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Abstract.
Background: Although the existence of proteasomes in human blood, termed circulating proteasomes (c-proteasomes), has
been reported previously, their origin and pathophysiological functions remain largely unknown.
Objective: Given that c-proteasome activity was significantly reduced in Alzheimer’s disease model mice and relatively high
frequency of mild cognitive impairment (MCI) is accompanied by chronic tinnitus in aged patients, we examined whether
c-proteasome activity in human plasma was associated with cognitive function in patients with chronic tinnitus.
Methods: c-Proteasome activity in the plasma of tinnitus patients (N = 55) was measured with fluorogenic reporter substrate,
suc-LLVY-AMC. To assess MCI, the Montreal Cognitive Assessment was conducted with a cut-off score of 22/23. All patients
underwent audiological and psychoacoustic analyses. Levels of c-proteasomes, A�42, and A�40 were measured using ELISA,
and their association with c-proteasome activity was evaluated.
Results: The activity of circulating proteasomes was significantly lower in patients with chronic tinnitus and MCI (p = 0.042),
whereas activities of other plasma enzymes showed little correlation. In addition, c-proteasome activity was negatively
associated with the level of plasma A� and was directly dependent on its own concentration in the plasma of patients with
chronic tinnitus.
Conclusion: Our current work provides a new perspective for understanding the potential relationship between circulating
proteasomes in the plasma and cognitive dysfunction, suggesting a novel, non-invasive biomarker in the context of MCI
diagnosis.
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INTRODUCTION

The ubiquitin-proteasome system degrades the
majority of proteins in the cell, thereby regulating the
half-lives of various regulatory proteins and remov-
ing misfolded and potentially toxic proteins [1]. The
proteasome is the sole ATP-dependent protease in
the eukaryotic cytoplasm and irreversibly and simul-
taneously hydrolyzes multiple peptide bonds of the
target protein. The 26S proteasome consists of two
functionally distinct protein compartments: the core
complex (20S) and the regulatory complex (19S) [2].
The 20S proteasome contains six catalytic sites in
its cylinder-shaped active site. The 19S proteasome
performs diverse functions, including recognizing,
unfolding, and translocating of substrates into the
20S proteasome. The 20S proteasome can degrade
disordered proteins without requiring substrate ubiq-
uitination and participates in cellular surveillance
against oxidative and proteotoxic stress [3]. A sig-
nificant proportion of proteasomes in the cell exist as
both the 20S and 26S forms [4].

Although intracellular protein homeostasis (i.e.,
proteostasis) mechanisms have received the most
attention in various pathophysiological contexts,
many proteopathies, such as Alzheimer’s disease
(AD), type II diabetes, and age-related mac-
ular degeneration, originate from accumulation
of aggregation-prone proteins in the extracellular
regions of the human body [5]. The recent identifica-
tion of circulating chaperones and ubiquitin suggests
the presence of an extracellular protein quality con-
trol system that antagonizes pathological processes in
the blood and cerebrospinal fluid [6–8]. Indeed, there
has been recent growing evidence that the interaction
between amyloid-� (A�) peptide and ubiquitin has
been hailed as a significant determinant for its clear-
ance pathways [9]. Although several studies have
reported the possible links between circulating pro-
teasomes (c-proteasomes) in the plasma with various
disease states, such as chronic obstructive pulmonary
disorder [10] and head and neck squamous cell carci-
noma [11], extracellular proteasomes have not been
characterized in the context of neurodegenerative dis-
eases.

Tinnitus is a common and potentially debilitating
condition that is characterized by conscious auditory
perception in the absence of an external stimulus [12].
Peripheral auditory deafferentation and maladaptive
cortical plasticity have been suggested as etiologi-
cal mechanisms for the development of tinnitus [13].
Recent studies have suggested a potential association

between chronic tinnitus and cognitive deficits
[14–17]. For example, the diagnostic criteria of mild
cognitive impairment (MCI) were met with a rela-
tively high prevalence in aged patients with chronic
tinnitus, at approximately 17% [17]. Considering the
substantial risk of patients with MCI advancing to
dementia, particularly of the Alzheimer type [18, 19],
there is a need for an effective biomarker predicting
MCI or early AD for patients with chronic tinnitus
and the aged.

Many causative proteins, including A� and tau,
have been identified in the plasma of patients with
AD and are proposed to be early-stage biomarkers
[20–22]. Over the course of biochemically character-
izing c-proteasomes, we observed that the enzymatic
activity of c-proteasomes was significantly reduced
in multiple lines of AD model mice, which led us to
hypothesize that c-proteasome activity in the plasma
might have prognostic significance potentially cor-
related with the status of cognitive deficits. The
association of c-proteasome activity with cognitive
deficits was recapitulated in patients with chronic tin-
nitus. In this study, we showed that the enzymatic
activity of c-proteasomes positively correlated with
its own levels but negatively correlated with A�40 lev-
els in the plasma. Thus, these results provide for better
understanding the potential relationship between c-
proteasomes in the plasma and cognitive dysfunction
and suggest a novel, non-invasive biomarker in the
context of early MCI diagnosis.

MATERIALS AND METHODS

Patients

This study was approved by the Seoul National
University Hospital Institutional Review Board and
was conducted in accordance with the Declaration
of Helsinki (IRB No. 10-2018-35). We prospectively
recruited patients with chronic tinnitus, over 50 years
old who were admitted to the Seoul National Univer-
sity Boramae Medical Centre between January 2010
and October 2018. Only patients in whom baseline
cognitive test and blood sampling for c-proteasome
activity measurement were performed were included.
Additionally, samples exhibiting more than 33.3%
difference in c-proteasome activity from the technical
duplicates and positive for serology tests were fur-
ther excluded from our analysis. Moreover, patients
with 1) hearing loss >70 dB hearing level (dB HL)
in at least one ear (calculated by averaging the pure
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tone thresholds at 0.5, 1, 2, and 4 kHz), 2) pulsatile
tinnitus, Ménière’s disease, and otosclerosis, 3) any
psychiatric or neurological disorders, history of drug
or alcohol abuse, and chronic headache were further
excluded from this study.

Audiological and psychoacoustic evaluations

At the initial visit, a structured history of the char-
acteristics of tinnitus on the affected side and the
psychoacoustic nature of tinnitus was obtained. All
patients underwent psychoacoustic tests of tinnitus,
such as tinnitus pitch matching, tinnitus loudness
matching, and the minimum masking level test. In
addition, the hearing thresholds for seven different
octaves (0.25, 0.5, 1, 2, 3, 4, and 8 kHz) were evalu-
ated using pure tone audiometry (PTA). The hearing
threshold average was determined by calculating the
four frequencies at 0.5, 1, 2, and 4 kHz and the hearing
level was categorized as mild (20–40 dB), mod-
erate (41–55 dB), moderate to severe (56–70 dB),
severe (71–90 dB), or profound (>90 dB), based on
the average of hearing thresholds. As described
in our previous report [17], the hearing threshold
corresponding to the tinnitus affected side was deter-
mined for analysis. We documented the mean hearing
threshold in the dominant tinnitus side, provided that
the patients had bilateral tinnitus. The perceived tin-
nitus handicap was measured using not only THI but
also visual analogue scale scores in terms of tinnitus
loudness, annoyance, awareness, and effect of life
during daytime.

Neurocognitive evaluation

All patients underwent a battery of neurocognitive
tests, including three questionnaires at the initial visit:
Korean version of the patient health questionnaire-9
(PHQ-9), Korean version of the Lawton instru-
mental activities of daily living scale (IADL), and
MoCA. Specifically, the MoCA test, which evalu-
ates attention and concentration, executive functions,
memory, language, visuoconstructional skills, con-
ceptual thinking, calculation, and orientation, was
conducted. MoCA is a rapid-screening, neurocog-
nitive test for MCI, where it scores from 0 to
30. Based on the excellent sensitivity (89%) and
good specificity (84%) of MoCA when apply-
ing the cut-off value of 22, we decided to define
MCI as having an MoCA score below 23, in this
study.

Mice

Generation of APP/PS1 was as previously
described [23]. To generate APP/PS1/Tau-BiFC
transgenic mouse, hemizygous APP/PS1 mice har-
boring APPswe and PSEN1M146V, were crossed
with hemizygous TauP301L-BiFC mice that express
the human TauP301L-BiFC (TauP301L-VC155 and
TauP301L-VN173) [24]. Littermates that were
negative for the APPswe, PSEN1M146V, and
TauP301L-BiFC were used for wild-type control.
Both APP/PS1 and TauP301L-BiFC mice were bred
and maintained on a hybrid C57BL6/C3H back-
ground. Mice were housed on a 12:12 h light-dark
cycle in pathogen-free facilities at the Korea Insti-
tute of Science and Technology. Animal protocols
followed the principles and practices outlined in
the approved guidelines by the Institutional Animal
Care and Use Committee of the Korea Institute of
Science and Technology (KIST-2019-032).

Genotyping of transgenic mice

Mice were genotyped by polymerase chain
reaction (PCR) amplification of tail DNA. TauP301L-
BiFC transgene was identified with the following sets
of primers: PCR primers for TauP301L-VN173, for-
ward 5′-CACATGAAGCAGCACGACTTCTTCA-
3′ and reverse 5′-TGACTGTACCAGGTACAGG
CACAGT-3′; for TauP301L-VC155, forward 5′-GA
GAAGCGCGATCACATGGT-3′ and reverse 5′-
AGGTACAGGCACAGTCCAAC-3′; for APPswe
gene, forward 5′-AGGACTGACCACTCGACCAG-
3′ and reverse 5′-CCGGGGTCTAGTTCTGCAT-3′;
and for PSEN1M146V gene, forward 5′-AATAGA
GAACGGCAGGAGCA-3′ and reverse 5′-GCCAT
GAGG GCACTAATCAT-3′.

Plasma preparation

Whole blood (5 mL) was separately collected and
divided into two EDTA vacuum tubes, as technical
duplicates. Each tube was subsequently processed
entirely independently. Plasma was isolated by cen-
trifugation at 1,600 rpm with a benchtop centrifuge
for 10 min and aliquoted into 1.5 mL tubes in volumes
of 0.5–1 mL and stored at –80◦C until further analy-
sis. Plasma showed more reliable proteasome activity
and resistance against freeze-thaw cycles than the
serum or whole blood. Hemolytic samples were dis-
carded after visual or luminol inspection.
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Native gel electrophoresis

Native gel analysis using purified proteasomes or
cell lysates was performed as previously described
[25]. Samples were resolved by native-PAGE
using NuPAGE™ 3–8% Tris-Acetate Protein Gels
(Thermo-Fisher) at 150 V for 3–4 h. Native gels were
incubated in the in-gel activity assay buffer (20 mM
Tris, 1 mM ATP, 5 mM MgCl2, and 100 �M suc-
LLVY-AMC) for visualizing proteasomes. After the
in-gel hydrolysis assay, proteins were transferred
from the gel to polyvinylidene fluoride (PVDF) mem-
branes for subsequent immunoblotting analysis.

Measurement of plasma Aβ levels

The levels of plasma A�42 and A�40 were quan-
tified using the INNO-BIA plasma A� forms kit
(Japan), largely with the manufacturer’s instructions.
Briefly, the plasma samples were diluted 3-fold in
the plasma diluent buffer. After washing the plate,
100 �L of A� antibody-coated beads solution was
transferred to the filter plate. Thereafter, 25 �L of
conjugate 1 working solution A and 75 �L of sam-
ples, standards, blanks, controls were loaded. After
overnight incubation at 4◦C, the plate was washed
again and 100 �L of the detection solution was
added to the wells of the plate. The plate was incu-
bated at room temperature for 1 h and then washed
again. Finally, the reading solution was added to
each well. The plate was read using the Luminex
xMAP technology (Bioplex 200 systems; Bio-Rad,
USA).

Measurement of proteasome activity and levels

Hydrolysis of the fluorogenic peptide suc-LLVY-
AMC (7-amino-4-methylcoumarin; Bachem) was
kinetically measured to determine the proteolytic
activity of the chymotrypsin-like sites on the pro-
teasome, as previously described [26, 27]. Briefly,
20 �L of human plasma and 250 �M of suc-LLVY-
AMC in 50 mM Tris-HCl (pH 7.5), 1 mg/mL BSA,
1 mM EDTA, 1 mM ATP, and 1 mM DTT were used.
Samples exhibiting more than 33.3% difference in
c-proteasome activity from the technical duplicates
were excluded from further analysis. Circulating pro-
teasome levels were calculated with standards of
purified 20S proteasome activity [28] and measured
with the proteasome ELISA kit (Enzo Life Sciences),
as previously described [29].

Statistical analysis

All the analyses employed and illustrated used
the GraphPad Prism (ver. 5.03, GraphPad Software).
Results are presented as mean ± standard deviation
(SD). Statistical significance of difference between
groups was determined by Student’s t-test, Welch’s t-
test, Mann-Whitney U test, chi-square test, or Fisher’s
exact test, as appropriate. According to normal dis-
tribution of data, Pearson and Spearman correlation
analysis was employed. p-values of <0.05 were con-
sidered to indicate statistical significance.

RESULTS

Identifying c-proteasomes in the plasma as active
20S complexes

To characterize extracellular proteasomes in the
plasma, we first tested the mouse plasma. Mouse
plasma showed strong proteasome activity, as
measured by the hydrolysis of the reporter sub-
strate suc-LLVY-AMC, which is specific for the
chymotrypsin-like peptidase activity of the 20S
proteasome but is generally regarded to represent
overall proteasome activity [30] (Fig. 1a). Carefully
separated human plasma, using EDTA tubes, also
exhibited robust c-proteasome activity (see below).
Addition of the proteasome inhibitor MG132 effec-
tively inhibited the assay (>85% inhibition; Fig. 1a),
indicating that the activity mostly originated from the
proteasomes in the plasma, and not from nonspecific
blood proteases.

The structural integrity of the c-proteasome com-
plex was analyzed using non-denaturing (native)
polyacrylamide gel electrophoresis and the sub-
sequent in-gel activity analysis. Purified human
proteasomes and whole cell lysates from mouse
embryonic fibroblasts showed signals from intact
26S particles, whereas no proteasome holoenzymes
were detected in the mouse plasma (Fig. 1b). When
sodium dodecyl sulfate was added to activate the
20S complex [31], the mouse plasma generated flu-
orescence signals from suc-LLVY-AMC hydrolysis
by the 20S complex. This was also confirmed by
immunoblotting analysis using an antibody against
PSMB6, a 20S subunit (Fig. 1b). Consistent with this,
c-proteasome activity from mouse plasma was sig-
nificantly stimulated in the presence of purified 19S
complex largely in a dose-dependent manner, which
represents the de novo assembly of the 20S and 19S
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Fig. 1. Characterization of the circulating proteasome (c-proteasome) in mouse blood plasma. a) Proteasome activity from 12-week-old
wild type male mouse plasma (1 �L; collected using heparinized capillary tubes) was kinetically monitored by the hydrolysis of the
fluorogenic reporter substrate (suc-LLVY-AMC; 12.5 �M) in the presence or absence of the proteasome inhibitor, MG132 (10 �M). Relative
fluorescence units (RFU) were plotted as mean ± SD of three independent experiments. b) Mouse plasma was analyzed with non-denaturing
(native) polyacrylamide gel electrophoresis (PAGE). Purified human 26S proteasomes (Ptsm, 4 �g), 1 �L mouse plasma after removal of
immunoglobulin G, and 20 �g whole cell extracts from mouse embryonic fibroblasts were subjected to native PAGE, followed by in-gel
suc-LLVY-AMC hydrolysis or by immunoblotting against the 20S subunit, PSMB6, to visualize the proteasomes. Sodium dodecyl sulfate
(SDS, 0.02 %) was added to the gel to induce 20S activation (by opening the substrate entry gate). c) As in (a), except that the purified 19S
complex was added to the suc-LLVY-AMC hydrolysis reaction in a dose-dependent manner. Elevated proteasome activity upon the addition
of the 19S subunit indicates direct association of the 19S with the 20S complex in the plasma. d) Reduced c-proteasome activity was detected
from different lines of 15-month-old AD model mice, which included double transgenic mice of mutant amyloid precursor protein and
mutant presenilin-1 (APP/PS1), tau transgenics with bimolecular fluorescence complementation (tau-BiFC), and triple transgenics of APP,
PS1, and tau-BiFC (3×TG). RFU values after 60 min reaction time were normalized with those obtained with 10 �M MG132. Mean ± SD
(N = 9 per line). *p < 0.05 (two-tailed Student’s t-test). WT, wild-type.

subunits, forming the highly functional 26S protea-
some (Fig. 1c). Taken together, these results indicated
that the 20S, and not the 26S, proteasomes exist as
an intact complex, also implying that they might be
a constitutive component of the blood protein pool
and potentially reflect many aspects of physiological
functions.

Reduced plasma proteasome activity in mouse
AD models

We next assessed whether the activity of c-
proteasome in the plasma was linked to the
progression of AD using various mouse models.
Transgenic mice with a hyperactivated A� cascade
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through overexpression of the mutant amyloid pre-
cursor protein (APP) and presenilin 1 (PS1) showed
no significant difference from age-matched wild-
type controls in c-proteasome activity (Fig. 1d). In
contrast, in AD model mice overexpressing mutant
tau, such as tau fused with bimolecular fluorescence
complementation (tau-BiFC), and triple transgenic
mice (APP, PS1, and tau-BiFC (3×TG)) [24], c-
proteasome activity decreased compared to controls
(Unpaired t-test, p = 0.040 and = 0.026, respectively;
N = 9) (Fig. 1d). These AD model mice developed
age-dependent synaptic dysfunction and neuronal
loss as well as A� and tau deposition [32, 33].
Therefore, these data may suggest that reduced c-
proteasome activity in the plasma might be predictive
of early stage AD progression.

Significant association between c-proteasome
activity and MCI in tinnitus patients

Given the relatively high prevalence of MCI among
elderly patients with chronic tinnitus [17], it was
hypothesized that c-proteasome activity measured in
those patients might serve as an indicator of cog-
nitive decline. Initially, 122 subjects with chronic
tinnitus and over 50-year old were enrolled as per
our inclusion criteria (Fig. 2). Eighteen patients were
excluded due to incomplete data and positive serol-
ogy test. Of the remaining 104 patients, 20 (19.23%)
were disqualified because of unreliable c-proteasome
activity, leaving only 84 patients with chronic tin-
nitus that were eligible for this study. Furthermore,
28 patients with severe or severe-to-profound sen-
sorineural hearing loss and one patient with outlier
value of c-proteasome (i.e., >2SD over average)
were excluded to minimize the confounding fac-
tors associated with cognitive deficits; ultimately, 55
patients were included for analyses. When stratified
to the presence and absence of MCI, 5 patients with
chronic tinnitus had additional MCI (MCI group),
while the remaining 50 patients with chronic tin-
nitus had no evidence of MCI (non-MCI group).
To assess MCI, the Montreal cognitive assess-
ment (MoCA) was conducted with a cut-off score
of 22/23.

There were no significant differences in age, tin-
nitus duration, and mean hearing threshold between
the two groups (Fig. 3a). Analysis using other
neurocognition scales, such as the patient health
questionnaire-9 (PHQ) and instrumental activities of
daily living (IADL) also showed comparable results.
As shown in Fig. 3b, the degree of tinnitus severity,

Fig. 2. Flow chart of patient selection.

except for visual analogue scale annoyance, also did
not differ between the groups. Similarly, the tinni-
tus handicap inventory (THI) score appeared mildly
higher (without statistical significance) in the MCI
group than that in the non-MCI group (Fig. 3b).
Nonetheless, the correlation between tinnitus sever-
ity, based upon the THI and MoCA scores, was
replicated (data not shown), as in our previous report
[17]. As anticipated, the MCI group exhibited sig-
nificantly lower scores in multiple subdomains of
MoCA, including education, visuospatial execution,
attention, and delayed recall areas, compared with the
non-MCI group (Fig. 3b). Overall, these data indi-
cated that most variables were controlled to compare
the plasma c-proteasome activity between the two
groups.

Using fluorogenic reporter substrates we employed
in the previous assay, we measured c-proteasome
activity from patients and found a significantly
reduced plasma c-proteasome activity in patients
in the MCI group (N = 5), compared with patients
in the non-MCI group (N = 50, p = 0.008 by t-test
with Welch’s correction; Fig. 3d). No significant
correlation was detected between c-proteasome and
glutamic pyruvic transaminase (Fig. 3e) or glu-
tamic oxaloacetic transaminase (Fig. 3f) activities,
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Fig. 3. Reduced c-proteasome activity in patients with chronic tinnitus and mild cognitive impairment (MCI). a, b) Difference in demographics
(a) and clinical characteristics (b) between the MCI (Montreal cognitive assessment (MoCA) score, ≤22) and non-MCI (MoCA score, >23)
groups from patients with chronic (more than 6 months) tinnitus. None of them reached a statistically significant difference, except for the
visual analogue scale (VAS) annoyance. PHQ, patient health questionnaire-9; IADL, instrumental activities of daily living (IADL); THI,
tinnitus handicap index. c) Comparison of MoCA scores at each domain between two groups. d) Comparison of c-proteasome activity
between the MCI and non-MCI groups. Data indicate means ± SD. *p < 0.05 (total N = 55, Welch’s t-test). e, f) Statistically negligible
association between activities from c-proteasome in the plasma and glutamic pyruvic transaminase (GPT/ALT; e) or glutamic oxaloacetic
transaminase (GOT/AST; f) (p values from Spearman’s correlation analysis = 0.410 and 0.189, respectively). Orange circles indicate samples
from patients with MCI. Solid and dashed lines represent the regression line and 95% confidence intervals, respectively.

suggesting that c-proteasome activity in the plasma
may be specifically linked to cognitive decline in
patients with chronic tinnitus. Indeed, upon flu-
orogenic reporter substrates, the Control group
consisting of healthy subjects had significantly higher
plasma c-proteasome activity, as compared with
the MCI (p = 0.009 by one-way ANOVA and post-
hoc Tukey’s test) and non-MCI groups (p = 0.04 by
one-way ANOVA and post-hoc Tukey’s test) (Sup-
plementary Figure 1).

Moreover, these results implied that the changes
of c-proteasome activity in the plasma might orig-
inate from active extracellular secretion [29, 34],
but not from passive release from ruptured cells.
MCI, especially in its amnestic form, is known to
convert into AD dementia in 10–15% of the cases,
requiring prompt diagnosis of cognitive deficits and
eventual intervention to delay progression of AD.
In this regard, our findings posed many interesting
questions with implications for the diagnosis of MCI
and its relationship to cognitive deterioration over
time.

Significant correlation between c-proteasome
activity with its plasma level

We initially predicted that reduced c-proteasome
activity would originate from the “clogging” [35]
of the active sites of the proteasome by excess
loading of AD-related, non-degradable proteins.
However, we found that c-proteasome levels, mea-
sured using enzyme-linked immunosorbent assay,
dynamically varied and strongly correlated with
plasma c-proteasome activity (Spearman’s correla-
tion, N = 55, ρ = 0.366, and p = 0.006; Fig. 4a). These
results reflected that the number of proteasomes
in the extracellular space was directly responsible
for the observed activity change in patients with
MCI, instead of being mediated by other inhibitory
mechanisms. The plasma proteasome concentrations
presented here were similar to the results from other
studies, ranging from 0.4–2.4 �g/mL (equivalent to
∼0.5–3 nM of the 20S complexes) [29, 34, 36–38].

Unlike the clear association between A� levels
in the cerebrospinal fluid and AD diagnosis, the
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Fig. 4. Significant association between c-proteasome activity and the levels of A�40 or c-proteasomes in the plasma. a) Spearman’s correlation
analysis revealed a strong positive correlation between c-proteasome activity and proteasome level in the plasma from patients with chronic
tinnitus (N = 55, ρ = 0.366, p = 0.006). b) Significant negative correlation between A�40 concentration and c-proteasome activity in the plasma
(Spearman’s correlation: total N = 55, ρ = –0.266, p = 0.049). c) Negative correlation between A�40 and c-proteasome levels in the plasma
from patients with chronic tinnitus (N = 55, ρ = –0.380, p = 0.004). The orange circles indicate samples from patients with MCI. Solid and
dashed lines represent the regression line and 95% confidence intervals, respectively.

association between A� levels in the plasma and
the diagnosis of MCI and AD is disputable. Using
the plasma of patients with chronic tinnitus (N = 55),
we only found a modest, but not statistically signifi-
cant, association of A�40 or A�42 levels with MoCA
scores (Supplementary Figure 2A). However, we
observed that plasma A�40 levels negatively corre-
lated with c-proteasome activity and levels (p = 0.049
and 0.004, respectively, by Spearman correlation
analysis; Fig. 4b, c). This result fits well with recent
reports suggesting that A� is a proteasome substrate
and that its degradation may be enhanced by spe-
cific molecules acting on gating 20S mechanisms
[39]. A�42 levels also exhibited significant negative
correlation with c-proteasomes activity (p = 0.026),
but only little correlated with c-proteasome levels,
possibly due to its lower concentration than A�40
in the plasma [40, 41] (Supplementary Figures 2B,
C). Instead, A�42/A�40 ratios significantly corre-
lated with c-proteasome amounts in human plasma
(p = 0.033; Supplementary Figure 2C-ii). It is notable
that ∼20-fold more proteasomes exist in the plasma
than A� peptides (∼0.7 nM versus ∼0.04 nM from
our study). Although a study with a larger cohort pop-
ulation is required to confirm these results, our data
collectively suggest that c-proteasome activity from
blood plasma, which is significantly correlated with
the MCI status and A�40 levels, may have prognostic
relevance as a biomarker of cognitive decline.

DISCUSSION

To the best of our knowledge, the present study is
the first to explore the role of c-proteasome activity
and its concentration in determining the presence of

MCI among patients with chronic tinnitus. Notably,
the findings presented herein replicate those of mouse
AD models overexpressing mutant tau, demonstrat-
ing that c-proteasome activity from patients with
chronic tinnitus and MCI was significantly reduced.
What merited our attention was the fact that c-
proteasome activity in patients with chronic tinnitus
was largely dependent on its concentration in blood
plasma. Given this, we speculate that cellular protea-
somes can be actively released via unconventional
secretory mechanisms [42], and that these protea-
somes, like the 20S complex, may play a critical
role in the selective degradation of misfolded or
aggregation-prone proteins in the extracellular space.
As proteasome concentration in the cell is relatively
high (∼150 nM in the cytoplasm and ∼900 nM in
the nucleus [43], which is at least >200-fold higher
than the c-proteasome concentration measured in this
study), a dynamic alteration of c-proteasome con-
centration is readily achievable by activating these
exporting system. Considering the size of 20S pro-
teasomes as a cargo molecule, they are expected to
be packaged into membrane-bound organelles, such
as autophagosomes, lysosomes, or exosomes, for
unconventional extracellular secretion [42].

Although it is known that pathologic A� and tau
in the peripheral blood mainly originate from the
brain through the disrupted blood-brain barrier, the
origin of c-proteasomes remains unclear. Reduced
c-proteasome level and activity in patients with
MCI are possibly related with defective proteasome
secretion via membrane-less vesicles when cells are
under chronic proteostatic stress. Alternatively, in
light of the fact that intracellular proteasome activ-
ity was significantly reduced in postmortem human
brains affected with AD and other neurodegenerative
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diseases [44, 45], it might be possible that the
secretion mechanism is intact but only inactivated
proteasomes as a result of disrupted blood-brain bar-
rier might be secreted. The origin of c-proteasomes
remains to be determined. Reduced c-proteasome
level and activity in patients with MCI are possibly
related the intact, fully-functional complex to individ-
ual substrates. Therefore, changes in c-proteasomes
activity may function as a surrogate marker that
allows to predict the progression of pathologic protein
accumulation inside the cell.

It is worth noting that tinnitus mostly stems from
hearing loss. As the human brain works in a Bayesian
manner to minimize uncertainty for external stimuli,
the deafferented brain due to hearing loss attempts
to obtain or “fill in” the missing auditory infor-
mation. This results in the perception of auditory
phantoms (i.e., tinnitus) [12]. Recent studies have
shown that AD mice also manifest hearing loss,
suggesting that the AD pathology could occur in
the auditory neural pathway [46–48]. Specifically,
APP/PS1 AD mice had an early onset of hearing
loss, which was detectable as early as 2 months in
the high-frequencies [48]. Given this, AD mice may
exhibit the auditory phenotype with tinnitus, sim-
ilar to that in our prospectively recruited chronic
tinnitus cohort. However, we could detect a sig-
nificant correlation between c-proteasome activity
between wild-type and AD model mice only after
they became 12 months old (Fig. 1d). Therefore,
there is a discrepancy in terms of the manifesta-
tion state of c-proteasome activity reduction between
mouse and human. Whether this originates from the
intrinsic limitation of transgenic AD models or other
mechanisms such as c-proteasome release and clear-
ance is to be determined.

With a growing body of evidence indicating a
potential association between tinnitus and cogni-
tive deficits, chronic tinnitus, which typically results
from auditory deafferentation, might be implicated
by the dysfunctional protein quality mechanism in
the circulatory system. Interestingly, a recent ani-
mal study showed that proteasome inhibitor increases
auditory hair cell and neuronal damages, which is
mediated by the extent of peroxisome dysfunction
[49]. Since peroxisome dynamics acts as an antiox-
idant defense mechanism against oxidative stress,
such as noise exposure, the reduced proteasome activ-
ity as evidenced by MCI group may be more sensitive
to peroxisome dysfunction, which, in turn, results
in auditory hair cell and neuronal damages even
in an environment with ambient background noise

[50]. These findings are in line with several clinical
reports where hearing loss and tinnitus are often, if
not always, manifested among patients treated with
the proteasome inhibitor bortezomib [51]. Although
the specific origin and secretion mechanism that
accounts for the reduced c-proteasome activity in
the MCI group remain elusive, a damaged ubiquitin-
proteasome system due to disrupted proteostasis may
contribute to auditory phenotypes, such as hearing
loss and tinnitus.

There are several limitations that should be
addressed in the follow-up clinical studies. First,
we enrolled tinnitus subjects with normal hearing to
moderate hearing loss. Although we aimed to min-
imize the confounding effect of hearing loss, mild
or moderate hearing loss has been shown to asso-
ciate with cognitive impairment, leading to dementia
[52, 53]. Second, the present study was designed to
be a cross-sectional study consisting of a relatively
small number of cases. The small number of cases in
the MCI group may cause a bias in obtaining signif-
icant statistical power. To validate the exact role of
c-proteasome activity for predicting cognitive deteri-
oration, a prospective study from a large population is
currently in progress. Lastly, the specific origin of c-
proteasomes in the plasma remains to be determined.
Given the reciprocal relationship between tinnitus
and cognition in terms of auditory selective atten-
tion and working memory [54], it would be desirable
to include a control group consisting of patients with
MCI who do not show audiological phenotypes.

Nevertheless, our results pave the way for
understanding the potential relationship between
c-proteasome activity and MCI, and potentially early-
stage AD. A simple measurement of c-proteasome
activity, as a non-invasive blood-based biomarker,
may provide an important tool in the diagnosis of cog-
nitive dysfunction and selection of subjects requiring
its prevention or treatment among patients with
chronic tinnitus. Considering the importance of pro-
teasomes in protein quality control, it will be of great
interest to understand their ability in the extracellular
region to promote the clearance of aggregation-prone
proteins and their pathophysiological roles.
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