical reactions. Free radical oxidation of
cholesterol has been implicated in multiple diseases such as atherosclerosis, retinal degeneration, age-
related macular degeneration, and Alzheimer’s disease.!®!!! 7B8-OHC is the major auto-oxidation
product of cholesterol. Increased plasma 7B-OHC levels have been found in various metabolic disorders
such as atherosclerosis, age-macular degeneration, and cardiovascular diseases.!®®!>!3 High
concentrations of 7p-OHC have been found in foam cells and fatty streaks, which are known hallmarks
of atherosclerosis. However, most of the previous studies regarding 73-OHC focused on cardiovascular

diseases.

Increased levels of 7B-OHC have been found to induce cell death and inflammation.''* Oxysterols
such as 7p-OHC are known to exert pro-inflammatory effects though dynamic interaction with Liver X
receptors (LXRs).!"*!15 LXRs are oxysterol-activated nuclear receptors, and they have emerged as

therapeutic targets for AD because the initiation and progression of the disease have been linked to
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cholesterol metabolism.!'® LXRs are major components of intracellular cholesterol homeostasis, and
oxysterols act as LXR ligands to regulate transcription associated with lipid metabolism.!!”-!"® LXRs
control cellular cholesterol efflux by regulating the gene expression of cholesterol transport proteins,
including the ATP-binding cassette (ABC) transporters ABCA1 and ABCG1, and ApoE.!" In particular,
ABCG1 is involved in the transport of 73-OHC and plays a protective role against 7B-OHC-induced
cell death.'?” ABCG1-deficient mice showed an increase in the number of apoptotic macrophages in

vessel walls due to decreased export capacity of 78-OHC. !

In addition, 7B-OHC is elevated in the rat hippocampus after excitotoxic neuronal injury induced
by glutamate analogs.'**'?* APP and AP oxidizes cholesterol to form 7B-OHC.”® However, the role of
7B-OHC in AD pathogenesis has not been fully determined. Previous studies have considered 78-OHC
one of the byproducts accompanying AD pathology, rather than a factor that significantly induces AD

pathology.”

2. 7B-OHC induces the amyloidogenic pathway

In order to explore whether increased 7B-OHC is merely a byproduct of neurodegeneration or an
active compound mediating AD pathology in the brain, I examined its role in APP metabolism. I found
that stereotaxic 7B-OHC injection resulted in increased BACE!1 expression and AP concentration in
vivo. This finding contradicts that of a previous in vitro study in which 7B-OHC inhibited soluble APP
secretion and TACE activity without affecting BACEI levels.”® 7B-OHC has also been reported to
enhance the binding of AP in neuronal cell membranes by up-regulating the CD36/B1-integrin binding
complex, which activates intracellular signal transduction cascades promoting pro-inflammatory
responses.®1?* The present study shows, for the first time, that 7B-OHC can increase BACE1 expression
in vivo (Figure 10), and this is a critical finding as BACEI is the rate-limiting enzyme for A production.

BACE!1 expression is up-regulated in various conditions that cause cellular stress, including energy
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deprivation, hypoxia, and oxidative stress.!?>!'?” 78-OHC enhanced the amyloidogenic pathway,
eventually increasing AP levels; however, TACE levels were significantly reduced after 78-OHC
treatment. Considering the relatively young age of the mice in this study, it is noteworthy to observe
such an increase in AP after 3 days of 7B-OHC treatment. I found that the ability to suppress inaccurate
stimuli, which is an indicator of frontal lobe function, was impaired in 78-OHC treated mice (Figure
13b). The 7B-OHC-treated mice might be less sensitive to negative feedback (e.g., house light on and
no reward in the magazine) compared to the vehicle-treated mice. The ventromedial frontal lobe is
critical for learning from negative feedback.'”® Follow-up studies are required to determine the

mechanisms that underlie such behavioral changes.

3. 7B-OHC induced neuroinflammation in relation to AD

Although inflammation plays an integral role in the progression of AD, the pro-inflammatory effect
of 7B-OHC has not been fully investigated, particularly in the context of AD-related pathology. In
neurodegenerative diseases such as AD, activated microglia and elevated inflammatory cytokine levels
are observed around senile plaques, leading to APP stimulation and excess production of AB.'?*13% In
turn, AP fibrils cause further microglial activation, resulting in a vicious cycle of neuronal loss and
cognitive decline.!*! In this study, significant recruitment of Iba-1-positive microglia was observed in
the brain of 7B-OHC-treated mice (Figure 6). Notably, 7B-OHC treatment induced secretion of pro-
inflammatory cytokines including IL-1p and IL-6 (Figure 7). Both IL-1B and IL-6 levels were
previously reported to be elevated in the brains of AD patients and APP transgenic mice.?”-!3 The
number of activated cortical microglia in AD patients has been significantly correlated with cognitive
decline as reflected by MMSE scores, whereas amyloid deposition failed to demonstrate a significant
clinical correlation.'** In addition, significant cortical microglial activation has been observed in MCI
patients independently of AB deposition,'** and a recent study has shown that microglial activation,

manifested by upregulated soluble triggering receptor expressed on myeloid cells (sSTREM2), is already
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present at the preclinical subjective cognitive decline (SCD) stage.'* These findings suggest that
neuroinflammation could be a phenomenon that occurs early in the disease process and persists as the

disease progresses. 313

4. Neuroprotective effects of statin may be related to 7-OHC

Statins, cholesterol lowering drugs, have been reported to have neuroprotective effects in AD.!*8
However, previous reports have shown inconsistent results, and the molecular mechanism of the effects
of these drugs on AD is poorly understood. Additionally, the association of statins and AD is found to
be different depending on the hydrophilic or lipophilic properties of statins.'* It is interesting to note
that the neuroprotective effect of statins against Ap-induced toxicity is not correlated with changes in
total cholesterol levels.'*® The levels of 7B-OHC in the plasma of middle-aged men with
hypercholesterolemia were decreased after simvastatin treatment.'*! Since the mechanism of statin-
induced cognitive protection in AD is still unclear, further studies are required to unravel the molecular
underpinnings that link 7B-OHC and statins in AD. However, the results of our study may suggest that
statins could be used for prevention or management of AD development. Given that 73-OHC can
exacerbate AD pathology, statins might alleviate AD pathology by reducing the levels of toxic
cholesterol metabolites rather than total cholesterol. This might explain the inconsistent protective effect
of statins on AD development, since all prior studies have measured the levels of total cholesterol, rather
than those of its metabolites, which could vary from patient to patient. Therefore, future studies
evaluating the effects of statins on AD pathology should assess the levels of different oxysterol

derivatives such as 7B-OHC in participants.

5. Limitations

This study has several limitations. First, the sample size of the human participants was relatively

small; thus, the results of this study should be interpreted with caution. Second, the effect of 78-OHC
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on oxidative stress was not investigated in this study. 7B-OHC has been reported to induce oxidative
stress in 158 N murine oligodendrocytes.'** Considering the fact that oxidative stress is one of the main
etiologies of AD pathogenesis, oxidative stress induced by 78-OHC may promote the amyloidogenic
pathway, but additional studies are needed to further address this issue. Third, C57BL/6 mice, instead
of APP/PSI1 transgenic mice, were used in this study. Therefore, it was not possible to investigate how
7B-OHC exacerbates existing AD pathology. Further studies are needed to elucidate in detail the
additional mechanisms underlying the role of 7B-OHC in AD. Despite its limitations, the study has
several strengths. Since the cumulative levels of steroid molecules in hair are indicative of plasma levels
over the past several months, this study suggests that increased plasma 7B-OHC is a preceding factor
of AD and can increase AD pathology. These findings open an important avenue for the development

of therapeutics for AD.

V. CONCLUSION

This study showed that increased levels of 7B-OHC in the human hair could be a reliable peripheral
biomarker for AD. Further, the study demonstrated that 7B-OHC not only induces neuroinflammation
but also affects APP processing by up-regulating BACE1 expression. Therefore, a therapeutic

intervention that targets 78-OHC may alleviate or prevent AD pathogenesis.
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