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Background: Clusterin, a glycoprotein implicated in Alzheimer's disease
(AD), remains unclear. The objective of this study was to analyze the effect of
cerebrospinal fluid (CSF) clusterin in relation to AD biomarkers using a longitudinal
cohort of non-demented individuals.

Methods: We gathered a sample comprising 86 individuals under cognition
normal (CN) and 134 patients diagnosed with MCI via the Alzheimer's Disease
Neuroimaging Initiative (ADNI) database. To investigate the correlation of CSF
clusterin with cognitive function and markers of key physiological changes,
we employed multiple linear regression and mixed-effect models. We undertook
a causal mediation analysis to inspect the mediating influence of CSF clusterin on
cognitive abilities.

Results: Pathological characteristics associated with baseline A4, Tau,
brain volume, exhibited a correlation with initial CSF clusterin in the general
population, Specifically, these correlations were especially prominent in the MCI
population; CSF AB,, (Pcy=0.001; Py =0.007), T-tau (Pcy<0.001; Pyc<0.001),
and Mid temporal (Pcy=0.033; Pug=0.005). Baseline CSF clusterin level was
predictive of measurable cognitive shifts in the MCI population, as indicated by
MMSE (g = 0.202, p = 0.029), MEM ( = 0.186, p = 0.036), RAVLT immediate recall
(p=0.182, p = 0.038), and EF scores (f = 0.221, p = 0.013). In MCI population,
the alterations in brain regions (17.87% of the total effect) mediated the effect
of clusterin on cognition. It was found that variables such as age, gender, and
presence of APOE ¢4 carrier status, influenced some of these connections.

Conclusion: Our investigation underscored a correlation between CSF clusterin
concentrations and pivotal AD indicators, while also highlighting clusterin’s
potential role as a protective factor for cognitive abilities in MCI patients.
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1. Introduction

Dementia, a neurological disorder marked by a steady
deterioration of cognitive abilities, impacts memory, thought
processes, and behavior. Alzheimer’s disease (AD) predominates as
the most frequently diagnosed type of dementia, comprising about
70% of all cases (Duong et al., 2017). The amyloid cascade theory
suggests that the accumulation of amyloid-beta (Ap) peptide in
cerebral regions marks a critical incident in AD’s progression. This
event, occurring quite early, has the potential to set off tau-related
pathology, provoking detrimental cellular reactions that may result in
neuronal dysfunction and cellular death (Karran et al., 2011; Pooler
etal., 2015).

The tau-related pathology observed in neurons aligns closely
with the cognitive deterioration typical of the disease’s final stage.
There are theories that this process occurs in a continuous cascade
(Karran and De Strooper, 2022). Clusterin is a multifunctional
glycoprotein encoded by the CLU gene (a single copy gene located
on chromosome 8 at the p2l-pl2 locus), also known as
apolipoprotein J (Foster et al., 2019; Yuste-Checa et al., 2022). The
protective effect of this protein against cellular stress has been
reported in studies of cardiac injury and tumor survival (Djeu and
Wei, 2009; Foster et al, 2019). Apart from curtailing the
development of amyloid polypeptide fibrils, a key marker of
Alzheimer’s pathology, it further mitigates apoptosis and oxidative
stress. It exhibits the capability to bind AP polypeptides, thus
thwarting excessive inflammation (Wu et al., 2012).

One study observed a significant association between single
nucleotide polymorphisms (SNPs) at the CLU gene (also known as
APOJ) (rs11136000) at a genome-wide level (Harold et al., 2009). It
has been reported that clusterin is associated with neuroprotective
effects in AD (Wojtas et al., 2020) and has been associated with major
AD pathological markers (Tang et al., 2022). Recent researches
suggested that the CLU protein may promote the propagation of tau
pathology, and an animal study also observed an increase in tau levels
in mice treated with CLU (Martin-Rehrmann et al., 2005; Yuste-Checa
et al., 2021). The processes through which clusterin influences AD
pathology remain ambiguous. The primary focus of our research was
to find the correlation between clusterin in CSE, AD pathophysiological
processes, and cognitive abilities. Furthermore, we sought to
determine the risk factors for AD, such as age, gender, and presence
of APOE ¢4 carrier status, influence these correlations (Rosselli
etal., 2022).

Additionally, our goal was to determine the degree to which
other pertinent biomarkers might influence these correlations.
Gaining a comprehensive understanding of how clusterin ties into
the onset and clinical presentation of AD could also serve as a
beneficial guide for early detection and management of AD. To
achieve our goals, we analyzed several biomarkers related to AD
pathophysiology such as Af,, tau protein abnormalities
(phosphorylated tau protein, P-tau protein), and indicators of
neurodegeneration including total tau protein (T-tau protein) and
MRI findings. These biomarkers were chosen for their representation
of crucial stages in the AD progression and their extensive research
in the context of this disorder (Wang et al., 2020). Our analyses were
conducted on a population of non-demented individuals to better
understand the early stages of the disease (Giau et al., 2019; Talwar
et al.,, 2021).
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2. Materials and methods

2.1. ADNI database

ADNI is a large-scale research effort launched in 2003, an
international multicenter, ongoing, observational object, helps
improve our understanding of AD and other disorders of the nervous
system through a longitudinal study. Participants undergo regular
clinical assessments, neuroimaging scans, and blood and CSF tests.
The data collected from participants are stored in a central database
and made available to researchers worldwide, see the ADNI website
for the latest information https://adniloniusc.edu/ (Veitch et al.,
2019, 2022).

2.2. Participants

Data was retrieved from the ADNI database, encompassing
clinical attributes, CSF details, MRI scan results, and cognitive
information from 220 participants. The ADNI database classifies
subjects as clinically cognitively normal (CN), including those with
subjective memory symptoms (MMSE >24, CDR =0), those with mild
cognitive impairment (MCL; MMSE >24, CDR=0.5), and those with
dementia. Participants underwent periodic evaluations for clinical
data collection and participation in biomarker studies, which included
CSF extraction. The inclusion of 220 individuals necessitated the
presence of clusterin protein, demographic information, APOE gene
carriage status, cognitive diagnosis. Simultaneously, we incorporated
cognitive assessment scores of participants meeting these criteria and
brain structural organizational data, despite the potential for missing
data. Following the baseline examination, biomarker measurements
and clinical cognitive assessments were conducted at baseline (BL),
12, 48,72, 96,120, 144, 168, and 180 months (Supplementary Table S1).
All participants were made aware of the study’s aim and granted their
approval via signed consent forms (Aisen et al., 2010).

2.3. Measurements of biomarkers

Measurement of Ap,,, T-tau, and P-tau in CSF by the INNO-BIA
AlzBio3 kit (Shaw et al., 2009). CSF samples were analyzed using an
automated Roche Elecsys® platform at the University of Pennsylvania.
Further details can be found in previously published literature
(Schindler et al., 2018). Repeated biomarker assays in CSF were
averaged, and CSF clusterin was quantified using liquid
chromatography-tandem mass spectrometry multiple reaction
monitoring  (LC/MS-MRM) with the peptide sequence
IDSLLENDR. The ADNI database was used to collect all observed

data (Kennedy et al., 2014; Liu et al., 2022).

2.4. MRI assessment

The MRI Core has established a standardized and publicly
accessible data analysis set through the implementation of precise and
fully automated brain and hippocampal segmentation algorithms,
which have been validated in previously published studies. In our
study, we focused on the following regions of interest (ROI): the whole
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brain, hippocampus, entorhinal, fusiform, and middle temporal areas.
Previous large cohort studies, such as the Add Neuro Med project in
Europe and the ADNI database study, have demonstrated the research
value of these brain regions (Mangialasche et al., 2013; Falahati et al,,
2017; Yu et al., 2021).

2.5. Cognitive assessment

We retrieved the composite memory score (MEM), as well as the
commonly used cognitive measures, including ADAS-Cog which full
name is the AD Assessment Scale-Cognitive subscale and executive
functioning (EF) scores, the Brief Mental State Evaluation Scale
(MMSE), and the Rey Auditory Word Learning Immediate Test
(RAVLT immediate), from the ADNI Neuropsychological Test to
monitor the cognitive measures’ trajectory. All of them are
psychometrically optimized composite scores, which have been
previously validated and proven to be reliable and externally valid
(Folstein et al., 1975; Crane et al., 2012; Gibbons et al., 2012; Xu
etal., 2022).

2.6. Statistical analysis

CSF clusterin concentrations were analyzed and found to
be approximately normally distributed (Supplementary Table S1). To
ensure the reliability of the results, We defined outliers as those with
a standard deviation of 4 SD above or below the mean, and all analyses
in this study were performed using transformed logl0O values.
We compared continuous demographics, clinical outcomes, and
biomarkers using Student’s t-test or Wilcoxon rank sum tests, while
nominal variables were compared with chi-square test or one-way
ANOVA, followed by post hoc comparisons. The correlation of
baseline CSF clusterin with biomarker and cognitive data was assessed
using linear regression models. In each model, CSF clusterin levels
were used as the form of independent variables, and dependent
variables included cognitive measures and biomarkers. We employed
a technique previously adopted by other researchers wherein a Linear
Mixed Effects (LME) model was fitted, designating different measures
as the dependent variable, The independent variable is time, while
adjusting for random slope and intercept (Ma et al., 2021).

We also used the model to extract the rate of change of each
variable for further subsequent analysis. We used the main biomarkers
mentioned above as our hypothetical mediators to analyze the
mediation between CSF clusterin and multiple cognitive performance,
all tests are bootstrapped with 10,000 replications and adjusted for
covariates. The cumulative risk of cognitive progression during
follow-up was compared between groups stratified by clusterin level
using Kaplan-Meier curves. Furthermore, the relationship between
clusterin and the incidence of cognitive progression during follow-up
was analyzed using multivariate Cox regression models. In the present
study, we introduce a novel variable derived from the product of AD
risk factors and CSF clusterin to the model to evaluate the interactive
effects of clusterin levels and known AD risk factors (such as age,
gender, and APOE &4 status) on the dependent variables. Moreover,
we utilized a pre-established and verified cut-off value: a critical
concentration of 976.6 pg./mL of CSF Af,,, enabling us to categorize
subjects into A+ and A— groups for further analys (Tang et al., 2022).
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All statistical analyses were performed in R 0.4.2.2. All regression
analyses were corrected for age level, participant gender, educational
level, and presence of APOE ¢4 carrier status.

3. Results

The main characteristics of the study population, according to
cognitive state, are reported in Table 1. We divided the participants
into two groups: normal cognitive ability (CN; n=86) and mild
cognitive impairment (MCL; n=134).

As expected, cognitive test scores differed significantly between
the CN and MCI groups (ADAS11, p<0.001; ADAS13, p<0.001;
ADASQ4, p<0.001; MMSE, p<0.001, AVLT immediate, p<0.001;
MEM, p<0.001; EE, p<0.001).

Almost all neuroimaging variables, except the whole brain volume
and fusiform volume, showed significant differences between the two
cognitive groups (ventricles volume, p=0.001; hippocampus volume,
p<0.001; entorhinal volume, p<0.001; mid temporal volume,
p<0.001). MCI group had higher T-tau (p <0.001), P-tau (p <0.001),
and relatively lower levels of CSF Ay, (p <0.001). There was no clear
difference in CSF clusterin and years of education between the two
groups which closely resembled previous findings (Tang et al., 2022).
The MCI population had a higher proportion of APOE &4 carriers
compared to the CN group. Additionally, we observed a progressive
increase in dementia prevalence from the CN (11.5%) to the MCI
group (63.9%), which is by previously reported findings in the
literature (Chen et al., 2022).

3.1. Cross-sectional CSF biomarker analysis

In our primary analysis, we computed the correlations between
clusterin and all biomarkers as well as cognitive measures after
adjustment of age, gender, educational level, APOE &4 carriers’ status,
and intracranial volume. A positive correlation was found between
clusterin and biomarkers remained significant in the MCI group (CSF
AB, B=0.225, p=0.007; Total tau, p=0.440, p<0.001; P-tau, f=0.384,
p<0.001). EF was found to have a positive correlation with clusterin
(B=0.191, p=0.035), whereas other cognitive factors had no
correlation with clusterin. The high level of clusterin correlated with
the bigger volumes of the hippocampus (p=0.02), fusiform (p=0.001),
mid-temporal (p=0.005), and smaller volumes of ventricles
(p<0.001). No significant associations were listed between baseline
clusterin and other neuroimaging variables in a cross-sectional study.
Further analyses suggested that CSF A, tau, MRI imaging markers,
and clusterin directly impact cognitive measurement (Figures 1, 2).

3.2. Age, gender, and APOE &4 interactions
with CSF clusterin on biomarkers

In this analysis, we aimed to examine the interactions between
CSF clusterin levels and age, gender, and APOE ¢4 status on various
biomarkers in the CN and MCI groups. The main findings were
as follows:

Our observations revealed an interaction between CSF
clusterin levels and age on T-tau, MRI (hippocampus volume,
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TABLE 1 Clinical characteristics of participants in individual groups in the current study.

Characteristics CN (n = 86) MCI (n =134) p value
Age (years) 75.70+5.54 74.69+7.34 0.278
Gender =male (%) 44 (51.2) 91 (67.9) 0.019
Education (years) 15.64+2.97 16.02+2.98 0.353
APOE &4 carriers (%) 21(22.8) 71(77.2) <0.001
APy 1060.58 +386.15 713.68+299.97 <0.001
T-tau 242.35+76.67 313.44+113.11 <0.001
P-tau 22.36+8.10 31.00+12.87 <0.001
Clusterin 20.61+0.44 20.63+£0.48 0.712
ADASI11 6.02+£2.94 11.49+4.13 <0.001
ADAS13 9.24+4.25 18.91+5.93 <0.001
ADASQ4 2.84+1.79 6.33+£2.26 <0.001
MMSE 29.04+1.02 26.99+1.78 <0.001
RAVLT immediate 45.19+8.46 32.04+8.56 <0.001
MEM 0.980+0.50 —0.150£0.57 <0.001
EF 0.600£0.72 —0.110+0.80 <0.001
Ventricles 34480.78 £17056.81 43755.98 £20122.09 0.001
Hippocampus 7191.51+£846.89 6315.79+1099.98 <0.001
Whole brain 997298.94+102276.17 1005024.17 £108157.33 0.600
Entorhinal 3792.09 £696.59 3305.62+749.94 <0.001
Fusiform 17087.26 +£2378.97 16643.06+2296.11 0.207
Mid temporal 19588.08 +2848.87 18728.40 £2901.55 0.049
Dementia at follow up (%) 10 (11.5) 85 (63.9) <0.001

Categorical variables are reported as numbers and percentages; continuous variables are reported as means + SDs. Gender, the gender of the participants; Education, Years of education of the
participants; CN, cognitively normal; MCI, mild cognitive impairment; APOE, Apolipoprotein E; AB,,, Amyloid-p,,; T-tau, Total tau; P-tau, Phosphorylated tau; ADAS, Alzheimer’s disease
assessment scale-cognitive; ADASQ4, ADAS delayed word recall; MMSE, mini mental state examination; RAVLT immediate, Rey auditory verbal learning test immediate recall; MEM,

memory function composite score; EF, executive function composite score.

whole brain volume, and mid-temporal volume), and cognitive
measurements (EF) exclusively in MCI participants. In the CN
group, the initial interaction effect we examined involved the
correlation between CSF clusterin and other measures, with APOE
€4 status affecting baseline MRI (mid-temporal volume).
Interaction effects were noted for longitudinal MRIand cognitive
measurements (EF). Interactions are statistically significant
between CSF clusterin and gender on longitudinal ADAS11. As
for the relationship between age and CSF clusterin, it was
noteworthy for longitudinal MRI (ventricles and mid temporal)
(Supplementary Tables S8, S9).

3.3. Prediction of longitudinal changes of
CSF biomarkers, cognitive score, and
neuroimaging variables using baseline CSF
clusterin

In the longitudinal analysis, we examined the relationship between
baseline CSF clusterin levels and changes in CSF biomarkers, cognitive
scores, and neuroimaging variables over time. We hypothesized that
the upregulation of clusterin would be related to an increase in overall
cognitive ability. After adjusting for relevant covariates, we found the
following results for the MCI group:
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A higher baseline CSF clusterin level was significantly associated
with a higher increased rate not only of global cognition (MMSE,
f=0.202, p=0.029), composite memory (MEM, p=0.186, p=0.036)
but also of short-term auditory-verbal memory (i.e., RAVLT
immediate, $=0.182, p=0.038), executive function (EE, f=0.221,
p=0.013), Additionally, lower baseline CSF clusterin level predicted
greater decline in hippocampus volume (f=0.170, p=0.043), the
whole brain volume (B=0.176, p=0.047), mid temporal volume
(p=0.177, p=0.039). A higher baseline clusterin level was significantly
associated with a higher increased rate of CSF AP (f=0.243, p=0.003).
Meanwhile, the upregulation of baseline clusterin predicted a decrease
in the rate of change of P-tau (8=—0.227, p=0.013). However the
effects of baseline clusterin on longitudinal biomarkers and cognitive
were not statistically significant in cognitively normal populations
(CN) (Figure 3).

3.4. Mediation analyses

Our initial regression studies across various groups unveiled the
relationships between the index of pathology and cognitive
parameters within a model that accounted for factors such as age,
gender, education level, and APOE ¢4 status. We delved into
whether the connection between baseline CSF clusterin and
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A B
CN Group B P value MCI Group B P value
ABs, — 0.248 0.079 — 1 0.225 0.007
P-tau —_— 0.371 <0.001 —_—— 0.384 <0.001
T-tau ——  0.426 <0.001 —— 0.440 <0.001
ADAS11 —_— 0.008 0.492 —— -0.177 0.064
ADAS13 ————t 0.126 0.264 —h -0.148 0.115
ADASQ4 — 0.076 0.490 —_— -0.018 0.842
MMSE —)—t -0.040 0.730 j 0.166 0.080
RAVLT immediate —_— -0.141 0.217 — o 0.041 0.650
MEM —— -0.164 0.134 —t e 0.077 0.402
EF — -0.121 0.277 L 0.191 0.035
Ventricles ——t— -0.073 0.409 —— -0.236 <0.001
Hippocampus —h -0.170 0.096 ——t 0.195 0.020
Whole brain —— -0.008 0.888 ot 0.048 0.257
Entorhinal — -0.002 0.983 | 0.157 0.096
Fusiform —— -0.050 0.528 —— 0.267 0.001
Mid temporal H—— 0.111 0.131 —— 0.223 0.005
09 045 0 045 09 09 -045 0 045 09

FIGURE 1

Effects of clusterin with biomarkers and cognitive data. Associations of baseline clusterin on baseline biomarkers and cognitive measurements in two
group. All analyses were corrected for age, gender, educational level, APOE &4 status, and intracranial volume. (A) results of CN group; (B) results of
MCI group; CN, cognitively normal; MCI, mild cognitive impairment; Aps., Amyloid-p.,; T-tau, Total tau; P-tau, Phosphorylated tau; ADAS, Alzheimer's
disease assessment scale-cognitive; ADASQ4, ADAS delayed word recall; MMSE, mini-mental state examination; RAVLT immediate, Rey auditory verbal
learning test immediate recall; MEM, memory function composite score; EF, executive function composite score.

Positive
AB,, I
P-tau

No Correlation
T-tau

Clusterin I Negative
Ventricles
Hippocampus

Whole brain
Entorhinal

Fusiform

Mid temporal

K\ 4

FIGURE 2

Effects of biomarkers on cognitive measures within MCI participants. Correlation of AD biomarker cognitive measurements at baseline. All analyses
were corrected for age, gender, educational level, APOE ¢4 status, and intracranial volume. Significance have been marked with the symbol ***, ** and
*: p value<0.001 and p value <0.01, and p value<0.05. AB.,, Amyloid-f.,; T-tau, Total tau; P-tau, Phosphorylated tau; ADAS, Alzheimer's disease
assessment scale-cognitive; ADASQ4, ADAS delayed word recall; MMSE, mini-mental state examination; RAVLT immediate, Rey auditory verbal
learning test immediate recall; MEM, memory function composite score; EF, executive function composite score.

cognitive parameters was influenced by factors such as CSF AB,,,  cognitive impairments are mediated by its modulation of other AD
tau-related pathology, and neuroimaging variables. For a graphical =~ markers in cross-sectional.

representation of the mediation concept, see Figure 4A. There is no Figure 4 demonstrates the ultimate models of MCI participants,
evidence found to suggest that the effects of CSF clusterin on  wherein some mediators exhibited a minimum of the trend toward
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A CN Group B Pvalue B MCI Group B P value
ABs; .’_ — 0.239 0.092 —— 0.243  0.003
P-tau —_— 0.014 0.910 —— -0.227 0.013
T-tau — 0.028 0.820 —t -0.095 0.310
ADAS11 —t—— 0.122 0.309 — -0.173 0.055
ADAS13 —t 0.075 0.530 —t -0.130 0.152
ADASQ4 —_— 0.006 0.960 — -0.116 0.210
MMSE —— 0.060 0.608 ——s 0.202 0.029
RAVLT immediate —_— -0.050 0.670 ——s 0.182 0.038
MEM —_— -0.122 0.301 —— 0.186 0.036
EF —_— -0.090 0.415 —— 0.221 0.013
Ventricles —— 0.035 0.767 —att -0.106 0.180
Hippocampus —_—— -0.122 0.296 —o— 0.170 0.043
Whole brain —— -0.122 0.320 o 0.176 0.047
Entorhinal — -0.050 0.650 o 0.131 0.131
Fusiform R — -0.016 0.889 o 0.114 0.201
Mid temporal — 0.097 0.399 —o—s 0.177 0.039
09 -045 0 045 09 09 -045 0 045 09
FIGURE 3
Effects of clusterin on longitudinal biomarkers and cognitive score. All analyses were corrected for age, gender, educational level, APOE &4 status, and
intracranial volume. (A) results of CN group; (B) results of MCI group; CN, cognitively normal; MCI, mild cognitive impairment; Ap4,, Amyloid-f4,; T-tau,
Total tau; P-tau, Phosphorylated tau; ADAS, Alzheimer's disease assessment scale-cognitive; ADASQ4, ADAS delayed word recall; MMSE, mini-mental
state examination; RAVLT immediate, Rey auditory verbal learning test immediate recall; MEM, memory function composite score; EF, executive
function composite score.

significance in the mediation pathway. Our findings suggest that the
association between baseline clusterin and cognitive impairment,
specifically executive function (EF), was partially mediated by
longitudinal neurodegeneration as indicated by hippocampus
volume, accounting for approximately 17.84% of the total effect. As
for other possible mediation relationships, no meaningful mediating
effects were observed in models with these biomarkers as mediating
variables (CSF Ap, tau pathology, whole brain volume, and
mid-temporal volume) (Figure 4).

An estimation of hazard ratios (HRs) was performed using Cox
proportional hazards regression analysis based on tertiles of baseline
clustering. However, no significant results was observed in the analysis
(Supplementary Table S7). We examined the correlation between CSF
clusterin and biomarkers in both A— and A+ subjects. Our analysis
showed a significant association between CSF clusterin and both CSF
Ap and tau pathology in the A+ subgroup, which is similar to the
results observed in the whole MCI population (Supplementary Tables
S11-S13).

4. Discussion

Current cohort studies of CSF clusterin were few and most have
focused on plasma clusterin (Lidstrom et al., 1998; Thambisetty et al.,
2010). The association between clusterin and AD pathology is unclear,
and we used this study, a large longitudinal cohort of non-demented
individuals was used to comprehensively investigate the predictive
value of CSF clusterin in relation to various indicators of AD
pathology. The findings revealed that baseline CSF clusterin was a
predictor of longitudinal cognitive impairment in individuals with
MCI, and that baseline CSF clusterin concentrations were more
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predictive in females under the age of 65. These results provide
valuable insights into the potential role of CSF clusterin in the
pathogenesis and progression of AD.

A significant negative correlation was found between plasma
clusterin concentration and cognitive score in a study investigating
the association between plasma clusterin and AD cognition
(Thambisetty et al., 2010). However, in contrast to their result, our
findings revealed a significant association between CSF clusterin
levels and executive function in the MCI population in cross-
sectional. In a study of plasma clusterin levels, lower clusterin groups
were also found to have lower cognitive scores, which was consistent
with our findings (Romagnoli et al., 2021).

Our findings suggest that CSF clusterin levels are associated
with changes in pathology related to AD: decreased CSF clusterin
levels in early AD (MCI) is associated with abnormal Ap pathology,
previous research has suggested that the correlation between
clusterin and CSF A,, may be related to the specific interaction of
clusterin with amyloid. Several mechanisms may underlie these
associations. Firstly, clusterin has been found to interact with
prefibrillar species, inhibiting amyloid plaque formation in a
substrate-dependent manner when the ratio of clusterin to Af
peptide is relatively high (Yerbury et al., 2007). This association is
more likely to be detected in the early stages of AD, consistent with
our findings. Secondly, clusterin is sensitive to oxidative stress and
has been reported to have several oxidative stress-related loci on its
gene promoter. It is involved in various cellular stress responses such
as the acute myocardial injury response and enhanced antioxidation
in tumor cells. In the context of AD pathology, Af can trigger the
generation of reactive oxygen species (ROS) by activating NMDA
receptors. This stressful environment may lead to the upregulation
of clusterin (Tiwari et al., 2019; Kalvaityte et al., 2022).
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FIGURE 4
Mediation analysis results concerning clusterin’'s impact on longitudinal cognition with biomarkers serving as mediators in MCI. The concept of
mediation is visually interpreted in part (A). Specific results in part (B-H). a, b, ¢, ¢’ were took into account factors such as age, gender, education level,
APOE &4 carrier status, and intracranial volume. AB,,, Amyloid-f4,; MMSE, Mini-Mental State Examination; RAVLT, Rey auditory verbal learning test
immediate recall; MEM, memory function composite score; EF, executive function composite score. X, independent variable; Y, dependent variable; M,
mediating variable; proportion, percentage of mediation (obtained using a bootstrap method). a: clusterin’s effect on biomarker levels. b: biomarkers’
effect on cognitive scores. c: Total effect of clusterin on cognitive scores without mediation. c": direct effect of clusterin on cognitive scores
considering mediation.

Rik Ossenkoppele et al. suggested that tau protein aggregation
plays a pivotal role in the development of clinical AD. Their study
revealed a strong link between a high burden of tau protein and
cognitive decline. In vitro studies further support this relationship,
showing that tau pathology can induce synaptic loss and reduce
neural network function, thereby emphasizing the close association
between tau protein pathology, neurodegeneration, and the onset of
clinical symptoms (Ossenkoppele et al., 2022). Hyperphosphorylated
tau can impair synaptic function and increase excitotoxicity and is
also implicated in AB-induced neuronal death (Leschik et al., 2007;
Khan and Bloom, 2016).
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The causal relationship between increased CSF clusterin aggregates
and tau protein pathology, changes in neurons is unclear. Patricia
Yuste-Checa et al. found elevated CSF clusterin levels in individuals
with tau pathology and Manifestations of neurodegeneration (Martin-
Rehrmann et al., 2005; Yuste-Checa et al., 2021).

In our cross-sectional study, the tau pathology and
neurodegeneration are associated with increased CSF clusterin levels.
These findings are consistent with previous studies (Martin-Rehrmann
et al., 2005; Deming et al., 2016). The cross-sectional correlation
between tau and clusterin may suggest an upregulated response of

clusterin to tau pathology (Nuutinen et al., 2009; Wojtas et al., 2020).

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1256389
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Wang et al.

Furthermore, this relationship is observed in cognitively normal
populations and clusterin correlates with age, suggesting that this
effect may be associated with normal aging (O'Bryan et al., 1993).

AD pathology typically begins in the temporal lobe region,
particularly the medial temporal lobe (MTL), this particular area is
involved in learning memory, stress and emotional response, consisting
of structures such as the parahippocampal cortices, hippocampus and
entorhinal (Jin et al., 2022), then spreads to the limbic regions of the
medial and inferior temporal lobes, the posterior cingulate cortex, and
finally to the isocortical areas of the brain (Serrano-Pozo et al., 2011).
Clusterin was associated with several brain regions associated with
cognition in our study, such as the hippocampus and middle temporal
gyrus, which are mentioned in the Results section.

A previous meta-analysis showed that the mean volume of the
hippocampus was smaller in the MCI population compared to the
normal elderly group, which is consistent with our finding (Shi et al.,
2009). Hippocampal atrophy has been found in people with MCI and
has been linked to cognitive decline in a meta-analysis, which is
consistent with our findings (Nickl-Jockschat et al., 2012).

Higher levels of clusterin at baseline correlate with a baseline
volume of the hippocampus, similar associated brain regions also
encompass the middle temporal gyrus, which primarily functions
in explicit memory, language processing, and social cognition (Xu
et al.,, 2019) suggesting that processing clusterin may be involved
in the protection of neurons in relevant brain regions. Previous
research indicates that clusterin may have neuroprotective
properties, and in AD, reduced levels of this protein may be linked
to neuronal degeneration and cell death (Giannakopoulos
et al., 1998).

We identified a significant positive correlation between
executive function (EF) and the level of clusterin. This finding
suggests that higher levels of clusterin are associated with better
executive functioning. The positive correlation with EF might
be grounded on the neuroprotective role of clusterin, where higher
levels could be indicative of a better neuronal health and,
consequently, better cognitive performance, particularly in tasks
requiring executive control.

Only a few cohort studies have systematically investigated
longitudinal changes in biomarkers within MCI populations. A
previous study identified a correlation between clusterin levels and
rates of change in cognitively relevant brain regions (Thambisetty
et al.,, 2012). Their research demonstrated that elevated clusterin
levels correlated with a slower pace of brain atrophy. We observed
similar results to theirs, particularly in the region of the temporal
lobe and hippocampus. Our results echo previous research findings,
showcasing that elevated levels of clusterin are associated with a
slower rate of brain atrophy, notably in critical regions implicated
in cognitive functions such as the hippocampus and the broader
brain structure. The results indicate that higher clusterin levels are
associated with a slower decline in the volume of both the
hippocampus and the whole brain over time, suggesting a potential
protective role of clusterin in preserving brain volume. Additionally,
we found that clusterin levels were associated with cognitive
changes in the MCI population, especially in memory and executive
function. Over time, higher levels of clusterin proteins are
associated with a slower decline in cognitive scores. Interestingly,
we found a correlation between clusterin and longitudinal changes
in tau pathology. Higher levels of clusterin were associated with a
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slower accumulation of tau pathology over time. The interaction
mechanism between clusterin and tau pathology remains a subject
of debate. One possible explanation is that the body responds to
stressors, such as phosphorylated tau protein aggregation or
cerebrovascular disease induction, by increasing clusterin
concentration. The presence of clusterin impeded the formation
and accumulation of tau aggregates, as reported in a cellular
experiment (Mok et al., 2018; Dhiman et al., 2019; Wojtas et al.,
2020; Yuste-Checa et al., 2022).

Based on these results, we conducted mediation analyses to
determine which factors mediate the relationship between clusterin
levels and cognitive performance. In the CN population, we did not
observe a significant effect. However, in the mild cognitive impairment
(MCI) population, our analysis suggested that the impact of clusterin
on cognitive measures was partially mediated by neurodegeneration,
specifically in the hippocampus. Previous research has also
demonstrated that hippocampal atrophy can be observed in
individuals with MCI and is associated with cognitive decline.
Moreover, hippocampal atrophy has been established as a sensitive
and specific marker for early detection of AD (Hampel et al., 2005).
While we conducted a mediation analysis with AD biomarkers as
intermediaries, and the results indicate that clusterin does not exert
its influence on brain regions through the major biomarkers, including
tau protein (Supplementary Table S10).

Our studys findings imply that clusterin may exhibit
neuroprotective effects during the initial stages of AD. Nonetheless,
additional research is required to validate these findings and elucidate
the underlying mechanisms connecting clusterin, hippocampal
atrophy, and cognitive function.

Several limitations to our study should be acknowledged. Firstly,
the lack of complete follow-up in our cohort may limit the reliability
of our findings. Secondly, our analyses were based on CSF protein
measurements which may not be as accurate as PET imaging data.
Thirdly, there is variability in the results of different studies on
clusterin which may require clarification through larger and more
diverse cohorts. Lastly, the sampling of CSF clusterin is an invasive
procedure that is not accessible to all patients, which may limit the
generalizability of our findings. Due to the absence of long-term
follow-up data on clusterin protein, we are unable to provide a
comprehensive explanation for causality.

To sum up, our study has revealed a link between clusterin and
important biomarkers of AD and has evaluated the protein’s long-term
effect on the disease’s pathology using a longitudinal cohort. Our
findings pave the way for further investigations into the complex role
of this glycoprotein.
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