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Abstract
Background  The proteasome is a major intracellular protease complex, but the significance of circulating 
proteasome activity in Alzheimer’s disease (AD) is not well established. Because APOE ε4 is the strongest genetic 
risk factor for AD, we examined whether plasma proteasome activity is associated with AD-related pathology, 
neurodegeneration, and cognitive decline, focusing on APOE ε4 carriers.

Methods  In this observational study, participants were classified as cognitively normal (CN), mild cognitive 
impairment (MCI), and dementia. All underwent 3.0-T MRI, [18F]flutemetamol PET for amyloid, [18F]MK-6240 PET 
for tau, APOE genotyping, and neuropsychological testing. Circulating proteasome activity was measured using 
fluorogenic substrates. Associations between proteasome activity and imaging or clinical features were assessed 
after stratifying by APOE ε4 status. Mediation analyses evaluated whether amyloid or tau burden indirectly linked 
proteasome activity with hippocampal volume or cognition.

Results  A total of 148 individuals were included (58 CN, 39 MCI, 38 AD dementia, and 13 other dementia). Significant 
associations appeared only in APOE ε4 carriers (n = 55). Higher proteasome activity was associated with lower amyloid 
burden (β = − 0.336, p = 0.009), lower global tau burden (β = − 0.268, p = 0.047), and reduced tau in Braak I/II (β = 
− 0.298, p = 0.033) and Braak III/IV regions (β = − 0.296, p = 0.033). Proteasome activity was positively associated with 
hippocampal volume (β = 0.374, p = 0.001) and with cognitive performance, including MMSE (β = 0.294, p = 0.026), 
CDR-SOB (β = − 0.365, p = 0.005). No significant associations were found in noncarriers. Mediation analyses showed 
that amyloid burden explained ~ 29% and Braak I/II tau ~ 23% of the proteasome–hippocampal volume relationship, 
while tau in Braak I/II and III/IV regions mediated 24–41% of the associations between proteasome activity and global 
cognition.
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Background
The ubiquitin (Ub)-proteasome system (UPS) plays a 
principal role in degrading misfolded and aggregation-
prone proteins in cells. Given that many neurodegen-
erative diseases, including Alzheimer’s disease (AD), 
manifest with the accumulation of proteotoxic proteins, 
UPS dysfunction is expected to be pathologically associ-
ated with the onset and progression of these disorders [1, 
2]. For example, postmortem analyses of AD brains have 
revealed significantly reduced proteasome activity in the 
hippocampal region compared to healthy controls [3, 4]. 
The 26 S proteasome is the sole adenosine triphosphate 
(ATP)-dependent protease in the cytoplasm, consisting 
of two functionally distinct compartments: the catalytic 
complex (20 S) for substrate hydrolysis and the regula-
tory complex (19 S) for substrate recognition, process-
ing, and translocation into the 20 S chamber [5]. Notably, 
more than half of all proteasomes exist as a free 20 S 
form [6]. The contribution of 20 S-mediated proteolysis 
to global protein homeostasis, i.e., proteostasis, has been 
increasingly recognized, particularly in the degradation 
of misfolded proteins in a Ub-independent manner [7, 8].

While intracellular proteostasis via proteolysis has 
been extensively studied, how extracellular proteostasis 
is regulated remains poorly understood. Yet, the presence 
of protein aggregates in the blood or cerebrospinal fluid, 
such as amyloid β (Aβ) and tau proteins, underscores 
the importance of extracellular protein quality control 
(PQC), especially in neurodegenerative conditions [9]. 
With more than one-third of protein encoding genes 
involved in producing membrane-bound and secreted 
proteins [10, 11], extracellular PQC may be particularly 
critical in preventing the accumulation of misfolded 
proteins in the extracellular environment, where ATP is 
depleted. We previously observed that circulating protea-
somes in human plasma predominantly exist as 20 S pro-
teasomes and that their activity is significantly reduced 
in patients with mild cognitive impairment (MCI) and 
chronic tinnitus, compared to those with tinnitus alone 
[10]. We also found a significant negative association 
between Aβ levels and circulating proteasome activity, 
which was not observed with other plasma enzymes.

The ε4 allele of apolipoprotein E (APOE) is the stron-
gest risk factor for late-onset AD [11–13]. APOE, pres-
ent in lipoprotein particles in the human brain, plays 
critical roles in amyloid precursor protein processing, 
Aβ clearance, and tau phosphorylation [14]. Among the 
three gene variants (APOE ε2, ε3, and ε4), the ε4 isoform 
increases AD risk by 2- to 3-fold with one ε4 allele and up 
to 12-fold with two alleles [15]. While APOE ε4 appears 
critically implicated in Aβ and tau pathologies, the pre-
cise mechanism of how it contributes to AD risk and 
prognosis remains to be determined. We hypothesized 
that proteasomes in the circulatory system may dynami-
cally respond to systemic stress caused by accumulated 
proteotoxic proteins, potentially serving as an adaptive 
response mechanism linked to neuropathological char-
acteristics. In addition, APOE ε4 status strengthens the 
association between plasma proteasome activity and AD 
pathology indices. Accordingly, this study aimed to inves-
tigate the association between circulating proteasome 
activity and key Alzheimer’s disease–related pathologi-
cal, structural, and cognitive markers, with a particular 
focus on the modifying role of APOE ε4 status.

Material and methods
Participants
Participants were enrolled in a prospective cohort study 
conducted at the memory disorder clinic within the 
Department of Neurology at Gachon University Gil Med-
ical Center. Patients with cognitive impairment, including 
those with MCI or dementia, were recruited through this 
neurology-based clinic. Community-dwelling cognitively 
normal (CN) individuals were recruited as control partic-
ipants from volunteers engaged in aging-related research. 
All participants underwent the same standardized clini-
cal evaluation by a single board-certified neurologist 
(Y.N.), and each completed a detailed neuropsychological 
assessment administered by an experienced neuropsy-
chologist to confirm the diagnosis.

We recruited a total of 180 participants composed 
of patients with MCI, dementia and CN individu-
als. They performed 3.0-Tesla MRI, [18F]flutemetamol 
(FLUTE) and [18F]MK-6240 (MK-6240) PET scans, 
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APOE genotyping, comprehensive neuropsychologi-
cal tests, and plasma collection for blood-based protea-
some activity assessment. Among them, 15 individuals 
were excluded due to incomplete evaluation, 11 due to 
motion defects on PET imaging and 6 due to hemolyzed 
blood. The final cohorts consisted of 38 patients with AD 
dementia, 39 with MCI, 13 with other dementia (3 with 
subcortical vascular dementia, 1 with corticobasal syn-
drome, and 9 with clinically probable AD who showed 
negative findings on amyloid PET imaging), and 58 CN 
individuals.

AD dementia were diagnosed with probable AD 
according to the framework criteria of the National Insti-
tute of Neurological and Communicative Disorders and 
Stroke and the AD and Related Disorders Association 
(NINCDS–ADRDA) [16]. AD patients with a history 
of other neurological or psychiatric disorders were not 
recruited in the study. Patients with structural abnor-
malities on MRI, such as cerebral, cerebellar, or brain-
stem infarction, intracranial hemorrhage, hydrocephalus, 
severe white matter hyperintensities, white matter hyper-
intensities associated with radiation, traumatic brain 
injury, tumors, multiple sclerosis, and vasculitis, were 
excluded. Furthermore, patients with cognitive impair-
ment due to metabolic or systemic causes were excluded 
after assessment with laboratory tests, which included 
complete blood count, thyroid function, syphilis serol-
ogy, folate levels, vitamin B12, and metabolic profile.

Participants were classified as MCI according to Peters-
en’s criteria [17], objective cognitive decline in neuropsy-
chological tests, indicated by a clinical dementia rating 
(CDR) score of 0.5, and their ability to independently 
perform activities of daily living at a sufficient level. CN 
participants were either healthy volunteers or individu-
als who did not exhibit objective cognitive decline, with 
mean z-scores within 1.5 standard deviations of age- and 
education-corrected norms on neuropsychological tests 
and a CDR score of 0.

Written informed consent was obtained from all par-
ticipants and their guardians (for dementia patients). 
This study was approved by the Institutional Review 
Board (IRB # GBIRB2018-350) and registered at the 
Clinical Research Information Service of Korea (CRIS: 
KCT0005428).

Neuropsychological assessment
All participants underwent cognitive function evalua-
tions using the Mini-Mental State Examination (MMSE), 
CDR, and comprehensive neuropsychological tests, 
assessing attention, language, verbal and visual mem-
ory, visuospatial skills, and frontal/executive function-
ing. Detailed items of the comprehensive test battery 
have been described in the previous study [18, 19]. For 
comprehensive neuropsychological test results, we used 

z-scores which were standardized for age and years of 
education. Details of the specific tests administered are 
provided in Supplementary Text 1.

Image acquisition and quantification
MR imaging acquisition and segmentation
MRI scans were performed using a Magnetom Skyra 
3.0-Tesla MRI scanner (Siemens, Erlangen, Germany), 
equipped with a 32-channel Siemens matrix head coil. 
We acquired 3D T1 magnetization-prepared rapid gra-
dient echo (T1-MPRAGE): repetition time = 1,810 ms, 
echo time = 2.91 ms, flip angle = 9°, pixel bandwidth = 340 
Hz/pixel, matrix size = 256 × 256, field of view = 250 
mm, NEX = 1, total acquisition time = 3 min 37 s, voxel 
size = 0.49 × 0.49 × 1.0 mm3, and fluid attenuated inver-
sion recovery (FLAIR): repetition time = 9,000 ms, echo 
time = 122 ms, flip angle = 150°, pixel bandwidth = 287 
Hz/pixel, matrix size = 256 × 224, field of view = 256 
mm, NEX = 1, total acquisition time = 2 min 44 s, voxel 
size = 0.5 × 0.5 × 2.0 mm3. 3D susceptibility weighted 
imaging (SWI) was conducted with TR = 40 ms and dual 
echo times of 13.70 ms and 30.50 ms. The flip angle was 
15°, bandwidth was 120 Hz/pixel, matrix = 230 × 202, 
FOV = 230 mm, and NEX = 1. The scan duration was 
about 109 s, with voxel dimensions of 0.8 × 0.8 × 2.0 mm³.

MR imaging quantification
Structural MRI processing and volumetric measurements 
were performed using FreeSurfer 6.0 (​w​w​w​.​s​u​r​f​e​r​.​n​m​r​.​m​
g​h​.​h​a​r​v​a​r​d​.​e​d​u). The standard recon-all processing pipe-
line was applied to 3D-T1 MPRAGE images for cortical 
surface reconstruction and volumetric segmentation. 
Mean cortical thickness was calculated by averaging ver-
tex-wise cortical thickness across bilateral hemispheres. 
Intracranial volume (ICV) and hippocampal volume 
(HV) were automatically derived using the aseg (auto-
mated segmentation) output. All segmentations were 
visually inspected for accuracy and manual corrections 
were performed, when necessary, in accordance with 
FreeSurfer guidelines [20]. Assessment of white mat-
ter hyperintensity volume, microbleeds and lacunes are 
described in the Supplementary Text 2.

PET imaging acquisition
All participants acquired FLUTE and MK-6240 PET 
scans using a Siemens Biograph 6 Truepoint PET/
computed tomography (CT) scanner (Siemens, Knox-
ville, TN, USA) with a list-mode emission acquisition. 
MK-6240 scans were acquired from 70 to 90 min after 
the intravenous injection of 185 MBq of [18F]MK-6240, 
which was prepared as described previously [21] with a 
modified method at the cyclotron facility, Gachon Uni-
versity. FLUTE scans were acquired from 90 to 110 
min after the intravenous injection of 185 MBq of [18F] 

http://www.surfer.nmr.mgh.harvard.edu
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FLUTE, which was purchased from Carecamp Inc. We 
used a low-dose CT scan for attenuation correction. 
PET data was reconstructed onto a 256 × 256 × 109 
matrix with a voxel size of 1.3 × 1.3 × 1.5 mm3 using a 2D 
ordered subset expectation maximization algorithm with 
8 iterations and 16 subsets.

PET quantification
Individual MK-6240 and FLUTE PET images were co-
registered onto individual T1 MPRAGE images using 
FreeSurfer. We calculated regional mean values of PET 
images after region-based partial volume correction 
using PETSurfer and acquired weighted-average values 
of pre-defined ROIs [22, 23]. For amyloid PET, the corti-
cal retention of FLUTE was quantified in AD-associated 
regions, including the prefrontal, superior parietal, lat-
eral temporal, inferior parietal, occipital, anterior cingu-
late, mesial temporal, precuneus, and posterior cingulate 
cortices. FLUTE SUVR was evaluated using the pons as 
a reference region [24]. FLUTE images were also visually 
evaluated for amyloid positivity based on a standardized 
visual rating protocol [25].

Tau burden was quantified using MK-6240 SUVR. 
ROIs for MK-6240 included global MK-6240 (frontal 
pole, pars orbitalis, lateral orbitofrontal, pars triangu-
laris, pars opercularis, rostral middle frontal, superior 
frontal, caudal middle frontal, medial orbitofrontal, supe-
rior parietal, inferior parietal, supramarginal, precuneus, 
cuneus, pericalcarine, lateral occipital, banks of superior 
temporal, inferior temporal, middle temporal, superior 
temporal, hippocampus, amygdala, parahippocampal, 
entorhinal, nucleus accumbens, caudal anterior cingu-
late, rostral anterior cingulate and posterior cingulate), 
Braak I/II (entorhinal and hippocampus regions), Braak 
III/IV (parahippocampal, fusiform, lingual, amygdala, 
inferior temporal, middle temporal, temporal pole, thal-
amus, caudal, rostral, isthmus, posterior cingulate and 
insula regions) and Braak V/VI (frontal, parietal, occipi-
tal, transverse, superior temporal, precuneus, banks of 
superior temporal, nucleus accumbens, caudate nucleus, 
putamen, precentral, postcentral, paracentral, cuneus 
and pericalcarine regions) [26, 27]. Regional standardized 
uptake value ratios (SUVRs) of MK-6240 were computed 
using cerebellar gray matter as a reference region [28].

Plasma preparation and processing
Whole blood was collected in two EDTA vacuum tubes 
from study participants between 9:00 and 10:00 AM after 
a 6-hour fasting period. Blood was processed indepen-
dently as technical duplicates. Plasma was isolated by 
centrifugation at 3,000 rpm using a benchtop centrifuge 
for 15 min, aliquoted into 1.5 mL tubes in 0.5–1.0 mL 
volumes and stored at − 80◦C until analyzed. Hemolytic 
samples were identified and discarded through visual 

inspection. Previous studies have confirmed that protea-
some activity in plasma remains comparable across mul-
tiple freeze-thaw cycles [10].

Proteasome activity measurement
Circulating proteasome activity in plasma was assessed 
using a standardized method employing a fluorogenic 
reporter substrate, succinyl-Leu-Leu-Leu-Val-Tyr-
7-amino-4-methylcoumarin (suc-LLVY-AMC; Bachem, 
Bubendorf, Switzerland.) [29, 30]. This peptide is cleaved 
by the proteasome subunit (β5) with chymotrypsin-like 
catalytic activity, and the fluorescence intensity from free 
AMC is considered as a representative measure of overall 
proteasome activity [31]. Briefly, 20 µL of human plasma 
was combined with 250 µM of suc-LLVY-AMC in an 
assay buffer (50 mM Tris-HCl [pH 7.5], 1 mg/mL BSA, 
1 mM EDTA, 1 mM fresh ATP, and 1 mM fresh DTT) 
in a black 96-well plate. The hydrolysis of the fluorogenic 
peptides was monitored every three min at 380/460 nm 
(excitation/emission wavelength) at 30°C. Each sample 
was assayed in triplicate. All fluorescence intensities from 
plasma samples were normalized to those obtained in the 
presence of the proteasome inhibitor MG132 (10 µM), 
and the resulting circulating proteasome activity was 
expressed as relative fluorescence units (RFU).

Statistical analysis
To analyze the demographics and clinical characteris-
tics of the study population, continuous variables were 
assessed through group comparisons using the indepen-
dent samples t-test. For nominal variables, the chi-square 
test or Fisher’s exact test was applied. After dividing the 
study participants as APOE ε4 carriers (having at least 
one APOE ε4 allele) and noncarriers, we assessed asso-
ciations of clinical variables (MMSE, CDR-SOB, mean 
cortical thickness, hippocampal volume, cortical FLUTE 
retention, global MK-6240 retention, and MK-6240 
SUVR based on Braak stages) with proteasome activ-
ity using multivariable linear regression models in each 
group. In the linear regression models, age, sex, and years 
of education were included as covariates. The difference 
in the associations between APOE ε4 carriers and non-
carriers was tested by the method described elsewhere 
and expressed as p for interaction [32].

To examine whether amyloid or tau burden (‘M’) medi-
ated the associations between proteasome activity (‘X’) 
and global cognition or hippocampal volume (‘Y’), we 
performed mediation analyses. Indirect effects were 
quantified through a series of regression models evalu-
ating: (1) the association between X and Y, (2) the asso-
ciation between X and M, and (3) the joint influence of 
X and M on Y. After controlling for age, sex, and years 
of education, we derived the estimates for the indirect, 
direct, and total effects (direct plus indirect), as well as 
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the percentage of the total effect explained by mediation 
(indirect effect/total effect × 100). Confidence intervals 
for the beta coefficients were obtained using non-para-
metric bootstrapping with 1,000 resamples. All media-
tion procedures were implemented in R (version 3.4.1, R 
Foundation) using the “mediation” package [33].

All statistical analyses were conducted using PASW 
Statistics 19 (SPSS Inc, Chicago, IL, USA) with a signifi-
cance at p < 0.05 (two-way).

Results
Demographics and clinical characteristics of study 
population
The demographics and clinical characteristics of the 
study population are shown in Table  1. There was no 
significant difference in age, sex, and years of education. 
In contrast, APOE ε4 carriers and noncarrier groups 
showed a clear statistical difference in clinical diagnoses 

(p = 0.002). The APOE ε4 carrier group had a higher 
number of AD dementia patients, while the noncarrier 
group included a higher proportion of CN individuals. In 
the APOE ε4 carrier group, the majority of participants 
were ε3/ε4 (n = 39 [70.9%]), followed by ε4/ε4 (n = 13 [ 
23.6%]), and ε2/ε4 (n = 3, [5.5%]). By comparison, the 
APOE ε4 noncarrier group mainly consisted of ε3/ε3 
individuals (n = 76, 81.7%), with a smaller proportion of 
ε2/ε3 (n = 17[18.3%]).

MMSE and CDR-SOB scores did not significantly differ 
between APOE ε4 carrier and noncarriers. In addition, 
there were no significant differences in the prevalence 
of comorbidities, such as hypertension, diabetes, dyslip-
idemia, coronary artery disease, and history of stroke, 
between the two groups. Proteasome activity in plasma 
also did not differ between the groups. However, we 
found that hippocampal volume was significantly smaller 
in APOE ε4 carriers. Both cortical FLUTE retention and 

Table 1  Demographics and clinical characteristics of the study subjects
Variables All participants

(N = 148)
APOE ε4 carrier
(n = 55)

APOE ε4 noncarrier
(n = 93)

p value

CN/MCI/ADD/OD (%) 58/39/38/13
(39.2/26.4/25.7/8.8)

15/18/21/1
(27.3/32.7/38.2/1.8)

43/21/17/12
(46.2/22.6/18.3/12.9)

0.002

Age 70.80 ± 8.01 70.47 ± 7.95 70.99 ± 8.09 0.706

Sex (Female, n [%]) 97(65.5) 35(63.6) 62(66.7) 0.724

Education(year) 9.09 ± 4.25 9.58 ± 4.02 8.81 ± 4.37 0.284

APOE genotype < 0.001†

  ε2/ε3 17 (11.5) 17 (18.3)

  ε3/ε3 76 (51.4) 76 (81.7)

  ε2/ε4 3 (2.0) 3 (5.5)

  ε3/ε4 39 (26.4) 39 (70.9)

  ε4/ε4 13 (8.8) 13 (23.6)

MMSE 24.53 ± 5.09 24.18 ± 4.52 24.73 ± 5.41 0.527

CDR-SOB 2.53 ± 2.87 2.75 ± 2.46 2.39 ± 3.09 0.460

Hypertension (%) 67(45.3) 23(41.8) 44(47.3) 0.609

Diabetes mellitus (%) 44(29.7) 13(23.6) 31(33.3) 0.265

Dyslipidemia (%) 62(41.9) 27(49.1) 35(37.6) 0.227

Coronary artery disease (%) 8(5.4) 6(10.9) 2(2.2) 0.052†

History of stroke (%) 2(1.4) 0(0.0) 2(2.2) 0.530†

Amyloid Positivity (%) 64(43.2) 38(69.1) 26(28.3) < 0.001

Cortical FLUTE SUVR 0.5955 ± 0.27 0.7136 ± 0.24 0.5230 ± 0.27 < 0.001

Global MK-6240 SUVR 1.4010 ± 0.93 1.6216 ± 0.95 1.2759 ± 0.90 0.034

Mean cortical thickness (mm) 2.35 ± 0.18 2.37 ± 0.16 2.34 ± 0.19 0.346

ICV (L) 1.42 ± 0.18 1.38 ± 0.17 1.44 ± 0.19 0.052

Hippocampal volume (mL) 3.25 ± 0.48 3.10 ± 0.54 3.35 ± 0.43 0.004*

WMHV (mL) 10.07 ± 11.60 9.28 ± 12.28 10.54 ± 11.21 0.523

Proteasome activity (RFU/1,000) 1.215 ± 0.56 1.239 ± 0.56 1.201 ± 0.56 0.690
Abbreviations: CN Cognitive normal, MCI Mild cognitive impairment, ADD Azheimer’s disease dementia, OD Other dementia, MMSE Mini-Mental State Examination, 
CDR-SOB Clinical Dementia Rating-Sum Of Boxes, FLUTE Flutemetamol, SUVR Standardized uptake value ratio, ICV Intracranial volume, WMHW White matter 
hyperintensity volume, RFU Relative fluorescence units

Values are presented as mean ± standard deviation for continuous variables and as number (%) for nominal variables. Group comparisons were performed between 
the APOE ε4 carrier and noncarrier groups using an independent samples t-test for continuous variables and chi-square test for categorical variables. All group 
comparisons were considered significant when p < 0.05

*The assumption of equal variances was not met (Levene’s test), so the results of Welch’s t-test were reported. †Mean group differences were assessed by Fisher’s 
exact test
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global MK-6240 PET retention were greater in APOE ε4 
carriers than in noncarriers.

Associations between circulating proteasome activity and 
amyloid, tau, and neurodegeneration in APOE ε4 carriers 
and noncarriers
Among APOE ε4 carriers, higher proteasome activity 
was significantly associated with lower cortical amyloid 
burden (β = -0.336, p = 0.009) and lower global tau bur-
den measured by MK-6240 SUVR (β = -0.268, p = 0.047) 
(Fig.  1A and B; Table  2). Regional tau deposition in 
Braak I/II and Braak III/IV areas also showed significant 

negative associations (β = -0.298, p = 0.033; β = -0.296, 
p = 0.033, respectively) (Fig. 1C and D). In contrast, none 
of these associations reached significance in APOE ε4 
noncarriers.

Proteasome activity was further associated with neu-
rodegeneration in APOE ε4 carriers, as reflected by a 
strong positive association with hippocampal volume 
normalized to intracranial volume (HV/ICV; β = 0.374, 
p = 0.001) (Fig.  1E), whereas no such association was 
observed in noncarriers (β =-0.156, p = 0.119). The inter-
action term for APOE ε4 status was highly significant for 
HV/ICV (p for interaction < 0.001), indicating that the 

Table 2  Association between proteasome activity and amyloid, tau and neurodegeneration
Variables (N = 148) APOE ε4 carrier (n = 55) APOE ε4 noncarrier (n = 93)

B (SE) β p value B (SE) β p value p for interaction
Cortical FLUTE SUVR -0.142(0.052) -0.336 0.009 -0.028(0.050) -0.059 0.582 0.114

Global MK-6240 SUVR -0.447(0.219) -0.268 0.047 0.011(0.163) 0.007 0.945 0.093

Regional MK-6240 SUVR in Braak I/II -0.460(0.209) -0.298 0.033 -0.010(0.116) -0.010 0.930 0.060

Regional MK-6240 SUVR in Braak III/IV -0.454(0.206) -0.296 0.033 -0.017(0.128) -0.014 0.895 0.072

Regional MK-6240 SUVR in Braak V/VI -0.336(0.192) -0.232 0.087 0.013(0.143) 0.009 0.930 0.145

Mean cortical thickness 0.047(0.032) 0.171 0.151 0.016(0.037) 0.047 0.664 0.523

HV/ICV 0.294(0.083) 0.374 0.001 -0.123(0.078) -0.156 0.119 < 0.001
Values are presented as unstandardized coefficients (B) with standard errors (SE) and Standardized coefficients (β) from multivariable linear regression models 
adjusted for age, sex, and years of education

Fig. 1  Associations of proteasome activity with amyloid burden, tau burden, and hippocampal volume in APOE ε4 carriers. A A partial regression plot 
showing the association between proteasome activity in plasma and cortical FLUTE SUVR. B A partial regression plot showing the association between 
proteasome activity and global MK-6240 SUVR. C A partial regression plot showing the association between proteasome activity and regional MK-6240 
SUVR in the brain areas for Braak I/II. D A partial regression plot showing the association between proteasome activity and regional MK-6240 PET SUVR in 
the brain areas for Braak III/IV. E A partial regression plot showing proteasome activity and hippocampal volume (HV) normalized to intracranial volume 
(ICV). All analyses were performed with adjustment of age, sex and years of education
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effect of proteasome activity on hippocampal atrophy dif-
fered markedly by genetic risk.

Interaction effects for tau burden were also observed, 
with trend-level significance in Braak I/II and Braak III/
IV regions (p for interaction = 0.060 and 0.072, respec-
tively), suggesting that the association between protea-
some activity and tau deposition is stronger in APOE ε4 
carriers than in noncarriers.

When APOE ε4 carriers and noncarriers were ana-
lyzed together, no significant associations were observed 

between proteasome activity and amyloid/tau burden or 
structural brain atrophy (Supplementary Table 2).

Associations between circulating proteasome activity and 
cognitive functions in APOE ε4 carriers
In APOE ε4 carriers, global cognitive functions were sig-
nificantly associated with circulating proteasome activity 
(Table  3). MMSE scores showed a positive association 
(β = 0.294, p = 0.026), and CDR-SOB scores were inversely 
associated (β = -0.365, p = 0.005) with proteasome 

Table 3  Association of cognitive functions and proteasome activity
Variables APOE ε4 carrier APOE ε4 noncarrier

B (SE) β p value B (SE) β p value p for interaction
MMSE 2.375(1.034) 0.294 0.026 -1.162(0.999) -0.121 0.248 0.014

CDR-SOB -1.604(0.544) -0.365 0.005 0.618(0.578) 0.112 0.288 0.005

Digit span test: forward -0.044(0.207) -0.029 0.833 0.161(0.201) 0.084 0.425 0.477

Digit span test: backward 0.097(0.219) 0.061 0.659 -0.031(0.205) -0.016 0.882 0.670

Boston Naming Test 0.637(0.351) 0.242 0.075 -0.167(0.343) -0.051 0.628 0.101

Rey Complex Figure Test-copy 0.573(0.635) 0.123 0.371 -0.089(0.651) -0.014 0.891 0.467

SVLT immediate recall 0.590(0.311) 0.252 0.063 0.217(0.302) 0.076 0.474 0.391

SVLT delayed recall 0.749(0.321) 0.305 0.023* 0.143(0.301) 0.050 0.637 0.168

SVLT recognition 0.579(0.483) 0.163 0.236 0.191(0.308) 0.065 0.538 0.497

RCFT immediate recall 0.553(0.237) 0.306 0.023* -0.052(0.249) -0.022 0.837 0.079

RCFT delayed recall 0.514(0.249) 0.273 0.044* 0.003(0.255) 0.001 0.991 0.151

RCFT recognition 0.589(0.343) 0.230 0.091 0.027(0.276) 0.010 0.924 0.201

COWAT animal 0.412(0.250) 0.221 0.105 0.048(0.232) 0.022 0.835 0.286

COWAT supermarket 0.413(0.297) 0.188 0.170 -0.133(0.231) -0.060 0.567 0.147

COWAT phonemic total 0.175(0.267) 0.089 0.516 -0.021(0.212) -0.011 0.921 0.566

Color-Word Stroop Test 0.401(0.310) 0.175 0.202 0.215(0.269) 0.084 0.428 0.651

Digit Symbol Coding 0.608(0.326) 0.248 0.068 0.194(0.311) 0.066 0.533 0.358

TMT-A 0.249(0.246) 0.137 0.318 -0.284(1.656) -0.018 0.864 0.750

TMT-B 1.389(0.878) 0.212 0.119 -0.507(0.957) -0.056 0.598 0.144
Abbreviations: MMSE Mini-Mental State Examination, CDR-SOB Clinical Dementia Rating-Sum of Boxes, SVLT Seoul verbal language test, RCFT Rey complex figure test, 
COWAT Controlled Oral word association test, TMT Trail making test

Values are presented as unstandardized coefficients (B) with standard errors (SE) and Standardized coefficients (β) from multivariable linear regression models 
adjusted for age, sex, and years of education
*data which did not survive domain-wise FDR correction for multiple comparisons, P > 0.05

Fig. 2  Associations of proteasome activity with cognitive functions in APOE ε4 carriers A. A partial regression plot showing the association between 
proteasome activity and MMSE scores. B. A partial regression plot showing the association between proteasome activity and clinical dementia rating-sum 
of boxes (CDR-SOB) scores. All analyses were performed with adjustment for age, sex, and years of education
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activity, but not in APOE ε4 noncarriers (Fig.  2A and 
B; Table  3). These group differences were statistically 
significant (p for interaction = 0.014 for MMSE, p for 
interaction = 0.005 for CDR-SOB). In addition, although 
memory-domain measures showed nominal associations 
with circulating proteasome activity in APOE ε4 carriers 
in the uncorrected analyses, these associations did not 
remain statistically significant after correction for mul-
tiple comparisons. Specifically, the associations with ver-
bal memory assessed by the Seoul Verbal Learning Test 
(SVLT) delayed recall, and visual memory assessed by the 
Rey Complex Figure Test (RCFT) immediate and delayed 
recall, were attenuated after false discovery rate correc-
tion (Table  3). No significant correlations between pro-
teasome activity and cognitive functions were observed 
in APOE ε4 noncarriers. When both carriers and noncar-
riers were analyzed together, no significant association 
was observed between proteasome activity and cognitive 
functions (Supplementary Table 3).

We additionally examined whether the associations 
differed between APOE ε3/ε4 and ε4/ε4 carriers using 
interaction analyses, and found no significant effect mod-
ification by APOE ε4 subcategory (Supplementary Table 
5).

Mediation effects of amyloid and tau burden on the 
associations between proteasome activity and cognitive 
function and hippocampal volume in APOE ε4 carriers
In the mediation analysis, the associations of protea-
some activity with hippocampal volume and cognitive 
function in APOE ε4 carriers were differentially medi-
ated by amyloid and tau burden (Fig.  3, Supplementary 
Table 4). Cortical FLUTE SUVR significantly mediated 
the relationship between proteasome activity and hip-
pocampal volume, showing a significant indirect effect 
(p = 0.02) and accounting for approximately 29.3% of the 
total effect.

Regional MK-6240 corresponding to Braak I/II demon-
strated significant indirect effects for the associations of 
proteasome activity with hippocampal volume, MMSE, 
and CDR-SOB, indicating that early-stage tau burden 
mediates both neurodegeneration and global cognitive 
impairment. The proportion mediated ranged from 23% 
to 28% across outcomes.

In contrast, regional MK-6240 corresponding to Braak 
III/IV significantly mediated the associations of protea-
some activity with MMSE and CDR-SOB, whereas the 
indirect effect for hippocampal volume was not signifi-
cant. Mediation proportions for these cognitive measures 
ranged from 30% to 41%.

Discussion
In this study, we found that plasma proteasome activity 
is significantly associated with AD–related biomarkers in 
individuals carrying the APOE ε4 allele, but not in non-
carriers. Specifically, higher proteasome activity in APOE 
ε4 carriers was linked to lower amyloid and tau burden, 
larger hippocampal volume, and better cognitive perfor-
mance (MMSE and CDR-SOB). In sharp contrast, these 
correlations were absent or negligible in APOE ε4 non-
carriers, suggesting that peripheral proteasome activity 
might reflect underlying neuropathology and cognitive 
decline only in individuals genetically predisposed to 
AD. Therefore, changes in proteasome activity may func-
tion as a genotype-specific biomarker that is potentially 
manifested from AD-linked proteostasis dysfunction in 
neurons. Mediation analysis showed that in APOE ε4 
carriers, amyloid burden primarily mediates proteasome-
related hippocampal atrophy, whereas tau burden, par-
ticularly in Braak I/II and III/IV regions, mediates the 
associations between proteasome dysfunction and cogni-
tive decline.

The monomeric component of proteotoxic proteins, 
such as Aβ and tau, major hallmarks of AD, have been 
identified as direct substrates for 20 S proteasomes, 
degraded in a Ub- and ATP-independent manner [31, 34, 
35]. These findings might be in line with clinical studies 
where 20 S activity and levels in plasma were altered in 
diverse disease states [5–10, 36, 37]. Proteasome impair-
ment in AD has been attributed to the degradation-resis-
tant proteins, such as oligomeric Aβ and tau, that may 
clog the proteasome and initiate a vicious cycle produc-
ing excess aggregation-prone proteins [38–40]. More 
recently, the 20 S proteasome was reported to be pack-
aged into extracellular vesicles, delivered to recipient 
cells, and contributed to the degradation of excess tau 
proteins [41]. Overall, our finding that circulating protea-
some activity is inversely associated with amyloid and tau 
PET signals in ε4 carriers aligns with these mechanistic 
models of UPS dysfunction in AD.

The APOE genotype appears to modulate this activity-
pathology relationship. APOE ε4 is known to enhance 
amyloid-related tau pathology and neuronal damage [42]. 
Recent quantitative proteomic analysis using humanized 
APOE ε4 mice also demonstrated inadequate proteasome 
and autophagy function, thus indicating extensively dis-
rupted proteostasis in the mouse brain [43]. Our human 
data parallel these findings, suggesting that ε4 impairs 
UPS-mediated clearance of pathological proteins, unlike 
ε2 or ε3 variants. This may explain why proteasome 
function correlates with AD pathology only in APOE ε4 
carriers. Along with this notion, it seems plausible that 
proteasome inactivation is a central feature of neurode-
generation and that proteasome augmentation reduces 
related cognitive deficits [44]. The pro-inflammatory 
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effect of APOE ε4 in the brain may further exacerbate 
dysregulation of proteasome pathways, although this 
remains to be fully elucidated [45].

Our study demonstrates that circulating proteasome 
activity is selectively associated with pathologic changes 
at the early stages of AD. Significant correlations with tau 

burden were confined to Braak I/II and III/IV regions, but 
absent in Braak V/VI, suggesting that proteasome dys-
function is preferentially linked to early tau deposition. 
This aligns with the Braak model, where initial tau accu-
mulation in medial temporal regions is most closely tied 
to episodic memory impairment, whereas widespread 

Fig. 3  Mediation effects of amyloid and tau on the associations of proteasome activity with neurodegeneration and cognition. A Cortical FLUTE reten-
tion, B Regional MK-6240 retention in the brain regions for Braak I/II, C Regional MK-6240 retention in the brain regions for Braak III/IV mediate the associa-
tions between proteasome activity hippocampal atrophy and global cognition (MMSE, CDR-SOB). Abbreviations, SUVR, standardized uptake value ratio; 
IDE, indirect effect; DE, direct effect; TE, total effect; HV, hippocampal volume; ICV, intracranial volume; MMSE, mini-mental state examination; CDR-SOB, 
clinical dementia rating-sum of boxes
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neocortical tau (Braak V/VI) reflects more advanced dis-
ease. The lack of association at Braak V/VI may indicate 
that once tau pathology becomes widespread, systemic 
proteasome activity no longer tracks disease severity, 
possibly due to saturation of proteostasis impairment.

Similarly, proteasome activity was positively correlated 
with hippocampal volume, but not with mean cortical 
thickness. Since hippocampal atrophy emerges in pro-
dromal stages of AD, whereas diffuse cortical thinning 
typically manifests later, these results suggest that plasma 
proteasome activity reflects early medial temporal neu-
rodegeneration rather than global cortical atrophy. The 
concordance of these findings with tau PET results sup-
ports the hypothesis that systemic proteasome dysfunc-
tion mirrors early, region-specific AD changes.

In terms of cognition, proteasome activity was robustly 
associated with global cognitive function, including 
MMSE and CDR-SOB, but not with attention, language, 
visuospatial, or executive functions. Although nomi-
nal associations with memory-domain measures were 
observed in APOE ε4 carriers, these associations did 
not remain statistically significant after correction for 
multiple comparisons. Nevertheless, it is noteworthy 
that proteasome activity was associated with hippocam-
pal volume as well as with key pathological markers of 
early Alzheimer’s disease, including amyloid burden and 
early-stage tau deposition. Given the central role of the 
hippocampus in memory processing, these findings sug-
gest a biologically plausible link between proteasome 
alterations and memory-related neurodegeneration, even 
though the association with memory performance did 
not withstand FDR correction in the present sample. The 
attenuation of statistical significance after correction may, 
at least in part, reflect limited statistical power. Taken 
together, these findings suggest that circulating protea-
some activity is more closely related to global cognitive 
function than to specific cognitive domains in APOE ε4 
carriers, while its association with early Alzheimer’s dis-
ease pathology and hippocampal structure may provide a 
biological context for this relationship.

Mediation analyses further clarified these genotype-
specific relationships. In APOE ε4 carriers, amyloid 
burden partially mediated the association between pro-
teasome activity and hippocampal volume, suggesting 
that reduced amyloid accumulation may be one pathway 
through which preserved proteasome function relates 
to medial temporal structural integrity. Moreover, tau 
burden played a critical and region-specific mediating 
role: Braak I/II MK-6240 SUVR significantly mediated 
the associations between proteasome activity and hip-
pocampal volume, MMSE, and CDR-SOB, indicating 
that early-stage tau deposition is a key intermediary link-
ing proteasome dysfunction to both neurodegeneration 
and global cognition. In contrast, Braak III/IV MK-6240 

SUVR mediated only the relationships with MMSE and 
CDR-SOB, but not hippocampal volume, suggesting 
that limbic-stage tau primarily contributes to cognitive 
impairment rather than structural atrophy in this group. 
Together, these findings suggest that both amyloid and 
early tau burden lie on the pathway between systemic 
proteasome dysfunction and AD-related clinical out-
comes, reinforcing the centrality of proteostasis impair-
ment in APOE ε4 carriers.

This study’s strengths lie in its rigorously character-
ized cohort with multimodal imaging and detailed 
cognitive function data, genotype stratification, and 
quantitative measurement of plasma proteasome activity. 
These design features enabled us to detect genotype-spe-
cific associations that would have been missed in pooled 
analyses. Clinically, plasma proteasome activity could 
offer a noninvasive readout of proteostatic stress in AD 
in APOE ε4 carriers. Previously, we have reported that 
proteasome activity is lower in MCI patients and that 
proteasome activity negatively correlates with plasma Aβ 
levels [10]. Current findings extend this by showing that 
in ε4 carriers, proteasome activity not only reflects amy-
loid and tau burdens but also predicts cognitive perfor-
mance. This suggests that systemic decline in proteostasis 
may mirror synaptic dysfunction in the brain, particu-
larly in neurons predisposed by APOE ε4-related patho-
logic stress. A blood-based enzymatic assay would be far 
more accessible and cost-effective than PET scans or CSF 
analyses. Thus, combining plasma proteasome measure-
ments with APOE genotyping could help identify high-
risk individuals in prodromal stages more efficiently.

Limitations include the cross-sectional data, which 
preclude causal inference; the modest sample size, par-
ticularly of APOE ε4 carriers; and the single-center, 
ethnically homogeneous cohort, which may limit gener-
alizability. While our cohort was powered to detect sig-
nificant effects in ε4 carriers, replication in larger and 
more diverse populations is essential. In addition, we do 
not yet know the sequence of events at present; a longi-
tudinal study will determine whether proteasome decline 
drives pathology or results from it. The origin of plasma 
proteasomes also remains unclear. Therefore, in a follow-
up work, it would be interesting to design in vivo experi-
ments to address these questions in AD model mice. In 
addition, we do not yet know the origin of circulating pro-
teasomes. While some studies suggest that proteasomes 
are passively released as ‘free’ particles, others propose 
that they are actively transported within extracellular 
vesicles. Based on our previous findings, proteasomes in 
the blood may be present in an encapsulated form within 
extracellular vesicles. We previously reported that human 
plasma exhibits enhanced suc-LLVY-AMC hydrolysis in 
the presence of SDS [29]. It is possible that specific SDS 
concentrations disrupt phospholipid membrane-like 
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extracellular vesicles, thereby releasing encapsulated 
proteasomes. Further studies are needed to clarify the 
relative contributions of free and extracellular vesicle-
associated proteasomes.

In summary, our study reveals an APOE ε4-specific 
correlation between circulating proteasome activity and 
AD-related features, which may indicate impaired pro-
teostasis in AD. Plasma proteasome activity therefore 
emerges as a promising, noninvasive biomarker for gen-
otype-specific AD diagnosis and prognosis. Our data also 
underscores the therapeutic potential of proteasome-
activating strategies in neurodegeneration [46, 47].
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