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Abstract

The oxysterol 27-hydroxycholesterol (27-OHC) has been considered to play a key 
role in the pathogenesis of Alzheimer’s disease (AD). Because β-amyloid peptide 
(Aβ) is the pathological hallmark of AD, the aim of this study is to verify whether 
27-OHC could lead to cognitive impairment through modulating Aβ accumulation 
and deposition. Regulation of Aβ metabolism was explored as the pathogenic mecha-
nism of 27-OHC. Furthermore, microRNAs (miRNAs) and their relations with 
27-OHC were also detected. In present study, matched case-control study and  
APP/PS1 transgenic mice research were conducted. The results showed that the 
27-OHC and Aβ in plasma were increased in mild cognitive impairment patients, 
and a slight correlation was found between 27-OHC and Aβ1-40. This relationship 
was also proved by the research of APP/PS1 mice. More severe learning and memory 
impairment and higher Aβ1-40 expression in brain and plasma were detected in the 
APP/PS1 mice of 27-OHC treatment group. In addition, increased amyloid plaques 
were also found in the hippocampus of 27-OHC-treated mice. In order to find out 
the mechanism of 27-OHC on regulating Aβ metabolism, the factors of Aβ produc-
tion (APP, BACE1 and ADAM10), transport (LRP1 and RAGE) and elimination 
(NEP and IDE) were tested respectively. The gene and protein expressions of APP, 
BACE1 and RAGE were increased while LRP1 and IDE were decreased in the 
brain of 27-OHC-treated mice. At last, down-regulated expression of miRNA let-
7g-5p was found after 27-OHC treatment. In conclusion, these findings suggested 
that excessive 27-OHC could enhance the accumulation and deposition of Aβ both 
in brain and blood, resulting in a severe impairment of cognition, especially in the 
modulation of Aβ1-40. The mechanism might be associated with the regulation of 
Aβ metabolism, and miRNA let-7g-5p was likely to play a vital role in this patho-
logical process induced by 27-OHC.

INTRODUCTION

β-amyloid pathology is a defining pathological hallmark of 

Alzheimer’s disease (AD). It is widely accepted that increased 

production and accumulation of β-amyloid peptide (Aβ) is 
observed in mild cognitive impairment (MCI) which is the 
early stage of AD progression (4). Evidences have shown 
that cerebral deposition of Aβ could be detected in both 
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MCI and AD patients (11, 21, 35). In recent studies, it 
has been reported that cholesterol-oxygenated derivatives 
(oxysterols) play a remarkable role in the onset and pro-
gression of memory loss and cognitive impairment.

Oxysterols are oxygenated derivatives of cholesterol gen-
erated from exogenous (food) or endogenous (auto-oxidation 
and enzymatic conversion) sources (52). They are essential 
for the normal physiology of the central nervous system, 
but oxysterols are also bioactive molecules that lead to 
adverse effects when they are overproduced in the human 
body. 27-hydroxycholesterol (27-OHC) and 24-hydroxycho-
lesterol (24S-OHC) are recognized as the prominent kinds 
of oxysterols which can pass through the blood-brain bar-
rier (BBB). 27-OHC is the most abundant circulating oxys-
terol and its plasma concentration approximately ranges 
from 53.7 to 247.9 ng/mL in healthy human subjects (36, 
39). It is demonstrated that they have widespread patho-
logical ramifications when they dramatically increased in 
plasma or in brain (26, 47, 50). In the last few years, our 
researches have also shown that the level of 27-OHC in 
plasma is increased in patients of MCI. More interestingly, 
the higher concentration of 27-OHC is accompanied by 
the elevation of Aβ1-40 and Aβ1-42 levels in plasma. 
Furthermore, fluctuations of 27-OHC in plasma may be 
correlated with the cognitive capability of the elderly. 
However, the relation between oxysterols and Aβ needs 
to be further detected. Therefore, this is the first problem 
we need to focus on in the present study.

Disorder of Aβ expression in brain or plasma is believed 
to be the result of metabolic dysfunction. In this case, 
production, transport and elimination of Aβ may play key 
roles in Aβ pathology of MCI patients. While several stud-
ies including ours have manifested that the accumulation 
of Aβ in brain may be associated with the disturbance 
of 27-OHC in brain and/or circulation (2, 19, 54, 57), the 
underling mechanisms in the correlation between oxysterols 
and Aβ are still unclear. The second aim of this study is 
to investigate the molecular mechanism of excessive oxys-
terols on regulating Aβ metabolism.

Moreover, recent researches have shown that the dys-
regulation of microRNAs (miRNAs) may link to Aβ accu-
mulation in AD patients (29, 37) as well as in MCI patients 
(13, 15, 31, 51, 53). It is also demonstrated that the abnor-
mity of miRNAs such as miR-144-3p and let-7g-5p could 
be found in both MCI and AD patients, but very few 
evidence could verify the correlation between miRNAs 
and oxysterols in MCI patients. In this study, we will 
conduct a preliminary exploration on it.

As mentioned above, we hypothesized that the expres-
sions of 27-OHC and 24S-OHC are disordered in MCI 
patients. Cognitive impairment might be associated with 
excessive oxysterols which could lead to the accumula-
tion and deposition of Aβ in brain and blood. The 
mechanism might be related to the dysfunction of Aβ 
metabolism including production, transportation and 
elimination. In addition, chip was used to find out the 
miRNAs which were related to MCI. Furthermore, we 
tried to explore the relationship between miRNAs and 
oxysterols. In order to achieve these goals, we tested 

the hypothesis in a matched case-control study. Moreover, 
APP/PS1 transgenic mice were used to validate the results 
of population studies and to detect the molecular 
mechanisms.

MATERIALS AND METHODS

Ethics statement

Human subjects were recruited from multi-centers includ-
ing hospitals and medical centers in Beijing, Shandong 
and Shanxi provinces of China. This study was conducted 
in accordance with the principles of the Declaration of 
Helsinki and ethically approved by the Ethics Committee 
of Capital Medical University (2013SY35). All subjects have 
signed the informed consent form before they were included 
in the study.

All animal experiments were approved by the Ethics 
Committee of Capital Medical University (Ethics: AEEI-
2014-047) and conducted in accordance with ethical 
standards.

Human subjects

A total of 167 MCI patients and 167 age- (±5 years), 
sex- and education-matched controls were recruited from 
2014 to 2017. Full inclusion and exclusion criteria have 
been described in a previous study (22). MCI was diag-
nosed by neurologists based on cognitive screening tests 
of Mini-Mental State Examination (MMSE) and Montreal 
Cognitive Assessment (MoCA). Full details of the diag-
nosis have been described elsewhere (49). Demographic, 
anthropometric and clinical characteristics were obtained 
by using a standard questionnaire. Peripheral blood sam-
ples were collected after fasting for 12 h and immediately 
centrifuged at 3500  rpm for 15  minutes to collect serum 
and plasma, then the samples were stored in −80°C until 
use.

Animals and experimental design

A total of 40 6-month-old male mice (10 C57BL/6J mice 
and 30 APP/PS1 transgenic mice with C57BL/6J back-
ground) were randomly divided into four groups (n  =  10 
per group): WT group (C57BL/6J mice), APP group  
(APP/PS1 mice), 27-OHC group (APP/PS1 mice treated 
with 27-OHC) and ANS group (APP/PS1 mice treated with 
anastrozole which is the inhibitor of 27-OHC synthesis). 
These animals were purchased from Beijing Vital River 
Laboratory Animal Technology Company. The mice were 
kept in the animal house of Capital Medical University 
under controlled light conditions (12  h light/dark cycle), 
temperature (22°C ~ 25°C) and humidity (50% ~ 60%) with 
food and water ad libitum. Every effort was made to 
minimize the suffering of mice and to reduce the number 
of animals to be used.

All animals were fed a standard diet. After a 6-week 
adaptation, mice in the 27-OHC group and ANS group 
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received a daily subcutaneous injection of 27-OHC  
(5.5  mg/kg body weight) and anastrozole (0.2  mg/d) on the 
inner thighs, respectively; animals in the WT group and 
APP group received a subcutaneous injection of saline 
(0.2  mL/d) in the same parts. The treatment lasted for 
21 days. Body weights were recorded before and after treat-
ment. Animals were deeply anesthetized with 10% chloral 
hydrate (30  mL/kg body weight, injected intraperitoneally) 
at the end of the behavioral tests. Blood samples were 
immediately collected and centrifuged at 3500  ×  g for 8 
minutes to collect plasma. Afterwards, mice were euthanized 
by decapitation. Fresh brain, liver, heart, kidney and spleen 
tissues were collected and weighed. The samples were frozen 
at −80°C until the determination of parameters.

Oxysterols detection and Aβ assessment in 
human and animal research

The oxysterols 27-OHC and 24S-OHC in plasma were 
measured by High-Performance Liquid Chromatography-
Mass Spectrometry (HPLC-MS) (20). Methods of oxysterol 
extraction from the brain tissue were developed based on 
previous reports (1, 12). Fifty milligrams of brain tissue 
was homogenized by ultrasonication in 2-mL dichlorometh-
ane-methanol  mixture (1:1, v/v) which contained 200  ng 
19-hydroxycholesterol as internal standard. The samples 
were centrifuged at 5000  ×  g for 5 minutes, and then 
supernatants were collected and dried under a stream of 
nitrogen. Before analysis by HPLC-MS, the samples were 
reconstituted immediately in 1 mL of methanol-water mix-
ture (9:1, v/v), centrifuged at 2400  ×  g for 15 minutes and 
the supernatants were collected into glass sample vials.

The concentrations of Aβ1-40 and Aβ1-42 in plasma 
and brain tissue were tested by ELISA Kits (Life technol-
ogy) according to the manufacturer’s instructions.

Total RNA isolation and microRNA array assay

Total RNA was isolated from serum by using the Trizol 
reagent (Invitrogen, America) and a miRNeasy serum/

plasma kit (QIAGEN, Germany) according to the protocol 
of the manufacturer. Its purity was assessed by measuring 
the absorbance ratio at 260 and 280  nm. The miRNA 
expression profiles were analyzed by applying the Affymetrix 
miRNA 4.0 based on the database miRBase Release 20. 
Briefly, FlashTag Biotin HSR Labeling Kit and GeneChip 
miRNA 4.0 Array were used for miRNA labeling and 
hybridization according to the manufacturer’s guidelines 
(Affymetrix). Hybridized GeneChips were washed and 
stained in the Affymetrix Fluidics Station 450. GeneChips 
were scanned by using Affymetrix GeneChip Scanner 3000 
and the images were imported into Affymetrix®Expression 
Console™ software for analysis. We set the threshold at 
a fold change exceeding 1.2 and P  <  0.05 for being spe-
cifically expressed.

Quantitative real-time PCR

Quantitative RT-PCR was performed in this study to con-
firm the different expressions of miRNAs in the serum 
of the population or brain tissue of mice. Several genes 
in the mouse brain involved in the Aβ metabolism includ-
ing amyloid precursor protein (APP), β-site amyloid cleaving 
enzyme (BACE1), a disintegrin and metalloprotease 10 
(ADAM10), low-density lipoprotein receptor-related protein 
(LRP1), receptor for advanced glycation end products 
(RAGE), neprilysin (NEP) and insulin-degrading enzyme 
(IDE) were also detected by qRT-PCR. Primers for all 
assays were designed specifically and detailed in Table 1.

Total RNA was isolated from serum or mouse brain 
by using Trizol reagent (Invitrogen, America) and a 
miRNA kit (Omega, America). The PCR reactions were 
run on a CFX Connect Real-Time PCR Detection System 
(Bio-Rad Laboratories, Germany). For miRNA valida-
tion, 1 μg total RNA was reverse transcribed into cDNA 
and then performed qRT-PCR with a miRNA qRT-PCR 
detection kit (Genecopoeia, America). The reactions were 
conducted in a total volume of 20  μL comprising 10  μL 
of Master Mix with SYBR Green, 2  μL of each primer 
(2.0  μM), 2  μL of sample cDNA and 4  μL deionized 

Table 1. Primers used in this study.

Primer Forward sequence (5′–3′) Reverse sequence (5′–3′)

hsa-miR-let-7g-5p AGGACGCCGTGAGGTAGTAGT CTCAACTGGTGTCGTGGAGTC
hsa-miR-107 TGGCGGAGCAGCATTGTA CTCAACTGGTGTCGTGGAGTC
hsa-miR-144-3p AGGCGGACGCTACAGTATAGAT CTCAACTGGTGTCGTGGAGTC
hsa-miR-186-3p GGTCCGCCCAAAGGTGA CTCAACTGGTGTCGTGGAGTC
hsa-U6 snRNA CTCGCTTCGGCAGCACA CGCTTCACGAATTTGCGT
mmu-miR-let-7g-5p CCGCGTGAGGTAGTAGTTTGTACAGTT
mmu-miR-144-3p GCGCGCGTACAGTATAGATGATGTACT
mmu-U6 snRNA AGAGAAGATTAGCATGGCCCCTG
APP AGCTGACAAGAAGGCCGTTA TGAGCATGGCTTCAACTCTG
BACE1 TTTGTTACGGCAGACATGGA GCAGAGTGGCAACATGAAGA
ADAM10 CCAGCTCTGATGGCAAAGAT AGTCCGACCACTGAACTGCT
RAGE CGTGAAGGAAGAGACCAGGA AGGCTGAAACTGCAGGAGAA
LRP1 AGTAGACTATCAGGGCGGCA CTCAAACACGGACACGGAGA
NEP GGCGGACAACCTCTACTCAA TGTGCAATGGATTTCTCAGC
IDE CACCAAACCTCTCCTTCCAA GATCTCGATGCCGCAGTTAT
GAPDH ACCCAGAAGACTGTGGATGG TTCAGCTCTGGGATGACCTT
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water. The reactions were under the following conditions: 
95°C for 10 minutes, 40 cycles of 95°C for 10  s, 60°C 
for 20  s and 72°C for 10  s. RNU6B was used as the 
internal standard. For gene expression analysis, 1  μg 
total RNA was used as template to synthesize cDNA 
and further subjected to qRT-PCR reaction as described 
elsewhere (57). GAPDH served as an internal reference 
for normalization. Samples were performed in triplicate 
at least from three biological replicates. The data were 
quantified and expressed as fold-change compared to the 
control by using the ΔΔCT  method.

Western blotting analysis

Protein expressions of Aβ metabolism index (APP, BACE1, 
ADAM10, LRP1, RAGE, NEP, IDE) were tested by western 
blot as described previously (57). Brain tissue was homog-
enized in a lysis buffer containing protease inhibitor  
(1 mM PMSF) and centrifuged at 15,000 rpm for 20  min-
utes at 4°C. The supernatant protein concentration was 
determined by bicinchoninic acid method and samples were 
stored at −80°C until use. Equal amounts of proteins were 
separated by 10% Tris-Glycine gel electrophoresis and 
transferred onto polyvinylidene fluoride membranes. The 
antibodies (USA Abcam company) used were as follows: 
APP 1:1000, BACE1 1:2000, ADAM10 1:10000, LRP1 1:1000, 
RAGE 1:1000, NEP 1:5000, IDE 1:1000, β-actin 1:1000 and 
Goat anti-rabbit IgG 1:5000.

Neurobehavioral tests

After 3 weeks of intervention, a passive avoidance per-
formance test was performed to determine the learning 
and memory ability of mice as described in previous 
work (56). The passive avoidance apparatus contains an 
illuminated and a dark compartment adjoining each other 
through a small gate with a grid floor made of stainless 
steel. Mice were placed in the illuminated compartment 
facing away from the dark compartment for 3 consecu-
tive days, and the latency of entering into the dark 
compartment and the number of errors entering into 
the dark compartment were recorded.

Spatial learning and memory capability of mice were 
assessed by the Morris water maze (MWM) test as 
described previously (57). Briefly, an escape platform 
(38  cm in height, 10  cm in diameter) was submerged on 
a white-water tank (temperature 21  ±  1°C) and located 
at a constant position in the middle of the southwest 
quadrant. A 5-day navigation test was performed with 
four trials per day and a probe trail. Animals were 
allowed to swim on the water tank for 90  s to search 
for the platform, and they were gently guided onto it 
and left there for 15  s when they did not reach the 
target in 90  s on their own. In the probe trail following 
the last training, the hidden platform was removed. Mice 
were released from the northeast quadrant and allowed 
to swim for 90  s. Results were calculated individually 
for each animal (n  =  10 per group).

Bielschowsky silver staining

Bielschowsky silver staining was performed to estimate 
brain tissue morphology (10). Brains isolated from skulls 
were fixed in 10% formaldehyde and embedded in paraf-
fin. Five micrometers sections of the hippocampus samples 
were routinely prepared and stained with a 20% 
AgNO3  solution for 20 minutes in the dark. Slides were 
washed with distilled water and incubated in AgNO3/
ammonium solution for 15 minutes in the dark. Then 
developer (20  mL of formalin, 100  mL of dH2O, a drop 
of concentrated HNO3 and 0.5 g of citric acid) was added 
into the working solution, and slides were incubated 
until they darken. Slides were then fixated in 5% sodium 
thiosulfate for 2 minutes, washed, dehydrated and 
mounted.

Statistical analysis

Statistical analysis was performed by using SPSS 20.0 
and GraphPad Prism 6 software. Demographic charac-
teristics were shown as mean  ±  standard deviation (SD) 
or median (interquartile range 25% ~ 75%) according to 
the sample distribution. Graphic results were expressed 
as mean ± standard error of the mean (SEM). Comparisons 
between two groups were done with Student’s t test for 
parametric data or the Mann-Whitney test for nonpara-
metric data. Qualitative data were expressed as a percent-
age and analyzed with the Chi-square test. Correlations 
between data were assessed by using the Spearman cor-
relation coefficient. Differences between groups were 
elevated by applying one-way analysis of variance (ANOVA) 
followed by the least significance difference (LSD) post 
hoc test in animal studies. Two-way ANOVA analysis 
was used for repeated measurement data in the water 
maze test. Statistical differences were considered at 
P  <  0.05.

RESULTS

Matched case-control study

Demographic and clinical characteristics

Demographic and clinical characteristics of the subjects 
were shown in Table 2. There were significant differences 
in sense of solitude and MoCA scores between MCI patients 
and controls. MCI patients showed higher percentage of 
solitude (P  =  0.022) and worse MoCA scores (P  <  0.001) 
than controls. Moreover, MCI patients presented a larger 
proportion of smokers in comparison with the controls 
(P  =  0.059). There were no significant differences in other 
factors such as BMI (P  =  0.873), drinkers (P  =  0.789) 
and family history of dementia (P  =  0.306). In addition, 
no differences were found in FPG (P  =  0.220), TC 
(P  =  0.123), TG (P  =  0.720), HDL-C (P  =  0.099) and 
LDL-C (P  =  0.169) levels obtained from patients and 
controls.
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Levels of 27-OHC and Aβ in plasma

The differences in the plasma levels of oxysterols (27-OHC, 
24S-OHC) and Aβ (Aβ1-40, Aβ1-42) between the two groups 
were shown in Figure 1. Higher levels of 27-OHC 
(P  =  0.042), Aβ1-40 (P  <  0.001) and Aβ1-42 (P  <  0.001) 
were found in MCI patients compared with the controls. 
However, there was no significant difference in 24S-OHC 
(P  >  0.05) between the two groups.

Correlations of 27-OHC, Aβ and MoCA scores

As shown in Figure 2A, the level of Aβ1-40 in plasma 
was negatively correlated with MoCA scores (r  =  −0.331, 
P < 0.001). The same result was found in Aβ1-42 (r = −0.376, 
P  <  0.001) (Figure 2B). Additionally, the relation between 
27-OHC and the two levels of Aβ was also analyzed. There 
was a correlation between Aβ1-40 and 27-OHC (r  =  0.168, 
P  =  0.01) in the levels of plasma (Figure 2C), but no 
correlation in Aβ1-42 and 27-OHC (r  =  0.075, P  =  0.252) 
(Figure 2D).

Different expressions of microRNA in serum

In order to find out the potential role of miRNA in the 
pathological process of MCI, Affymetrix miRNA 4.0 arrays 
which contain 2578 lines of human matured miRNAs were 
used to detect the different expressions of miRNA in 
peripheral circulation in MCI patients and controls. The 
miRNA candidates were selected among 5 MCI patients 
and 5 control cases which were randomly selected from 
each group. Data manifested 12 up-regulated and 8 down-
regulated candidate miRNAs in MCI patients vs. controls 
based on a change more than 1.2-fold with an adjusted 
P-value <0.05 (Figure 3). The up-regulated miRNAs included 
hsa-miR-29a-3p, hsa-miR-92a-1-5p, hsa-miR-139-5p, hsa-
miR-182-5p, hsa-miR-181a-3p, hsa-miR-221-5p, hsa- 
miR-128-3p, hsa-miR-138-2-3p, hsa-miR-144-3p, hsa-miR-
186-3p, hsa-miR-155-3p and hsa-miR-376c-3p, whereas the 
down-regulated miRNAs contained hsa-let-7c-5p, hsa- 
miR-92a-3p, hsa-miR-103a-2-5p, hsa-miR-107, hsa-let-7g-5p, 
hsa-miR-15b-3p, hsa-miR-149-3p and hsa-miR-193a-5p.

Second, 4 miRNAs were chosen to perform further 
verification: hsa-miR-144-3p, hsa-miR-186-3p, hsa-miR-107 
and hsa-let-7g-5p in this study. The verification test was 
performed among other 50 MCI patients and 50 normal 
controls randomly selected from the same population. The 
results confirmed that a strong increase in hsa-miR-144-3p 
(P  <  0.05) and an obvious decrease in hsa-let-7g-5p 
(P  <  0.01) were observed in the serum of MCI patients 
compared with the controls, which was consistent with 
the outcomes of the microarray analysis (Figure 4).

Table 2. Demographic and clinical characteristics of MCI patients and 
controls. Abbreviations: MoCA = Montreal cognitive assessment; 
BMI = body mass index; FPG = fasting plasma glucose; TC = total 
cholesterol; TG = triglycerides, LDL-C = low-density lipoprotein 
cholesterol; HDL-C = high-density lipoprotein cholesterol.

Variables MCI (N = 167) Control (N = 167) P-value

MoCA scoresa 24 (21, 25) 27 (26, 28) <0.001**

Age 59.3 ± 0.41 58.3 ± 0.35 –
Male, n (%) 83 (49.4) 83 (49.4) –
Education years 9 (9, 12) 9 (9, 12) –
BMIa 24.8 (23.5, 26.7) 25.1(23.1, 27.1) 0.873
Smokers, n (%)b 40 (24.0) 27 (16.2) 0.059
Drinkers, n (%)b 52 (31.1) 51 (30.5) 0.789
Solitude, n (%)b 9 (5.39) 1 (0.59) 0.022*

Family history of 
dementia, n (%)b

17 (10.2) 12 (7.2) 0.306

FPG (mmol/L)a 5.46 (5.00, 6.18) 5.66 (5.20, 6.39) 0.220
TC (mmol/L)c 4.85 ± 0.11 5.08 ± 0.09 0.123
TG (mmol/L)a 1.40 (0.90, 2.00) 1.30 (0.92, 1.95) 0.720
HDL-C (mmol/L)a 1.23 (1.02, 1.50) 1.30 (1.15, 1.54) 0.099
LDL-C (mmol/L)c 3.16 ± 0.08 3.34 ± 0.09 0.169

aData presented as medians (interquartile ranges) were compared be-
tween two groups by using the Mann-Whitney test.
bData presented as frequencies (percentages) were compared between 
two groups by using Chi-square test.
cData presented as mean ± SD were compared between two groups by 
using the Student’s t test.
*P < 0.05 compared with the control group; **P < 0.01 compared with 
the control group.

Figure 1. Comparison of plasma levels of oxysterols and Aβ in MCI 
patients (n = 117) and normal controls (n = 117). A. Plasma levels of 27-
OHC and 24S-OHC, data were shown as mean ± SEM and Student t test 

was performed. B. Plasma levels of Aβ1-40 and Aβ1-42, data were shown 
as median (interquartile range) and Mann-Whitney U test was performed. 
*P < 0.05 compared with controls, **P < 0.01 compared with controls.
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Animal study

Effects of 27-OHC on body weight and organ coefficient

The body weight of mice in the four groups was measured 
before and after intervention (Figure 5A). Three weeks of 
27-OHC treatment had no effect on body weight (P > 0.05). 
The organs such as brain, liver, heart, kidney and spleen 
of APP/PS1 mice were removed and weighed at the end 
of the experiments, and the coefficient (organ weight/body 
weight) in each mouse was calculated subsequently. It was 
observed that the brain coefficient was significantly 
decreased in the 27-OHC group compared with the APP 
group (P  =  0.019), while no change in liver, intestine, 
kidney and spleen coefficient was found in different groups 
(P  >  0.05) (Figure 5B–F).

Consequences of 27-OHC on learning and memory 
capability

The passive avoidance and MWM analyses were carried 
out to assess the effect of 27-OHC on learning and 

memory ability of mice. The results of the passive avoid-
ance test were shown in Tables 3 and 4. Compared to 
the WT group, the mice in the APP group had a sig-
nificantly shorter latency and more error times to enter 
into the dark area (P  =  0.001). In addition, a drastic 
reduction in latency was found in the mice of the 27-OHC 
group compared with the mice in the APP group 
(P  =  0.001). Similarly, an increased number of errors 
was also observed in the 27-OHC group compared to 
the APP group (P  =  0.001). These data suggested that 
27-OHC treatment could enhance learning and memory 
impairment in AD mice. However, the longer latency 
(P  =  0.01) and less errors of entering into the dark area 
(P  =  0.004) in the mice of the ANS group indicated 
that 27-OHC inhibition could attenuate the impairment 
of learning and memory ability.

MWM test was performed to determine the spatial 
learning and memory of mice. Repeated-measures two-
way ANOVA identified a significant reduction in escape 
latency with training period (P  <  0.001) (Figure 6).  
There was no interaction effect between the factors of 

Figure 2. Correlation analysis of plasma oxysterols and Aβ in MCI patients (n = 117) and controls (n = 117). A. Aβ 1-40 and MoCA scores. B. Aβ 1-42 
and MoCA scores. C. 27-OHC and Aβ 1-40. D. 27-OHC and Aβ 1-42. Spearman’s rho coefficient (r) value and P-value were indicated in the graphs.
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intervention time and group (P  >  0.05). In the place 
navigation test, there were significant differences in escape 
latency (Figure 6A), mean distances to platform (Figure 
6B and C) and average speed (Figure 6D) among the 
four groups. Compared with the APP group, longer escape 
latency was obviously observed in the 27-OHC group 
(P  <  0.001). The same results were shown in distances 
to platform (P = 0.028) and swimming speed (P = 0.006). 
Additionally, the escape latency on day 4 (P  <  0.001) 

and day 5 (P  <  0.001) in the ANS group decreased 
compared with the APP group, which suggested the 
inhibition of 27-OHC might improve spatial learning and 
memory capability of mice. During the probe trail (with-
out platform), the 27-OHC group had a remarkably 
decreased number of platform-site crossovers (P = 0.007) 
and spent less time in the target quadrant (P  =  0.016) 
in comparison with the APP group (Figure 6E and F). 
No significant differences were observed in the ANS 
group compared to the APP group (P  >  0.05).

Impacts of 27-OHC on Aβ deposition in brain

It is reported that amyloid plaques derived from Aβ depo-
sition are one of the most significant characteristics in 
the development of AD. Therefore, Bielschowsky silver 
staining was used to determine the amyloid plaques in 
mouse hippocampus (Figure 7). The results showed that 
amyloid plaques appeared in mouse hippocampus of the 
APP group (Figure 7B), 27-OHC group (Figure 7D) and 
ANS group (Figure 7C), respectively, but not in the WT 
group (Figure 7A). The deposition of Aβ in the CA1 region 
of the hippocampus was much more severe in the 27-OHC-
treated group than that in the APP group. Conversely, 
diminished Aβ plaques were observed in the ANS group 
in comparison with the APP group.

Influences of 27-OHC on Aβ levels in plasma and brain

Aβ levels in plasma and brain tissue which were paralleled 
with Aβ deposition were also detected in this study. As 

Figure 3. Differentially expressed miRNAs between MCI patients (n = 5) and normal controls (n = 5). Red indicates up-regulation and blue down-
regulation 

Figure 4. Validation of four miRNAs in MCI patients (n  =  50) and 
controls (n = 50). Data were shown as mean ± SEM and Student t test 
was performed. *P < 0.05 compared with controls, **P < 0.01 compared 
with controls.



27-hydroxycholesterol leads to cognitive dysfunction via AβZhang et al

Brain Pathology 29 (2019) 558–573

© 2018 International Society of Neuropathology

565

expected, the mice in the APP group had a higher plasma 
level of Aβ1-42 than that in the WT group (P  <  0.05) 
(Figure 8C). Likewise, significant alterations of brain levels 
of Aβ1-40 (P < 0.001) and Aβ1-42 (P < 0.001) were observed 
in the APP group compared with the WT group (Figure 
8E and F). Moreover, plasma (P  =  0.001) and brain 
(P  =  0.001) levels of 27-OHC were remarkably increased 
in the 27-OHC group compared to the APP group, whereas 
obviously decreased levels of 27-OHC in plasma (P = 0.021) 
and brain (P  =  0.041) were observed in the ANS group 
(Figure 8A and D). There were no significant changes in 
the plasma or brain level of 27-OHC between the APP 
and WT groups. Compared to the APP group, Aβ1-40 
levels in the mice of the 27-OHC group were observed to 
have a similar increase in plasma (P  <  0.001) and in the 
brain (P  <  0.01) (Figure 8B and E).

Regulations of 27-OHC on Aβ metabolism and let-7g-5p 
in brain

Based on the high levels of Aβ and increased amyloid 
plaques in brain with 27-OHC treatment, we hypothesized 
that higher levels of 27-OHC would disturb the metabolism 

of Aβ, including its production, transportation and elimina-
tion. The role of 27-OHC on the metabolic factors of Aβ 
was investigated by qRT-PCR and western blot (Figure 9).

To understand the molecular mechanism of 27-OHC on 
Aβ formation, we analyzed the gene and protein expres-
sions of APP (Figure 9A and F), BACE1 (Figure 9B and 
G) and ADAM10 (Figure 9C and H) in the brain of mouse. 
It was shown that the mRNA expressions of APP (P < 0.01) 
and BACE1 (P  <  0.05) were increased in the APP group 
compared to the WT group, whereas ADAM10 (P  <  0.01) 
was decreased. The same results were found in protein 
expression which increased APP and decreased ADAM10 
which was detected in the APP group compared to the 
WT group. Similarly, both mRNA and protein expressions 
of APP (P < 0.01) and BACE1 (P < 0.01) were significantly 
enhanced in the 27-OHC group compared to the APP 
group, and only protein expression of ADAM10 (P < 0.01) 
was reduced in the 27-OHC group in comparison with 
the APP group. Contrary to the 27-OHC group, the inverse 
expressions of APP (P  <  0.01), BACE1 (P  <  0.01) and 
ADAM10 (P  <  0.01) both in mRNA and protein were 
found in the ANS group compared to the APP group.

Figure 5. Effects of 27-OHC on body weight and organ coefficient in APP/PS1 mice. A. Body weight of mice pre- and post-intervention. B. Brain, C. 
liver, D. kidney, E. intestine and F. spleen coefficient (organ weight/body weight). All data were shown as mean ± SEM and one-way ANOVA was 
performed. #P < 0.05 compared with the APP group.

Table 3. The latency to enter the dark area in passive avoidance test (n = 10).

Group WT group APP group 27-OHC group ANS group

Day 1 278.24 ± 4.62 258.83 ± 12.42** 236.17 ± 12.53## 264.50 ± 6.98#

Day 2 277.50 ± 9.00 257.33 ± 11.34** 239.75 ± 11.80# 271.00 ± 9.93##

Day 3 288.58 ± 3.55 272.25 ± 36.06* 246.50 ± 11.82## 273.32 ± 8.91
Average 281.44 ± 6.89 262.80 ± 20.34** 240.81 ± 13.56## 269.61 ± 8.78#

Results were expressed as mean ± SEM. *P < 0.05 compared with the WT group; **P < 0.01 compared with the WT group; #P < 0.05 compared with 
the APP group; ##P < 0.01 compared with the APP group. The latency was presented as second.
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As RAGE and LRP1 were critical for the transport of 
Aβ, their gene and protein expressions (Figure 9) in brain 
were determined in our study. The results showed that 
both mRNA and protein expressions of LRP1 were 
decreased in the APP group compared to the WT group 
(P  <  0.01), but no differences in RAGE were observed 
between the two groups. In the 27-OHC group, much more 
decreased mRNA and protein expressions of LRP1 
(P  <  0.01) and increased expressions of RAGE (P  <  0.01) 
were found in comparison with the APP group. On the 
contrary, decreased expressions of RAGE (P  <  0.01) and 
increased expressions of LRP1 (P  <  0.01) in mRNA and 
protein were observed in the ANS group compared to the 
APP group.

In addition, the gene and protein expressions of 
Aβ-degrading peptidases IDE (Figure 9K and M) and NEP 
(Figure 9L and N) in the brain were also evaluated in 
the present study. Similar to the above results, mRNA 
and protein expressions of IDE were diminished in the 
APP group compared to the WT group, and a drastic 
reduction was presented in the 27-OHC group as compared 

with the APP group (P  <  0.01). However, a reverse result 
was observed in the ANS group (P  <  0.01). Moreover, no 
significant changes of NEP were found among all groups.

Our previous validation of miRNAs in the serum found 
an up-regulation of miR-144-3p and down-regulation of 
let-7g-5p in MCI patients. To test whether these two miR-
NAs expressed differently in brain, we measured them in 
AD mouse brain (Figure 10). As a result, up-regulated 
let-7g-5p (P  <  0.01) and down-regulated miR-144-3p 
(P  <  0.05) were present in the APP group compared to 
the WT group. Interestingly enough, the mice in the 27-OHC 
group had a down-regulation of let-7g-5p (P  <  0.01) in 
comparison with the APP group. Although there was no 
significant variation on the expression of miR-144-3p 
(P  >  0.05) between the two groups, a higher trend was 
found in the mice of the 27-OHC group than that in the 
APP group. This finding might provide a novel view for 
Aβ accumulation induced by 27-OHC in MCI.

DISCUSSION
As cholesterol oxidation products, oxysterols, have been 
mentioned to be one of the main triggers of AD (17) 
evidence has demonstrated that 27-OHC is potentially 
involved in this progress (16). In addition, our previous 
work and other studies have shown that increased level 
of 27-OHC in plasma was found in MCI and AD patients 
(20, 50). However, what is the real relationship between 
27-OHC and cognitive impairment? Further studies need 
to be explored. Moreover, how does the over-production 
of 27-OHC lead to cognitive impairment? The specific 
mechanisms are not yet clear. In this study, we found 
MCI patients had a higher plasma level of 27-OHC. Excessive 
concentration of 27-OHC in peripheral circulating blood 

Figure 6. Morris water maze test performed to determine spatial 
learning and memory of mice. A. escape latency, B. moved distance in 
training, C. mean distance to platform, D. average speed, E. the number 

of platform-site crossovers, F. time in the target quadrant. All data were 
shown as mean  ±  SEM. #P  <  0.05 compared with the APP group, 
##P < 0.01 compared with the APP group.

Table 4. The number of errors entering into the dark area in passive 
avoidance test (n = 10).

Group WT group APP group 27-OHC group ANS group

Day 1 0.83 ± 0.07 1.08 ± 0.03* 1.58 ± 0.12## 1.00 ± 0.07##

Day 2 0.52 ± 0.05 1.00 ± 0.01** 1.33 ± 0.09## 1.00 ± 0.02
Day 3 0.33 ± 0.05 0.83 ± 0.02** 1.25 ± 0.08## 0.67 ± 0.04##

Average 0.56 ± 0.09 0.97 ± 0.07** 1.39 ± 0.13## 0.89 ± 0.02##

Results were expressed as mean ± SEM. *P < 0.05 compared with the 
WT group; **P < 0.01 compared with the WT group; ##P < 0.01 com-
pared with the APP group.
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could lead to the accumulation of 27-OHC in brain. The 
increased 27-OHC would be further linked to the accu-
mulation and deposition of Aβ both in brain and blood 
in the pathogenesis of AD. Its biological mechanism might 
be that 27-OHC could destroy the metabolism of Aβ  
which includes production, transport and elimination. 
Furthermore, the molecular mechanism might be associ-
ated with the miRNAs of let-7g-5p and miR-144-3p.

The first evidence stemming from the content of oxys-
terols in autopsy samples from AD and normal brains 
points to an increase in both 27-OHC and 24S-OHC in 
the frontal cortex of AD brains, with a trend that appears 
related to the disease severity (34). In order to explore 
the relationship between oxysterols and cognitive impair-
ment, we first detected the plasma levels of 27-OHC and 
24S-OHC in MCI patients as well as in age-, sex- and 
education-matched controls. Similar to other researches 
(28, 43), the concentration of 27-OHC in blood was slightly 
higher in MCI patients, but no difference was found in 
24S-OHC. This result indicated that people with higher 
plasma level of 27-OHC might have a higher risk of cog-
nitive impairment. In addition, 27-OHC might have a 
greater impact on cognition than 24S-OHC in the period 

of MCI. It has been observed that the level of 27-OHC 
in the later stages of AD was approximately twice that 
of the controls, while in the early stages of AD, it was 
slightly above that of the controls (47). This study provides 
evidence that the plasma level of 27-OHC increased in 
MCI patients, that is likely with the importance of dis-
criminating the early stages of AD progression. However, 
the opposite opinions make this association a controversy. 
Gamba et al reports that plasma levels of 27-OHC are 
significantly reduced in patients with dementing disorders 
compared to non-demented subjects (8). Moreover, it is 
pointed that no differences were found in the plasma levels 
of 27-OHC between AD patients and the controls (5). The 
reason for this divergence might be related to the different 
genetic backgrounds of the population, the proportion of 
different stages of cognitive decline and even the distribu-
tion of age, sex and education.

In order to confirm the relationship between excessive 
27-OHC and cognitive impairment, APP/PS1 transgenic 
mice were used in the present study. Consistent with the 
results of the human study, 27-OHC treatment could lead 
to much more severe learning and memory impairment 
compared to the APP group under the premise that 

Figure 7. Bielschowsky silver staining on brain after intervention in the studied groups. A. WT group, B. APP group, C. ANS group, D. 27-OHC group; 
scale bar = 50 μm. 
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learning and memory damage was shown in the mice of 
the APP group. Moreover, mice treated with ANS for 
inhibition of 27-OHC performed better with enhanced 
learning and memory. This result was the same as our 
previous research: that 27-OHC could disturb the learning 
and memory capability of SD rats (56). Although ANS 
inhibits estrogen in females which is responsible for cogni-
tive impairment, less effects have been reported in male 
mice (33). In fact, brain estrogen is thought to be syn-
thesized de novo, and it is higher than peripheral estrogen 
(32). It also has been observed that the brain level of 
ANS is much lower than that in peripheral circulation 
after ANS treatment in mice (33). Thus, this minor effect 
of estrogen by ANS in male mice, most likely, did not 
underline the cognitive impairment in this manuscript. As 
for the effects of 27-OHC on the growth of mice, there 
was no interference on the weight of whole body in addi-
tion to the organ coefficients of liver, kidney, intestine 
and spleen, but a decrease of brain coefficient could be 
observed. Other evidence also indicates there is a link 
between an increase in 27-OHC and higher levels of neu-
rodegeneration in the hippocampus of rabbits (2). These 
results further confirmed our hypothesis that excessive 
accumulation of 27-OHC could lead to cognitive 
impairment.

What attributes to the correlation between 27-OHC 
accumulation and cognitive impairment? Aβ is believed 
to be the essential trigger of AD pathology. Evidence has 
shown that 27-OHC could increase the levels of Aβ and 
induce endoplasmic reticulum stress, a cellular response 

that is implicated in AD (5). It is also demonstrated in 
in vitro studies that Aβ could be released after 27-OHC 
treatment (6, 7). In our matched case-control study, elevated 
plasma levels of Aβ1-40 and Aβ1-42 were observed in MCI 
patients compared to the control people with normal cog-
nition. As expected, correlation analysis showed that the 
higher the Aβ levels in blood, the worse their cognition 
was. Simultaneously, MCI patients had a higher level of 
27-OHC in plasma. This was similar to the findings of 
Popp et al, who found increased plasma levels of 27-OHC 
and Aβ1-42 in the blood of AD patients (38). Moreover, 
a slight correlation between Aβ1-40 and 27-OHC was found 
in the present study; this made us speculate that excessive 
27-OHC might lead to cognitive dysfunction through  
up-regulating Aβ1-40 expression. To verify this relationship 
between 27-OHC and Aβ, the results of APP/PS1 mouse 
experiment showed that 27-OHC treatment could cause a 
much more severe deposition of Aβ in the CA1 region of 
the hippocampus than that in the APP control mice, but 
mice treated with the inhibitor of 27-OHC had diminished 
Aβ plaques. Meanwhile, significant up-regulated Aβ1-40 
in brain and plasma were also found after being treated 
with 27-OHC. It was similar to a previous finding in rab-
bit hippocampus with 27-OHC treatment (25). They were 
stronger proofs of this correlation.

Abnormal metabolism of Aβ is hypothesized to initiate 
a pathological cascade leading to AD (41). In present 
study, whether 27-OHC modulated the deposition and 
expression of Aβ through regulating Aβ metabolism was 
a key point of molecular mechanism we focused on. 

Figure 8. Levels of 27-OHC and Aβ in plasma and brain of mice. A. plasma 27-OHC, B. plasma Aβ 1-40, C. plasma Aβ 1-42, D. brain 27-OHC, E. brain 
Aβ 1-40, F. brain Aβ 1-42. All data were shown as mean ± SEM. **P < 0.01 compared with the WT group, ##P < 0.01 compared with the APP group.
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The reasons of abnormal Aβ metabolism could be sum-
marized into three aspects which are production, transport 
and elimination. As known, Aβ is derived from the 
sequential proteolytic cleavages of APP by β-secretase 
BACE1 and γ-secretase (48). The initial cleavage of APP 
by BACE1 is the rate-limiting step of Aβ production. 
APP is also processed in an alternative pathway by 
α-secretase ADAM10 to generate neuroprotective and 
neurotrophic-soluble APPα ectodomain (40). Therefore, 
we explored the mechanism of 27-OHC on Aβ produc-
tion from detecting APP, BACE1 and ADAM10 in the 
brain of APP/PS1 mice. As expected, over-expressions 
of APP and BACE1 were found in APP/PS1 mice com-
pared to that in wild control mice, while ADAM10 was 

down-regulated in mRNA and protein expressions. It 
was worth noting that 27-OHC treatment could lead to 
much higher expressions of APP and BACE1 both in 
mRNA and protein levels accompanying   a significant 
lower expression of ADAM10 in protein expression com-
pared to APP/PS1 mice. Nevertheless, ANS, the inhibitor 
of 27-OHC, could lead to the opposite effects on APP, 
BACE1 and ADAM10. These results are considered to 
increase 27-OHC in the brain leading to an over-pro-
duction and accumulation of Aβ through regulating the 
production factors of APP, BACE1 and ADAM10. It was 
consistent with our previous data that 27-OHC could 
induce an increased expression of BACE1 and Aβ over-
production in human neuroblastoma SH-SY5Y cells (27). 

Figure 9. Gene and protein expressions of factors related to  
Aβ metabolism. A. APP mRNA, B. BACE1 mRNA, C. ADAM10 mRNA, 
D. LRP1 mRNA, E. RAGE mRNA, F. APP protein, G. BACE1 protein, H. 
ADAM10 protein, I. LRP1 protein, J. RAGE protein, K. IDE mRNA, L. 

NEP mRNA, M. IDE protein, N. NEP protein. All data were shown  
as mean  ±  SEM. *P  <  0.05 compared with the WT group,  
**P < 0.01 compared with WT group, ##P < 0.01 compared with the APP 
group.
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Evidence also demonstrates that APP could be processed 
in response to 27-OHC. The reason might be a multi-
tiered process promoted by 27-OHC direct binding to 
APP, inducing conformational changes and liberating 
AICD (9). Moreover, it could support the view of our 
present study that decreased ADAM10 might elevate Aβ 
levels and plaque load in AD mice (45).

In addition, the dynamic balance of Aβ in brain and 
circulation largely depends on the internal Aβ transport 
system. Two major transport factors, RAGE and LRP1, 
are involved in receptor-mediated mechanism which regu-
lates Aβ trafficking across the BBB (23). RAGE promotes 
an influx of Aβ across the BBB from blood to brain, but 
LRP1 conversely mediates an efflux of Aβ out of the brain. 
In this case, RAGE is reported to have a positive correla-
tion with Aβ deposition in brain (3). On the other hand, 
evidence has shown that LRP1 promotes Aβ clearance 
from brain across BBB in mouse models of AD (44). In 
this study, accordant results that aggravated Aβ deposition 
accompanied by decreased LRP1 in mRNA and protein 
expressions were observed in the brain of APP/PS1 mice. 
It should be noticed that continuous severe disorders of 
LRP1 were manifested in 27-OHC treatment. While mRNA 
and protein expressions of LRP1 were reversely increased 
with ANS intervention, these results indicated that 27-OHC 
might inhibit the efflux of brain-derived Aβ into circula-
tion by LRP1. Moreover, although up-regulated mRNA 
and protein expressions of RAGE were not found in  
APP/PS1 mice, an obvious increase in RAGE both in 
mRNA and protein levels was observed in the brain of 
27-OHC-treated APP/PS1 mice. Conversely, ANS could 
significantly down-regulate these two levels of RAGE. These 
suggested that RAGE was another target of 27-OHC on 
disturbing Aβ internal transport.

Furthermore, dysfunction of clearance is a critical mecha-
nism to destroy steady-state Aβ in body. IDE and NEP 
are recognized as two principal peptidases involved in the 
degradation of Aβ (30). IDE, a major extracellular protease, 
has been shown to be decreased in the brain of AD patients 
(57). Over-expression of IDE could promote the clearance 

of Aβ and even prevent Aβ accumulation in AD mice 
(55). NEP is a zinc-dependent axonal and synaptic mem-
brane metallopeptidase, which is widely expressed in cortical 
neurons. It is reported that NEP knockout mice have  
up-regulated levels of Aβ in brains (24). In present study, 
decreased IDE mRNA and protein expressions were found 
in the brain of APP/PS1 mice, while extremely low expres-
sions were obtained particularly in mice treated with 
27-OHC. Moreover, results showed that ANS could defi-
nitely reverse the reduction in IDE. However, there was 
no significant alteration in two levels of NEP in mouse 
brain. The above findings were undoubtedly powerful evi-
dences to prove that 27-OHC could accelerate Aβ accu-
mulation and deposition in brain through regulating Aβ 
metabolism in ways of promoting production, disturbing 
transport and restraining degradation.

To further explore the potential molecular mechanism 
between 27-OHC and Aβ, serum miRNAs were screened 
in MCI patients and controls. Twelve up-regulated miRNAs 
and 8 down-regulated miRNAs were found in this study. 
Then, validation tests of four selected miRNAs showed that 
hsa-miR-144-3p was up-regulated and hsa-let-7g-5p was down-
regulated in the serum of MCI patients compared to the 
controls. It was similar to the studies of Tan et al (18) and 
Satoh et al (42), who reported a decreased expression of 
let-7g-5p in the serum of AD patients. In addition, evidence 
also shows that the down-regulation of let-7g-5p in plasma 
is associated with AD and MCI (14). However, there is no 
evidence to specify what mechanism it is and how let-7g-5p 
is associated with AD exactly. Besides, a study has indicated 
ADAM10 might be the target of miR-144 which could  
promote cognitive impairment by accelerating Aβ accumula-
tion (46), but very few researches have mentioned miR-144-3p 
in AD or MCI. These made us to further explore whether 
these two miRNAs are likely to play a regulating role in 
27-OHC and Aβ accumulation.

In the present transgenic mice study, increased let-7g-5p 
and decreased miR-144-3p were found in APP/PS1 mice 
compared to wild-type controls. This was different from 
human results. The reason might be the genetic background 

Figure 10. Let-7g-5p and miR-144-3p relative expression in mouse brain. A. let-7g-5p, B. miR-144-3P. All data were shown as mean ± SEM. *P < 0.05 
compared with the WT group, **P < 0.01 compared with the WT group, ##P < 0.01 compared with the APP group.
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of APP/PS1 mice which is more likely to be closely associ-
ated with familial AD rather than sporadic AD. However, 
an interesting result was that let-7g-5p could be severely 
down-regulated by 27-OHC treatment. This effect of 
27-OHC was consistent with the results of severe cognitive 
impairment and high levels of Aβ in the mice of the 
27-OHC treatment group. Nevertheless, the specific rela-
tionship should be further explored.

In summary, our results indicated that 27-OHC enhanced 
the accumulation and deposition of Aβ both in the brain 
and blood resulting in a severe impairment of cognition, 
especially in the modulation of Aβ1-40. The mechanism 
might be associated with the regulation of Aβ metabolism 
including production, transportation and elimination. 
Additionally, miRNAs of let-7g-5p and miR-144-3p were 
likely to play vital roles in this pathological process induced 
by 27-OHC. Further studies are needed to clarify the exact 
role of these two miRNAs.
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