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Cholesterol profiling reveals 7p-hydroxycholesterol
as a pathologically relevant peripheral biomarker

of Alzheimer’s disease
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Aim: Cholesterol homeostasis is associated with Alzheimer’s
disease (AD). Despite the multitude of cholesterol metabolites,
little is known about which metabolites are directly involved in
AD pathogenesis and can serve as its potential biomarkers.

Methods: To identify “hit” metabolites, steroid profiling was
conducted in mice with different age, diet, and genotype and
also in humans with normal cognition, mild cognitive impair-
ment, and AD using gas chromatography-mass spectrometry.
Then, using one of the “hit” molecules (7p-hydroxycholesterol;
OHC), molecular and histopathological experiment and behav-
ioral testing were conducted in normal mice following its intra-
cranial stereotaxic injection to see whether this molecule drives
AD pathogenesis and causes cognitive impairment.

Results: The serum levels of several metabolites, including
7B-OHC, were increased by aging in the 3xTg-AD unlike nor-
mal mice. Consistently, the levels of 7p-OHC were increased in
the hairs of patients with AD and were correlated with clinical
severity. We found that 7p-OHC directly affects AD-related

Cholesterol plays a pivotal role in the development of Alzheimer’s
disease (AD)."* Elevated cholesterol levels correlated with enhanced
production of p-amyloid (Ap) in neuronal cells,® and a high-fat and
high-cholesterol (HFC) diet was found to induce significant cognitive
dysfunction in rodents.* Epidemiological studies have also revealed a
close link between high levels of cholesterol in midlife and the
increased incidence of AD later in life.”® However, the whole picture
seems to be more complicated than what is suggested by the findings
of these previous studies. For instance, a large population-based
cohort study showed no association between total cholesterol levels
and the risk of AD. Furthermore, lower, not higher, cholesterol
levels are associated with worsening cognitive function in old age,®
while cholesterol esters rather than free cholesterol may contribute to
AD pathogenesis.” A recent study using AD-patient isogenic induced

1,3,5:%

pathophysiology; intrahippocampal injection of 7-OHC
induced astrocyte and microglial cell activation, increased the
levels of pro-inflammatory cytokines (TNF-alpha, IL-16, IL-6),
and enhanced amyloidogenic pathway. Mice treated with 7f-
OHC also exhibited deficits in memory and frontal/executive
functions assessed by object recognition and 5-choice serial
reaction time task, respectively.

Conclusions: Our results suggest that 73-OHC could serve
as a convenient, peripheral biomarker of AD. As directly
involved in AD pathogenesis, 7p-OHC assay may help actu-
alize personalized medicine in a way to identify an at-risk
subgroup as a candidate population for statin-based AD
treatment.

Keywords: 7-hydroxycholesterol, Alzheimer’s disease, biomarker,
cholesterol metabolites, neuroinflammation.
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pluripotent stem cell (iPSC)-derived neurons also proposed that
cholesteryl esters can independently regulate Tau and Ap.'” One of
the reasons for these conflicting findings in human study could be
that total cholesterol levels cannot reflect the diversity and complexity
of cholesterol metabolism.

Cholesterol is metabolized into physiologically active sterols,
and some of them, such as cortisol and estrogen, are involved in
learning and memory in addition to their traditional functions.'"'?
Oxysterols have been particularly implicated in the pathogenesis of
AD and elevated levels of 24S-hydroxycholesterol (24-OHC),
27-OHC, and 7p-OHC have been observed in the plasma, cerebrospi-
nal fluid, and brain tissues of patients with AD."*~'® Despite the rele-
vance and complexity of cholesterol biosynthesis and metabolism
concerning AD pathogenesis, limited studies have explored how the
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Cholesterol profiling in AD

PCN

metabolic signatures of cholesterol are altered by several risk factors
for AD, such as aging and metabolic stress.

Therefore, the objectives of this study were twofold. First, we
aimed to identify cholesterol precursors and metabolites whose
levels change with aging in 3xTg-AD mice, a transgenic AD model.
We explored whether the levels of these sterols in human hair are
associated with the diagnosis and clinical status of AD. Second, we
aimed to conduct in vivo studies to assess whether a “hit” metabolite
(7B-OHC in this study) has specific effects on AD pathology and
behavior.

Methods

Participants

Participants were categorized into three groups: normal cognition
(NC), mild cognitive impairment (MCI), and AD based on their cog-
nitive status. We recruited a cohort of 285 participants sourced from
a university-affiliated hospital and local dementia centers from 2013
to 2015 (Fig. S1). The participant demographics are displayed in
Table 1. The study was approved by the Institutional Review Board at
Yonsei University Health System (2013-1740-004) and was con-
ducted in accordance with the Helsinki Declaration. All subjects pro-
vided written informed consent. Participants aged 60—80 years with a
Global Deterioration Scale (GDS) score <5 were included. Individuals
were excluded if they had (1) significant psychiatric disorders; (2) pre-
vious major neurological illness such as stroke, traumatic brain injury,
or epilepsy; (3) prior diagnoses of other forms of dementia such as
vascular dementia, Lewy body disease, or frontotemporal dementia;
(4) a GDS score exceeding 5. All participants were assessed by two
board-certified psychiatrists, who conducted clinical interviews and
performed neuropsychological tests. Diagnostic classification was
based on the Diagnostic and Statistical Manual of Mental Disorders
(DSM-IV-TR) for dementia of Alzheimer’s type'® and Peterson’s
criteria for MCL"”

Quantification of cholesterol metabolites
Quantitative metabolite profiling of humans and mice was per-
formed based on a validated method as previously described.'®2°

A detailed description of cholesterol profiling can be found in the
Supplementary Data.

Animals and treatment

In the first part of the animal study, in which steroid profiling was
performed, 24 triple transgenic mice carrying the familial AD muta-
tions APPSwe, PS1/M146V, and tauP301L, known as 3xTg-AD mice
(The Jackson Laboratory, Bar Harbor, ME) and 24 wild-type C57BL6
mice (Animal Facility of Aging Science, Gwangju, South Korea) were
used. Two different age groups were included for each mouse strain: the
young group (12 weeks old, » = 12) and old group (44-48 weeks old,
n = 12). The mice were randomly distributed into two groups according
to diet: the normal diet (ND) group (11.9% of kcal from fat and 0.01%
cholesterol) and high-fat/high-cholesterol (HFC) diet group (41.9% of
keal from fat, 1.25% cholesterol). After 8 weeks of ND or HFC diet
feeding, the mice were anesthetized with 1%—2% isoflurane in high oxy-
gen and decapitated.

In the second part of the experiment, evaluating the impact of
7B-OHC on AD pathology, we used 39 male C57BL/6 mice sou-
rced from Orient Bio Inc. (Seongnam, Korea). All mice were aged
between 16 and 18 weeks at the onset of the experiment and were
housed on a 12-h light/dark cycle with food and water available ad
libitum. For the biological experiment, a total of 17 mice were
randomly assigned, with eight mice in the vehicle group and nine in
the 7B-OHC group. 7p-OHC was purchased from Sigma (H6891, MW
402.65). The hippocampal administration of 50 pM of 7p-OHC, dissolved
in 0.1% ethanol in phosphate-buffered saline (PBS) or vehicle (0.1% eth-
anol in PBS), was carried out bilaterally using stereotactic techniques,
based on specified coordinates relative to the bregma: —2.00 mm
anteroposterior (AP), 1.3 mm mediolateral (ML), and 2.2 mm dorso-
ventral (DV). The injection volume was 0.2 pL for each side of the
hippocampus (Fig. S2a). We used the same concentration (50 pM) of
free cholesterol (FC), as a putative non-toxic cholesterol to differen-
tiate 7B-OHC toxicity from general toxicity potentially induced by
cholesterol molecule itself. Three days post-injection, the mice
were euthanized (Fig. S2b). Subsequently, the right cortex and
hippocampus were promptly extracted and preserved at —80 °C
in a freezer, awaiting Western blotting and ELISA evaluations.

Table 1. Demographics of participants

Variable NC (n = 82) MCI (n = 39) AD (n =81) P (ANOVA or z%)

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

Female, n (%) 52 (63.4) 29 (74.4) 59 (72.8) 0.323

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

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

GDS score, n (%) 1 59 (72) - - <0.001

2 23 (28) 28 (71.8) 2 (2.5)

3 - 11 (28.2) 56 (69.1)
4 - - 14 (17.3)
5 - - 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, # (%) 22 (26.8) 5(12.8) 20 (24.7) 0.219

The data are presented as the mean (SD), n (%).

AD, Alzheimer’s disease; GDS, global deterioration scale; HDLc, high-density lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol;

MCI, mild cognitive impairment; MMSE, mini-mental state examination; NC, normal cognition.
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Concurrently, the left hemisphere was immediately fixed using
3.7% formaldehyde, preparing it for immunohistochemistry.
Furthermore, an additional set of 22 mice was employed for
subsequent behavioral experiments and intracerebroventricular
infusion was administered to mitigate potential behavioral
alterations stemming from tissue damage.

Immunohistochemistry

Frozen hemispheres were fixed and sliced into 20 pm coronal sections
with a cryostat. These sections underwent overnight incubation at 4°C
with anti-GFAP antibody (1:500; ab173004, Synaptic Systems,
Gottingen Germany) and anti-Ibal antibody (1:100; 019-19,741,
Wako, Osaka, Japan) in PBS containing 2% BSA and 0.3%
Triton X-100. Subsequently, the slices were treated with Alexa
Fluor 488-conjugated donkey anti-goat IgG secondary antibody
(1:500;705-545-003, Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) for 1 h. The samples were visualized using a confocal
laser scanning microscope by Carl Zeiss (Thornwood, NY, USA).

Cytokine production and cell viability assay

The quantification of IL-1f and IL-6 in mouse brain homogenates
were determined utilizing mouse IL-1f (ab46052, Abcam,
Cambridge, MA, USA) and IL-6 ELISA kits (M6000B, R&D
Systems, Minneapolis, MN, USA). Hippocampus homogenates were
quantified using the Mouse Cytokine Array Panel A (ARY006; R&D
Systems) to profile multiple cytokines and chemokines. All
procedures were carried out following the specific protocols of the
manufacturers. Nuclear DNA fragmentation associated with apoptosis
in tissue sections was evaluated using a double-fluorescent labeling
technique, employing a terminal dUTP nick-end labeling (TUNEL)
kit (11684795910, Sigma-Aldrich, St. Louis, MO, USA).

Western blotting analyses

The right hemisphere brain tissues were prepared following the
methods detailed in reference.”! Antibodies against the following
proteins were used: BACE (1:1:1000; Cell Signaling, #5606S), TACE
(1:1000; Santa Cruz; #13,973), APP (1:1000; Cell Signaling,
#2450S), AP (1:1000; Santa Cruz, #28,365), TNF-a (1:1000; Santa
Cruz, #133,192), phospho-tau (Ser262) (1:1000; Santa Cruz,
#101,813), phospho-tau (Ser199, Ser202) (1:1000; Invitrogen,
#44-768G), phospho-tau 396 (1:1000, Cell Signaling, #9632),
phospho-tau 231 (Thr231) (1:1000; Cell Signaling, #71,429), total
tau (1:1000; Cell Signaling, #4019), and GAPDH (1:20,000; Santa
Cruz, #25,778).

Behavior assessment

Cognitive functions were assessed through a series of behavior
tests. In the novel object recognition (NOR) test, 24 h after a
10-min habituation in an open field chamber, the mice initially
explored a pair of identical objects for 5 min. After a 1-h interval,
the mice were presented with one familiar object and one novel
object for 5 min. The Discrimination Index (DI) was calculated
using the exploration time for the novel object (Ty) and the famil-
iar object (Tg), employing the formula DI = (Ty — Tg)/(Ty + Tg).
The Y maze test was conducted using a Y-shaped maze with three
arms arranged at 120°. Mice were allowed to freely explore
the maze for 10 min. The alternation percent was calculated by
(the number of alternations/[total number of arm entries — 2]) x 100.
The behavioral experiment using a touchscreen was conducted with the
Bussey-Saksida mouse touchscreen operant system (Campden Instru-
ments Ltd., Loughborough, UK) as noted in previous reports.*>*
The methods were managed and executed through the ABET II Touch
software (Campden Instruments, Ltd.) alongside Whisker Server.>> We
evaluated attention and the ability to control response using the
5-choice serial reaction time task (5-CSRTT). The methodology was
implemented as detailed in other reference.”*°
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Statistical analysis

Statistical evaluations were executed utilizing the Statistical Package
for the Social Sciences (SPSS) 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 9.50 (San Diego, CA, USA). Group comparisons between
7p-OHC-treated versus vehicle-treated mice (n <10 per group) were
conducted using Mann—Whitney U-test. However, for experiments with
the factorial design (animal steroid profiling and 5-CSRT task), we used
linear mixed effects model to explore both main effects and interaction
between factors, as demonstrated in our previous studies.?>?” For studies
on humans, the Kruskal-Wallis test assessed differences in hair sterol
levels among groups, followed by Dunn’s multiple comparison test for
post hoc analysis. Statistical differences between different groups after
adjustment for covariates were analyzed by analysis of covariance on
ranks. Owing to data skewness, we conducted multiple linear regression
analyses using log-transformed oxysterol values. Covariates considered
in the analysis included age, sex, education, and total cholesterol levels.
We calculated the odds ratios (ORs) and 95% confidence intervals (Cls)
of AD or cognitive impairment for log-transformed 7o/f-OHC levels
using binary logistic regression, adjusting for age, sex, education, and
total cholesterol levels. Continuous variables are presented as either the
means + standard deviations or medians with interquartile ranges
(IQRs). Categorical variables are denoted as quantities with percentages.
The threshold for significance was established at 0.05.

Results

Cholesterol metabolite levels significantly changed upon
aging in 3xTg-AD mice

Quantitative cholesterol profiling of normal C57BL6 and 3xTg-AD
mice of different ages (young vs. old) and of mice fed different diets
(normal vs. HFC) was first conducted. The levels of 17 sterols in the
serum, hippocampus, and frontal cortex were measured to identify
metabolic changes in cholesterol that show a significant age x geno-
type interaction (C57BL6 vs. 3xTg-AD), preferably with a significant
main effect of genotype and diet, since such interactions would indi-
cate AD-specific changes associated with those risk factors (aging or
metabolic stress). The metabolic heat-map shows that the serum
levels of 7-ketocholesterol, 7-OHC, cholesteryl myristate, cholesteryl
arachidonate and the ratio of 7p-OHC/cholesterol were found to meet
this criterion (Fig. la). In particular, our focus on 7p-OHC,
7-ketocholesterol, and cholesteryl myristate was driven by their con-
nection to oxidative stress and cholesteryl esters have been implicated
in AD pathogenesis**2° and the near absence of other metabolites in
brain tissues. The 73-OHC/cholesterol ratio in the serum significantly
changed in 3xTg-AD mice upon aging, as indicated by the significant
main effect of genotype and significant age x genotype interaction
(Fig. 1b). However, no corresponding changes were observed in the
brain region. Similar changes associated with age and genotype were
also observed in serum 7-ketocholesterol/cholesterol levels (Fig. S3a)
but not in cholesteryl myristate levels (Fig. S3b). These findings indi-
cate that oxysterols could be peripheral biomarkers of aging-dependent
AD pathogenesis.

Cholesterol profiling revealed increased 7-OHC levels in
patients with AD

To extend these findings in animals to humans, cholesterol profiling
of scalp hair from patients with NC, MCI, and AD was performed.
Out of the 19 sterols examined, nine were identified in two 3-cm-long
strands of hair (Table 2). The levels of free cholesterol, cholesterol
esters, and cholesterol precursors were comparable across groups.
Significant between-group differences were found in the levels of
sitosterol, 7a-OHC and 78-OHC (P =0.002, P = 0.034, and
P = 0.005, respectively). As the findings related to oxidized choles-
terol levels were consistent between animals and humans, we focused
on 7a-OHC and 7p-OHC. First, we compared the levels of these
oxysterols according to cognitive status: NC, MCIL, and AD.
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Fig. 1 Steroid profiling of cholesterol metabolites in mice. (a) A heatmap matrix representation of the main effects and interactions between factors (age, genotype,
and high-fat/high-cholesterol diet [HFD]). The bolded names indicate a significant age x genotype interaction. (b) Age x genotype interaction on 7f-hydroxycholesterol
(OHC)/cholesterol in serum and brain regions. (1) In the whole group (n = 45): main effects of age (P = 0.027), and genotype (P < 0.001), and an age x genotype inter-
action (P = 0.016) in serum. For mice fed a normal diet (ND) (n = 21), main effects of genotype (P = 0.002) and age (P =0.161) and age x genotype interaction
(P = 0.114). In mice fed with HFD (n = 24), main effects of age (P = 0.002) and genotype (P < 0.001), and a significant age x genotype interaction (P = 0.001) in serum.
Main effects of age and genotype, interactions in the (2) hippocampus or (3) frontal cortex (all P > 0.05). 7-DHC, 7-dehydrocholesterol; Chol-A, cholesteryl
arachidonate; Chol-Li, O, S, cholesteryl linoleate, oleate, stearate; Chol-M, cholesteryl myristate; Chol-P, cholesteryl palmitate; OHC, hydroxycholesterol.

Table 2. The levels of cholesterol derivatives in scalp hair

Compounds NC MCI AD P

(ng)t (n=82) (n=39) (n = 81) Overall  NC versus MCI ~ NC versus AD  MCI versus AD
Free cholesterol 609.5(302.2)  522.4(303.4) 6104 (262.5) 0428 >0.999 >0.999 0.583
Cholesteryl laurate 1.5 (1.9) 1.2 (1.0) 1.5(1.3) 0.297 0.358 >0.999 0.912
Cholesteryl myristate 21.1 (12.7) 22.0 (13.4) 247 (12.4) 0.249 >0.999 0.373 0.660
Sitosterol 1.1 (0.7) 1.2 (0.8) 1.3 (0.9) 0.002* 0.439 0.001* 0.443
Desmosterol 103.5 (48.3) 97.9 (59.6) 98.7 (60.0) 0.469 0.664 >0.999 >0.999
Lathosterol 10.0 (5.9) 7.6 (3.7) 9.5 (5.7) 0.175 0.208 >0.999 0.376
Lanosterol 3.1(1.1) 32(1.4) 3.4 (1.5 0.298 >0.999 0.359 >0.999
Ta-OHC 1.7 (1.1) 2.1(1.4) 2.1 (1.3) 0.034* 0.145 0.057 >0.999
7p-OHC 2.5 (1.0) 2.7 (0.8) 2.8(0.9) 0.005* 0.272 0.004* >0.999

All values are presented as the median (interquartile range).

AD, Alzheimer’s disease; MCI, mild cognitive impairment; NC, normal cognition; OHC, hydroxycholesterol.

*P <0.05.

"The levels measured in two strands of 3-cm long scalp hair. Group differences were determined using the Kruskal-Wallis test followed by Dunn’s
test for post hoc multiple comparison.
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The levels of 7a-OHC and 7B-OHC were significantly elevated in
patients with AD compared to those with NC. Discernible differences
were observed between patients with NC and MCI, although statisti-
cal significance was not achieved. Additionally, the levels of 7a-OHC
and 7B-OHC relative to total cholesterol were significantly elevated in
AD patients compared to NC patients (Fig. 2a). To further substanti-
ate our initial findings, we explored the relationship between
oxysterol levels and MMSE and GDS scores, both indicators of clini-
cal severity. Multiple linear regression analyses, adjusted for age, sex,
education, and total cholesterol levels, revealed that elevated 73-OHC
levels were correlated with lower MMSE scores (P = 0.02) and
higher GDS scores (P <0.001), whereas 7a-OHC was significantly
associated only with higher GDS scores (P = 0.03) (Fig. 2B,
Table S1). Further, logistic regression analysis, incorporating both
oxysterols, indicated a significant association between 78-OHC and
the risk of AD or cognitive impairment (Fig. 2c). Considering the
reported influence of statin use on oxysterol levels,>*>!' we addition-
ally included statin use as a covariate and found that significance of
the results remained consistent. To assess the diagnostic utility of hair
7B-OHC levels, we generated ROC curves and developed a model for
discriminating between diagnostic groups. Of note, the combined
panel of MMSE and hair 7p-OHC levels resulted in a more
pronounced AUC of 0.98 (P = 0.03, Fig. 2d) for differentiating AD
from NC, compared to the MMSE score by itself with an AUC of
0.96. This finding suggests that implementation of a hair 7p-OHC
assay in addition to the MMSE can facilitate more efficient detection
of AD patients in community settings.

7p-OHC induces neuroinflammation

As we observed a significant relationship between 7B-OHC levels and
AD, we aimed to determine whether 7-OHC can directly affect AD
pathology. Upon stereotactic injection of 78-OHC, compared to vehicle
and FC, into the mouse hippocampus, we observed glial cell activation,
as indicated by morphological changes in glial cells (Fig. 3a). An
increase in GFAP and Iba-1 intensity was observed in the CAl, CA3
and DG regions upon 7B-OHC treatment. Cytokine array revealed
increases in the levels of TNF-a, TIMP-1 and I-TAC in 7p-OHC

—
Q
~
—~
O
~

o NC °MCI * AD (c)

treated mice, compared with vehicle treated mice (Figs 3b, S4a,b). The
ability of 7p-OHC to induce neuroinflammation was supported by
increases in the levels of pro-inflammatory cytokines such as IL-1f and
IL-6 (Fig. 3c). To rule out the possibility that 7B-OHC-induced cell
death triggered neuroinflammation, we further evaluated apoptosis
using TUNEL staining. No significant cell death was observed in hip-
pocampal tissues from 7B-OHC-treated mice compared with those from
vehicle-treated mice, suggesting that 78-OHC is directly involved in
neuroinflammation (Fig. S5).

7p-OHC increases Af production and tau

phosphorylation

We also examined the effect of 7p-OHC on A metabolism by mea-
suring the expression levels of proteins involved in the amyloidogenic
pathway.*>** 78-OHC significantly increased BACE1 expression but
decreased TACE expression (Fig. 3d). No significant changes were
observed in the expression levels of AB, APP, SIRT1, or ADAMI0.
These findings indicate that 7p-OHC stimulates the amyloidogenic
pathway (BACE1) while suppressing the nonamyloidogenic pathway.
Next, we examined tau phosphorylation at multiple sites, i.e., Ser262
(p-Tau262), Ser396 (p-Tau396), Ser199/202 (p-Taul99/202), and
Thr231 (p-Tau231), all of which have been implicated in the patho-
genesis of AD.** With 7p-OHC treatment, we observed an elevation
in p-Tau262 levels, but there was no corresponding increase in the
phosphorylation of tau at other sites or in total Tau levels (Fig. S6),
indicating that 7p-OHC might selectively induce the phosphorylation
of Tau at Ser262, which inhibits tau binding to microtubules.>”

Elevated levels of 7p-OHC resulted in impairments in
memory and executive functions

Finally, to evaluate the influence of 7B-OHC on cognitive and behav-
ioral outcomes, we administered the novel object recognition (NOR)
task, Y-maze task, and the 5-CSRTT after the injection of 7p-OHC.
The novel object test revealed that episodic memory was impaired in
7B-OHC-injected group compared to control group (Fig. 3e). No sig-
nificant between-group difference was found in Y-maze test (Fig. 3f).
Considering that attention and response control are compromised in
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the early stages of AD,*® we also investigated their effects on atten-  probe test, indicating no between-group differences at baseline
tion and executive function using 5-CSRTT.?” In baseline sessions  (Fig. S7a—e). In the probe sessions with more difficult task conditions
after stereotaxic surgery, all mice met the criterion to move on to the  (shorter SDs), accuracy and omission did not differ between groups
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(Figs 3g, S8a—e). However, the injection of 73-OHC resulted in cogni-
tive inflexibility, as evidenced by the elevated number of perseverative
responses to incorrect stimuli, but not to correct stimuli (Figs 3g, S8a).
The observed behavioral deficit cannot be attributed to impairments in
locomotion, as beam break rates and reward collection latencies
remained unaffected following the injection of 7p-OHC (Fig S8f,g).
Thus, these findings indicate that 78-OHC induces frontal/executive
dysfunction,*®?° which might cause irrelevant, repetitive behaviors,
specifically when mice are facing an unexpected lack of a reward upon
responding.

Discussion

This study aimed to identify which cholesterol metabolite is associ-
ated with AD and to elucidate its potential role in AD pathogenesis.
We discovered that the levels of 7B-OHC were elevated in the serum
of old, but not young, 3xTg-AD mice and in the scalp hair of patients
with AD. In humans, the levels of 7p-OHC were negatively correlated
with MMSE scores, and the stereotaxic injection of 78-OHC in vivo
led to marked neuroinflammation and upregulation of amyloidogenic
pathway. These pronounced alterations were directly associated with
observed deficits in memory and executive functions, as corroborated
by behavior tests. These findings suggest that 78-OHC could be a
pathophysiologically relevant peripheral biomarker of AD.

Our results are consistent with recent findings that 7p-OHC levels
are increased in the brain tissues of patients with AD, supporting the role
of this molecule as a promising biomarker of AD."** We observed the
impact on behaviors (memory) of the injected levels of 7-OHC equiva-
lent to twice the physiological concentration found in normal mice and
also significant age by genotype interaction on the serum levels of this
molecule. However, we did not observe significant genotype effects on
7B-OHC levels in the brain tissues (normal vs. 3xTg-AD mice). We
speculate that the age of 3xTg-AD mice (11-12 months) might account
for this discrepancy: Cholesterol metabolism might not yet be substan-
tially perturbed in the brain, unlike in the systemic circulation. Or this
inconsistency between serum and the brain tissue may imply that choles-
terol homeostasis in the brain may be under stricter control than in the
periphery, given the brain’s metabolic vulnerability.*'

On the other hand, this result might be in line with the hypothesis
of “blood-driven dementia,” which suggests the importance of blood fac-
tors in AD pathogenesis.** This hypothesis proposes that peripheral
pathology may precede central pathology. Several experimental and epi-
demiological studies have suggested that cholesterol dsysregulation in
middle age can lead to AD development later in life.**** A recent
study further demonstrated a significant correlation between brain/CSF
7B-OHC levels (with 7-ketocholesterol) and Braak staging.*® Unlike free
cholesterol, oxysterol can traverse the BBB and accumulate in brain
tissue, > and elevated oxysterols levels may in turn impact the integrity
of BBB.*”*® Hence, it remains unclear whether previously reported
accumulation of 7p-OHC in the brain originates from the periphery or
through the auto-oxidation of cholesterol within the brain (possibly
driven by Ap*). Given the tight regulation of cholesterol homeostasis,
one may speculate that 7B-OHC is tightly regulated in brain to a certain
extent; however, when overall 7B-OHC levels becomes elevated systemi-
cally, it could potentially trigger chronic inflammation and oxidative
stress in the brain, thereby heightening the risk of dementia.

While 7p8-OHC promoted the amyloidogenic pathway as indi-
cated by the upregulated BACE1 expression, a significant increase in
AP levels was not simultaneously observed. As AP accumulation is
not solely dependent on BACE]1 activity but also on age-associated
imbalance between its production and clearance,’™' the relatively
young age of our mice may have limited meaningful changes in Ap
levels under our experimental scheme. However, it should be noted
that we did not examine different species of AP, from monomers to
oligomers or soluble to insoluble forms. Regarding the behavioral
outcomes, we observed impaired performance in the NOR but not in
the Y-Maze test. This disparity might be attributed to the potential
difference in region of the brain mainly involved in each task and our
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local (not systemic injection of 7p-OHC). As the perirhinal cortex
and hippocampus are involved in episodic or object memory in the
NOR test, the impact of hippocampal injection of 78-OHC would
have been more evident in this task compared to the Y-maze in which
working memory could have relied on the prefrontal function.>*>*

In this study, hair levels of 7p-OHC were measured instead of
human blood levels, which may fluctuate due to diurnal variations or diet,
and the levels of sterols in hair samples reflect sterol exposure over
approximately the past 3 months.>* To minimize local variation of hair
steroid levels along with different parts of the head,> hair samples were
obtained from the vertex of each participant in this study. Therefore, the
hair 7p-OHC level could serve as a reliable indicator of systemic expo-
sure. In addition, as hair sampling is extremely convenient and safe, anal-
ysis of hair 7p-OHC levels is a promising candidate strategy for
implementation in mass screening in community settings. Although natu-
ral color and 5}7)igmc:11tation of hair showed no differences for hair levels
of steroids,”®>’ excessive cosmetic treatments and prolonged exposure to
UV light may need to be considered as confounding effects.’”® Imple-
mentation of this convenient biomarker combined with the MMSE con-
forms to the recently proposed AD diagnostic approach: diagnostic
accuracy is being sought on the basis of “cognitive assessment plus bio-
marker.” We found that the combination of the MMSE + hair 73-OHC
level analysis achieved a higher AUC than the MMSE alone. A large
population study is warranted to validate the usefulness of the combina-
tion of the MMSE + hair 78-OHC level analysis for dementia screening
in the community.

The finding that 7B-OHC upregulates BACE1 expression suggests
the possibility of a vicious cycle between 7p-OHC and AP pathology,
given that a previous studz?/ showed that APP and A can oxidize free
cholesterol into 7p-OHC.* In our experiment, significant increase in
tau phosphorylation was observed only at Ser262 among various sites.
Mitogen-activated protein kinase (MAPK) or other proline-directed
kinases are involved in tau phosphorylation; however, Ser262 is not
phosphorylated by these kinases.’® Thus, the selective increase in
pTau262 suggests that 7p-OHC-induced phosphorylation of tau might
be less likely to be mediated by the common tau pathogenesis relating
to MAPK pathway. It remains to be determined whether 73-OHC
directly affects AD pathology by causing oxidative stress in the brain
or merely reflects the level of systemic oxidative stress in AD, as
cholesterol is highly sensitive to auto-oxidation by free radicals.
However, as we proved that 7p-OHC contributes to the hallmarks of
AD pathology, controlling systemic 73-OHC levels could be a promis-
ing strategy for preventing and ameliorating AD pathogenesis, at least
by blocking the potential vicious cycle.

Statins could be a potential option for this purpose, and simva-
statin has been shown to decrease the levels of 7-OHC in men with
hypercholesterolemia.*® Previous studies exploring the effectiveness
of statin use on the suppression of AD have reported inconsistent
findings.%*"®> However, these conflicting results may suggest that
measurement of 78-OHC levels is a potential avenue for personalized
medicine for AD, as levels of 7p-OHC can be used to identify those
who are eligible for statin therapy to inhibit AD pathology. As not all
individuals with hypercholesterolemia suffer from AD, 7B-OHC
might be the real culprit responsible for the increased risk of AD in
individuals with hypercholesterolemia.

We need to acknowledge several limitations in this study. Firstly,
the sample size of human participants was relatively small and obtained
from a single ethnic background. Additionally, while we explored the
relationship between cognitive measures like MMSE and GDS scores
and their link to 7p-OHC, we did not establish correlations with direct
indicators of amyloid pathology, such as cerebrospinal fluid amyloid
beta protein levels or amyloid positron emission tomography (PET)
scans. Therefore, further research is warranted to confirm and extend
our findings to a more diverse population with more clinical informa-
tion related to AD pathology. Secondly, the effect of 7B-OHC on oxida-
tive stress was not thoroughly investigated in this study. Previous
research has suggested that 7p-OHC can trigger oxidative stress in
murine oligodendrocytes.> Considering that oxidative stress is one of
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the major etiologies of AD pathogenesis, it is plausible that oxidative
stress induced by 7B-OHC could contribute to the promotion of
the amyloidogenic pathway. Additional investigations are required
to comprehensively address this aspect. Another concern is whether
the concentration of 7p-OHC we injected is associated with actual
pathological conditions. Postmortem studies have indicated that
7B-OHC levels in the brains of AD patients are more than double
compared to normal conditions, suggesting its close association with
AD pathology.'** In our experiment, we administered nearly double
the physiological concentration of 78-OHC and observed its impact on
AD pathology and behavior under acute conditions. Additionally, we
confirmed that this effect is not attributed to cell death and emphasized
its significance compared to free cholesterol administration. Based on
these, the concentration of 7-OHC we used may not be too high to
study its relevance with AD pathogenesis. Although we examined the
acute effects of 78-OHC, it would be conceivable that lower concentra-
tions could induce AD pathology with prolonged exposure. Lastly, we
did not conduct steroid profiling of the serum or assess apolipoprotein
E status in the participants. As the purpose of this study was
to swiftly extend the animal findings to humans, we intended to per-
form a simplified human study. Thus, future clinical studies should
be designed to obtain more extensive information by neuroimaging
and blood biomarker analysis.

In summary, this study shows that 78-OHC could be a promising
biomarker of AD that directly affects AD pathogenesis, such as neu-
roinflammation, Af metabolism, and tau phosphorylation. Therefore,
the implication of this study is twofold for the future. First, imple-
mentation of a 7p-OHC assay for AD screening in the community
may improve the efficiency in identifying individuals at high risk.
Second, using 7B-OHC as a biomarker in the clinical realm may facil-
itate personalized medicine in which younger individuals with high
levels of 78-OHC can be selected to receive statin or antioxidant ther-
apy to prevent or ameliorate AD pathology.
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