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Abstract

Background: K48-linked ubiquitin chain (Ub-K48) is a crucial ubiquitin chain implicated in protein degradation within the ubiquitin-
proteasome system. However, the precise function and molecular mechanism underlying the role of Ub-K48 in the pathogenesis of
Alzheimer’s disease (AD) and neuronal cell abnormalities remain unclear. The objective of this study was to examine the function
of K48 ubiquitination in the etiology of AD, and its associated mechanism of neuronal apoptosis. Methods: A mouse model of AD
was constructed, and behavioral phenotypic changes were detected using an open field test (OFT). The expression of glial fibrillary
acidic protein (GFAP), an early marker of AD, was detected by western blotting (WB). Neuronal apoptosis in the hippocampal region
was assessed by hematoxylin and eosin (HE) and Nissl staining. Immunohistochemistry and immunofluorescence were performed to
observe the changes in Phosphorylated tubulin associated unit (p-Tau) and Ub-K48 colocalization in neurons of the hippocampal region
of AD mice. WB was further applied to detect the degree of ubiquitylation of K48 and the expression of Tau, p-Tau, B-cell lymphoma-2
(Bcl-2) and Bcl-2-associated X (Bax) proteins in neuronal cells of the hippocampus and cortical regions of mice. Results: Mice with
AD exhibited significantly longer resting times (p < 0.05) and shorter average speeds (p < 0.01), total distances travelled (p < 0.01),
and distances travelled (p < 0.01) in the central region than those in the control group. This indicated cognitive impairment, which
occurred concurrent with an increased expression of the AD marker GFAP protein (p < 0.001). The hippocampal region of AD mice
showed abnormalities with sparsely and irregularly arranged cells, large gaps between cells, lighter staining, unclear boundaries of the
cell membranes and nuclei, and agglutinated and condensed nuclei (p < 0.01). The neuronal cells of AD mice exhibited significantly
elevated levels of p-Tau (p < 0.01) and Ub-K48 (p < 0.01), as well as a notable degree of co-localization within the cells. The intracellular
pro-inflammatory protein Bax was significantly upregulated (p < 0.05), while the Bcl-2/Bax ratio was significantly lower than that in
the control group (p < 0.05), thus inducing apoptosis in AD neuronal cells. Conclusion: Ub-K48 is strongly linked to the development
of AD. p-Tau aggregate in neuronal cells in the hippocampal region of the AD brain and colocalize with Ub-K48, which in turn leads to
cellular inflammation and the induction of apoptosis in neuronal cells.
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1. Introduction rofibrillary tangles (NFTs) are formed by the hyperphos-
phorylation of intracellular Tau.

Alzheimer’s disease (AD) is a prevalent neurodegen-

erative disorder that significantly impairs the physical and
mental health of the elderly, severely impacting quality of
life. As the global population continues to age, AD has
emerged as a significant public health concern for govern-
ments worldwide [1]. It is estimated that by 2050, more
than 130 million individuals will develop AD globally [2].
However, the cause of AD remains unclear, and its patho-
genesis is complex. Pathologically, AD is characterized
by the formation of senile plaques (SP) in the brain tissue,
which comprise deposits of amyloid 8 peptide (A3). Neu-

Impairment of the ubiquitin-proteasome system
(UPS), a major pathway for protein degradation, can result
in the aberrant aggregation of phosphorylated Tau (p-Tau)
[3]. In certain instances, the accumulation of aberrantly
aggregated proteins exceeds the degradation capacity of
the ubiquitin-proteasome system, which can result in the
abnormal accumulation of ubiquitinated proteins, thereby
inducing neuronal dysfunction or apoptosis [4]. The
inhibition of 26S proteasome activity in dopaminergic
neurons in the substantia nigra of mice further results
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in the development of the pathological manifestations
of Parkinson’s disease (PD), including apoptosis of
dopaminergic neurons and formation of Lewy body (LB)
inclusions [5]. The incidence of mitochondrial DNA loss
in LB-positive neurons in PD brains is higher than that
in LB-negative neurons, indicating that mitochondrial
damage is increased in LB-positive neurons, which is a
direct indication that the abnormal function of the UPS
system plays an important role in the pathogenesis of
neurodegenerative diseases [6,7].  This suggests that
multiple proteases within the ubiquitin-proteasome system
are closely linked to dopamine neuron function, and that
their mechanisms of action and substrate recognition
patterns are of broad biological and clinical significance,
providing a new avenue for investigating the pathogenesis
of neurodegenerative diseases. Furthermore, ubiquitin and
certain proteasome subunits have been found in SP and
NFTs, further suggesting that dysfunction of the ubiquitin
protease system may be an important factor contributing to
AD pathogenesis [8].

The K48 ubiquitin chain (Ub-K48) is a crucial form of
substrate labeling for proteasomal degradation. This chain
serves as a signal for proteasomal degradation and its dys-
function is directly related to the degradation of numerous
proteins. It has been demonstrated that USP9X/USP24 pro-
motes cell survival by removing Ub-K48 from Myeloid cell
leukemia 1 (MCL-1), which has been identified as an es-
sential survival factor in midbrain dopaminergic neurons
[9,10]. However, whether Ub-K48 affects p-Tau accumu-
lation in patients with AD remains unclear. Apoptosis is
a ubiquitous physiological phenomenon in eukaryotic cells
that is typically accompanied by the transport of aberrant
proteins and organelles to the lysosomes for degradation. A
decrease in the dopaminergic neuronal marker protein TH,
and an increase in the levels of Ub-K48 have been observed
in clinical PD case reports, as well as in animal and cellular
models. Furthermore, some studies have reported that in-
trinsic apoptosis plays an important role in neurodegenera-
tive lesions, particularly driving neuronal loss by inducing
apoptosis [11-13]. As such, it is imperative to investigate
the functional role of Ub-K48 in neuronal apoptosis during
AD progression.

Although numerous studies have reported the involve-
ment of K48 in the progression of degenerative neurolog-
ical diseases, the mechanism underlying K48 ubiquitina-
tion during AD progression has not yet been reported. In
this study, we successfully constructed an aging mouse
model of AD and observed that p-Tau, accompanied by
K48 polyubiquitination, was highly expressed in neuronal
cells in the hippocampal region, showing significant over-
lap in terms of intracellular localization. This induces cel-
lular inflammatory responses and the expression of the pro-
inflammatory protein Bax in large quantities, which ulti-
mately promoted the apoptosis of neuronal cells.

2. Materials and Methods

2.1 Experimental Animals

Male C57BL/6 mice (Jinan Pengyue, Jinan, Shan-
dong, China) were used for this study under the animal
production license SCXK(LU)2019-0003. The rearing en-
vironment was conducive to maintaining a stable room
temperature and humidity, with natural ventilation, circa-
dian rhythm, and unrestricted access to food and water.
The operation and treatment of mice during the experi-
ment adhered to the guidelines and ethical regulations of
the Wannan Medical College on the humane treatment of
animals. The animal ethics review number was WNMC-
AWE-2023132.

2.2 Reagents and Antibodies

Radioimmunoprecipitation assay buffer (RIPA) lysate
(Beyotime, P0013C, Shanghai, China); phenylmethane-
sulfonylfluoride (PMSF) (Beyotime, ST2573, Shanghai,
China); 5xSDS sampling buffer (Beyotime, P0015L,
Shanghai, China); Glial fibrillary acidic protein (GFAP)
antibody (CST, #3670, Danvers, MA, USA); p-Tau an-
tibody (Invitrogen, MN1020, Carlsbad, CA, USA); Tau
antibody (Abcam, ab308439, Cambridge, UK); Ub-K48
antibody (Millipore, 05-1307, Bedford, MA, USA); B-
cell lymphoma-2 (Bcl-2) antibody (Proteintech, 68103-1-
Ig, Rosemont, IL, USA); Bcl-2-associated x protein (Bax)
antibody (Proteintech, 50599-2-Ig, Rosemont, IL, USA);
B-Actin antibody (Beyotime, AF5003, Shanghai, China);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) an-
tibody (Biosharp, BLO06B, Hefei, Anhui, China); Goat
anti-rabbit IgG (Beyotime, A0208, Shanghai, China); Goat
anti-mouse IgG (Beyotime, A0216, Shanghai, China);
Hematoxylin stain (Phygene, LA0516, Fuzhou, Fujian,
China); Eosin stain (Phygene, BA-4098, Fuzhou, Fujian,
China); Nissl stain (Servicebio, G1036, Wuhan, Hubei,
China); Immunohistochemistry kit (OriGene, Sp-9000,
Rockville, MD, USA).

2.3 Animal Model Preparation and Anesthesia

Specific Pathogen Free (SPF)-grade, 71-week-old,
senescent male C57B/L6 mice (Weight: 31-36 g) were
screened for open field test (OFT) behavioral identification
as an AD model, while 5-week-old healthy mice (Weight:
16-21 g) were used as controls. The mice were anesthetized
with 1% pentobarbital sodium (Yacoo, W0091, Suzhou,
Jiangsu, China), injected intraperitoneally at 15 mg/kg of
body weight and subsequently sacrificed by cervical dislo-
cation. The skull was then peeled off to remove the brain
tissue, which was subsequently divided into two equal parts
for the cryogenic isolation of the hippocampal tissues. One
portion was immersed in a 4% paraformaldehyde solution
and stored in a refrigerator at 4 °C, while the other portion
was placed in a —80 °C refrigerator for subsequent experi-
ments.
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Fig. 1. Open-field test (OFT) assay in Alzheimer’s disease (AD) mice. (A) Open field behavioral tests were conducted on control

(Upper panel) and AD (Lower panel) mice, to record the resting time, average speed, total distance travelled, and distance travelled in

the central region. (B—E) The resting time (B) of AD mice was significantly longer than that of the control group (n= 6, p < 0.05), while
the average speed (C) (n = 6, p < 0.01), distance travelled in the central region (D) (n =6, p < 0.01), and total distance travelled (E) (n

=6, p < 0.01) of AD mice were significantly shorter than that of the control group. Significance symbols indicate: *p < 0.05, **p <

0.01. Con, Control gruop.

2.4 Open Field Test

Open Field Test (OFTs) were conducted on the two
groups of mice separately, recording parameters including
resting time, average speed, total distance travelled, and
distance travelled in the central region during exercise. The
methodology of this study was as follows: First, a clean and
odorless open-field experimental chamber was prepared,
and a camera system (ShXinRuan, XR-XZ301, Shanghai,
China) and behavioral analysis software (ShXinRuan, Su-
perMaze+, Shanghai, China) were set up. The numbers,
dates, and other information for the control and AD groups
were recorded. Subsequently, for each test, one individual
mouse was carefully removed from the feeding cage, and
placed in the central area of the experimental box with its
back facing the experimenter, after which the experimenter
immediately left the study area. Simultaneously, the video
capture system was activated to document the mouse move-
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ments. The environment remained undisturbed throughout
the course of the experiment, which typically lasted for a
period of five minutes. At the end of the experiment, mice
were returned to their feeding cages, the experimental box
was cleaned, and any residual odor was eliminated. Be-
havioral analysis software was subsequently used to auto-
matically calculate the average speed, total distance, and
central area distance of the mice in open fields, thereby en-
abling the evaluation of their activity range and cognitive
levels. Close attention was paid to the standardization of
the experimental environment, adaptation period before the
experiment, quiet environment during the experiment, and
accuracy of data recording throughout the process.

2.5 Hematoxylin and Eosin (HE) Staining

Following necropsy, brain tissues were removed from
the mice and fixed in 4% paraformaldehyde. They were
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Fig. 2. Significant increase in GFAP content in the substantia nigra region of 71-week-old mice, indicating successful AD mod-

elling. (A) The results of immunoblotting demonstrated a significant elevation of GFAP in the substantia nigra region of the brain of

71-week-old mice. (B) Quantitative analysis of the grey scale values of GFAP expression in the substantia nigra region of the brains of

mice in the AD group (A) revealed a significant (n =3, p < 0.001) increase in the substantia nigra region of 71-week-old mice compared

to control 5-week-old mice. Significance symbols indicate: *p < 0.05, **p < 0.01. GFAP, Glial fibrillary acidic protein.

then dehydrated, transparentized, paraffin-embedded and
sectioned at a thickness of 5 um. The paraffin sections were
subsequently baked in an oven at 60 °C for 30 minutes in
order to prevent deslaberation. The sections were then de-
hydrated, stained with hematoxylin for 3—5 minutes, rinsed
with running water for 15-30 minutes, re-stained with eosin
for 10 s, and again rinsed with running water for 15-30 min-
utes. Finally, the sections were sealed with neutral gum and
morphological changes in the brain tissue sections were ob-
served under a microscope (OLYMPUS BX53, Ishikawa-
machi, Hachioji-shi, Japan).

2.6 Nissl Staining

Nissl staining was performed based on a previous re-
port [14] with minor modifications. In brief, paraffin sec-
tions were sequentially treated with xylene and gradient al-
cohol, and washed with double-distilled water for 3 min
each. The sections were then immersed in a Nissl staining
solution for 2—5 minutes, rinsed until the running water was
colorless, and observed under a microscope. Differentia-
tion was subsequently performed with appropriate amounts
0f 0.1% glacial acetic acid, according to the staining results.
The slices were then dried and sealed with neutral gum.

2.7 Immunohistochemistry

The immunohistochemistry employed in this study
was primarily based on methodologies outlined in a previ-

ous report [ 15], with minor modifications. In brief, follow-
ing perfusion with 4% paraformaldehyde, the brain tissue
was sliced (at a thickness of 5 pm) following dehydration,
transparency, and paraffin embedding. The brain slices
were sequentially treated with xylene and a gradient alco-
hol solution, mixed with citrate buffer for microwave anti-
gen repair, and then titrated with primary antibodies (Tau
1:500, p-Tau 1:100, and Ub-K48 1:200) and incubated in a
refrigerator at 4 °C overnight. Subsequently, the slices were
incubated with biotin-labelled histochemical secondary an-
tibodies (goat anti-rabbit IgG 1:50, Goat anti-mouse IgG,
1:50). The 3,3’-Diaminobenzidine (DAB) staining solution
was finally added. Subsequently, the cells were stained
with hematoxylin for 4 min, after which they were rinsed
with running water for 15 to 30 min. The slices were then
sealed with neutral resin, and analyzed using a microscope
(OLYMPUS, BX53, Ishikawa-machi, Hachioji-shi, Japan).
The numbers of cells which stained positive for Tau, p-Tau,
and Ub-K48 were determined using Image J software (NIH,
Image J 1.8.0, Bethesda, MD, USA), and statistical analy-
sis was performed using GraphPad Prism 8.0.1 (Dotmatics,
GraphPad Prism 8.0.1, San Diego, CA, USA).

2.8 Western Blot

The experimental mice in each group were anes-
thetized (1% Pentobarbital sodium (Yacoo, WO0091,
Suzhou, Jiangsu, China)), after which the brain tissue was
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Fig. 3. Morphological and quantitative analysis of neuronal cells in the hippocampus of AD mice. (A) Results of hematoxylin and
eosin (HE) staining demonstrated that the neurons in the CA1 area of the hippocampus of the control group mice were neatly arranged,
with a regular morphology, rounded nuclei, darker coloring, and tightly packed cells. The cells in the CA1 area of the hippocampus of
mice in the AD group exhibited abnormalities, including an irregular and sparse arrangement, large gaps between cells, lighter coloring,
and unclear boundaries of the cell and nuclear membranes. (B) Nissl staining further demonstrated a significant reduction in the number
of neurons in the CA1, CA2 and CA3 regions of mice in the AD model group. (C) Statistical analysis of Nissl staining results of the AD
group compared with the normal group (n= 6, p < 0.01). Significance symbols indicate: **p < 0.01. Scale bar equals 50 um or 200 pm.
The arrows in the Con group refer to normal neuronal cells, while the arrows in the AD group refer to neuronal cells that are abnormally

trending towards apoptosis.

exposed and removed. The entire procedure was con-
ducted at a low temperature to prevent protein degradation.
The brain tissues were placed in pre-cooled saline and
thoroughly washed to remove blood and other impurities.
Samples were then weighed on ice and the required
quantities of cell lysate and protease inhibitor were added.
Subsequently, the brain tissue was thoroughly ground
using a tissue homogenizer (BKMAMLAB, BK-HTG80,
Changsha, Hunan, China) to obtain a homogenate. In brief,
the brain tissue homogenate was sonicated for a duration
of three seconds using a sonicator (Tenln, TY-250Y,
Yancheng, Jiangsu, China), after which it was incubated
on ice for a period of thirty minutes. Subsequently, the
brain tissue suspension was subjected to centrifugation
at 4 °C (12,000 rpm for 15 minutes) using a high-speed
centrifuge. Following centrifugation, the supernatant from
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the upper brain tissue protein was carefully aspirated,
flash frozen in liquid nitrogen, and stored in an ultra-low
temperature refrigerator (Midea, MDS86L708, Foshan,
Guangdong, China) at —80 °C. The extracted proteins were
then quantified using a bicinchoninic acid (BCA) protein
quantification kit.

Following the extraction of tissue protein, 5 x SDS up-
sampling buffer was added, and the mixture was heated to
95 °C for denaturation. Subsequently, the proteins in the
gel were electrotransferred onto a polyvinylidene difluo-
ride (PVDF) membrane, which was subsequently blocked
with skim milk powder for a period of two hours. Sub-
sequently, the membrane was incubated with the primary
antibody (GFAP 1:1000; Tau 1:1000; p-Tau 1:1000; Ub-
K48 1:1000; Bcl-2 1:1000; Bax 1:500; 5-Actin 1:2000; and
GAPDH 1:2000) at a temperature of 4 °C for a period of 16
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hours. The membrane was then incubated with a secondary
antibody (goat anti-rabbit IgG 1:1000; goat anti-mouse IgG
1:1000) at room temperature for 2 h. Use Image J software
(NIH, Image]J 1.8.0, Bethesda, MD, USA) for WB grey
value quantification. The initial normalisation of the quan-
titative results of the WB was achieved by dividing the grey
values for the target protein by those of the corresponding
internal reference protein (GAPDH or S-actin). This was
followed by a second round of normalisation for the target
protein, whereby the normalised data for the grey values of
the four sets of proteins were divided by the normalised re-
sults for the grey values of the target protein in the specially
designated control group. And then statistically analyse the
data in the graphpad prism software (Dotmatics, GraphPad
Prism 8.0.1, San Diego, CA, USA).

2.9 Immunofluorescence

Mouse brains were fixed with formaldehyde, after
which the fixed brain tissue was dehydrated using 15%
and 30% sucrose. Each dehydration step lasted 48 h. Fol-
lowing dehydration, brain tissues were stored in a —80 °C
refrigerator. Frozen brain tissues were sectioned using a
microtome. The blades and tissues were kept moist dur-
ing sectioning to prevent any breakage or curling. Sec-
tions were finally placed on clean microscope slides in a
box in the dark. Brain slices were washed with Phosphate
buffered saline (PBS) to remove the fixative and contami-
nants, permeabilized with Phosphate-Buffered Saline with
Tween 20 (PBST) containing Triton X-100, and blocked
with bovine serum albumin (BSA) to minimize any non-
specific staining. After sealing, specific primary antibod-
ies (p-Tau 1:100, Ub-K48 1:200) were added to the brain
slices for incubation overnight at 4 °C. The primary an-
tibody was then washed with PBS, after which fluores-
cein isothiocyanate (FITC)- or tetramethylrhodamine thio-
cyanate (TRITC)-labeled secondary antibodies were added
for incubation at room temperature for 2 h. The nuclei were
stained with 2-(4-Amidinophenyl)-6-indolecarbamidine di-
hydrochloride (DAPI). The brain slices were then washed
with PBS, and an anti-quencher was added. Finally, cover-
slips were added and pressed to remove air bubbles. Sealed
slices were finally observed under a fluorescence micro-
scope, and photographs were taken to record and analyze
the results. Quantitative statistics of immunofluorescence
positive cells were performed by counting positive cells us-
ing Image J software (NIH, ImageJ 1.8.0, Bethesda, MD,
USA), and the count results were subjected to ¢-test us-
ing Prism software (Dotmatics, GraphPad Prism 8.0.1, San
Diego, CA, USA) to calculate the significant difference be-
tween each two groups.

2.10 Statistical Analysis

All experimental data were subjected to one-way anal-
ysis of variance (ANOVA) in the statistical software SPSS
26.0 (IBM Corp., Armonk, NY, USA), with the results ex-

pressed as mean =+ standard deviation (Z £ s). Two-by-two
comparisons between groups were performed using 7-test
analysis. Statistical significance was set at p < 0.05.

3. Results
3.1 AD Mouse Exhibits Severe Behavioral Abnormalities

SPF grade C57B/L6 mice aged 71-weeks-old were se-
lected as the animal model of AD, while healthy 5-week-old
SPF grade C57B/L6 mice were used as the control group.
Behavioral assays for the OFT were conducted separately
for the two groups of mice. The results of the behavioral
tests indicated that AD mice exhibited significantly longer
resting times than controls (Fig. 1A,B) (p < 0.05), but sig-
nificantly lower average speed (Fig. 1C) (p < 0.01), cen-
tral area distance (Fig. 1D) (p < 0.01), and total distance
(Fig. 1E) (p < 0.01), suggesting that AD mice developed
cognitive impairment and exhibited abnormal behaviors.

3.2 The Substantia Nigra of AD Mice Exhibited a High
Expression of GFAP

Several studies have previously demonstrated that
GFAP is indicative of glial cell activation, and thus func-
tions as a valuable diagnostic marker for the early detection
of AD. This study employed naturally aged 71-week-old
SPF-grade C57BL6 mice as an animal model of AD, with
healthy 5-week-old SPF C57BL6 mice serving as the con-
trol group. Brain tissues were obtained from six mice in
each group, with the substantia nigra region precisely local-
ized, and the expression of GFAP protein in the brain was
detected via immunoblotting. The results demonstrated that
the substantia nigra region of mice exhibited a high level of
GFAP protein expression (Fig. 2A,B) (p < 0.05), indicating
the occurrence of AD. For all original Western Blot figures
in Fig. 2A, see the Supplementary Materials. This fur-
ther suggests that the naturally senescent 71-week-old mice
in this study were successfully modelled for AD.

3.3 Aberrant Neuronal Cells were Observed in the
Hippocampal Region of AD Mice

In this study, the number and morphology of neurons
in the hippocampal region of both control and AD groups
were observed using hematoxylin and eosin (HE) and Nissl
staining. The results of HE staining revealed that the neu-
rons in the CA1 region of the hippocampus of control group
mice were neatly and regularly arranged in terms of mor-
phology, while the nuclei of the cells were rounded and
full, with darker staining (Fig. 3A, left panel). The cells
of the hippocampus in the CA1 region of AD mice exhib-
ited aberrant morphology, disorganized arrangement, and
extensive intercellular spaces, with pale staining (Fig. 3A,
right panel). The boundaries between the cell and nuclear
membranes were not clearly delineated, while the cell nu-
clei exhibited deep staining and evidence of nuclear rupture
in the AD hippocampus (Fig. 3A, right panel).
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Fig. 4. Increased number of K48-linked ubiquitin chain (Ub-K48) and p-Tau positive cells in the hippocampal region of AD

mice. (A) Immunohistochemical staining for Tau protein in the hippocampal region of control and AD mice; (B) Immunohistochemical

staining for Phosphorylated Tau (p-Tau) protein in the hippocampal region of control and AD mice; (C) Immunohistochemical (IHC)

staining for Ub-K48 in the hippocampus of control and AD mice are shown; (D) Statistical analysis of IHC staining results of the AD

group compared with the Con group (p-Tau, n =6, p < 0.01; Ub-K48, n=6, p < 0.01). Significance symbols indicate: "*p > 0.05, *p

< 0.05, **p < 0.01. Scale bar equals 200 um.

Nissl staining revealed a significant reduction in the
number of neurons in the CA1l, CA2, and CA3 regions of
AD mice (Fig. 3B, right panel), as well as a significant re-
duction in the number of neural progenitor cells in the CA3
region (Fig. 3B, right panel, Fig. 3C) (p < 0.01). These
findings were significantly different from those in the nor-
mal 5-week group (Fig. 3B, left panel; Fig. 3C) (p < 0.01),
indicating that neuronal cells in the hippocampal region of
AD mice undergo apoptosis.

3.4 The Hippocampus of AD Mice Exhibited Increased
p-Tau and Ub-K48-positive Neuronal Cells

Tau, p-Tau, and Ub-K48 levels in the hippocampal re-
gions of the brains of control and AD mice were examined
by immunohistochemistry, with results demonstrating that
Tau did not undergo significant changes in neurons within
the hippocampal region of AD mice (Fig. 4A). In contrast,
we observed a notable increase in the number of neuronal
cells that stained positive for p-Tau (Fig. 4B) and Ub-K48
(Fig. 4C), accompanied by a significant increase in their ex-
pression levels (Fig. 4D). These findings indicate that p-Tau
interacts with Ub-K48, potentially contributing to neuronal
apoptosis in the hippocampus.

3.5 Consistent Trends in Protein Expression of p-Tau and
Ub-K48 in Hippocampus of AD Mice

Subsequent analyses involved examination of the al-
terations in the protein expression levels of Tau, p-Tau, and
Ub-K48 in the hippocampal regions of the brains of control
and AD mice by immunoblotting. The results demonstrated
no significant difference in Tau expression in the hippocam-
pus and cortex between normal and AD mice (Fig. 5A,B).
In contrast, p-Tau expression was significantly higher in
the hippocampal region of AD mice than in the Con group
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(Fig. 5C-E) (p < 0.01). Further, we observed Ub-K48
in the hippocampal and cortical regions of both control
and AD mice (Fig. 5F), with no significant differences ob-
served between groups (Fig. 5F,G, right panel). The level
of Ub-K48 was markedly increased in the hippocampal re-
gion of the mouse brain in AD model mice (Fig. SF,G, left
panel) (»p < 0.01). For all original Western Blot figures
in Fig. 5A,C/F, see the Supplementary Materials. These
results were in general agreement with the immunohisto-
chemistry results, and clearly indicated that the lesions in
the brains of AD mice are primarily due to the accumulation
of Ub-K48 and p-Tau proteins in neuronal cells in the hip-
pocampus. In contrast, the biochemical pathways in other
areas of the brain, such as the cortical area, appeared to be
similar to those in the normal AD mice (Fig. 5SA-G, right
panel).

3.6 Co-localization of p-Tau and Ub-K48 in the
Hippocampus of AD Mice

We subsequently strived to ascertain the relation-
ship and localization of p-Tau and Ub-K48 in neuronal
cells within the hippocampal region. Immunofluorescence
double-labeling experiments were performed to ascertain
the localization and interrelationship of p-Tau and Ub-K48
in neuronal cells in the hippocampal region, with findings
demonstrating that p-Tau and Ub-K48 were co-localized in
the hippocampal region of AD mice (Fig. 6). These findings
indicated that the formation of Ub-K48 ubiquitin chains
may be accompanied by the accumulation of p-Tau.

3.7 The Presence of Apoptotic Markers in the
Hippocampal Neuronal Cells of AD Mice

Finally, we sought to ascertain the impact of the accu-
mulation of Ub-K48 and p-Tau proteins on neuronal cells in
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Fig. 5. Protein expression levels in mouse hippocampal regions. (A,B) Tau was expressed in mouse hippocampal and cortical regions,
as detected by immunoblotting, with no differences between groups. (C,D) Significant differences in the expression of p-Tau in the AD
model groups were observed in the hippocampal region of the mouse brain, as detected by immunoblotting (n = 3, p < 0.01), with
no difference observed in the cortical region. (E) Quantitative comparative statistical analysis of the ratio of p-Tau to Tau (n=3, p <
0.01). (F,G) Ub-K48 was observed in the hippocampal region of the mouse brain, and exhibited a significant elevation in the AD group
compared to the control group (n =3, p < 0.01). Additionally, K48 ubiquitination was observed in the cortical region of the mouse brain

in both the normal and AD model groups, although no significant differences were observed. Significance symbols indicate: "*p > 0.05,
%%
p < 0.01.
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Fig. 6. Immunofluorescence of Ub-K48 and p-Tau-specific antibodies in the hippocampus of mice. (A) Compared with the control
group, mice in the AD group showed a significant increase in co-localization of Ub-K48 and p-Tau in the hippocampal region. Scale
bar equals 200 pm. (B) Statistical analysis of Immunofluorescence (IF) staining results of the AD group compared with the Con group
(Ub-K48,n=6, p < 0.01; p-Tau, n= 6, p < 0.05). Significance symbols indicate: *p < 0.05, **p < 0.01. DAPI, 2-(4-Amidinophenyl)-
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Fig. 7. Neuronal cells in the hippocampal region of AD mice showing signs of apoptosis. (A) Immunoblotting experiments showed a

significant reduction in the expression of Bcl-2 in the hippocampal region of the brain in AD mice. (B) A quantitative statistical analysis

of grayscale values of immunostained bands in (A) was conducted (n = 3, p < 0.01). (C) Immunoblotting showed an increase in the

expression of the pro-inflammatory protein Bax in neuronal cells in the hippocampal region of AD mice. (D) Quantitative statistical

analysis of the grayscale values of the immunoblotted bands in (B) (n =3, p < 0.05). (E) Quantitative comparative statistical analysis
of the ratio of Bcl-2 to Bax (n =3, p < 0.05). Significance symbols indicate: * p < 0.05, ** p < 0.01. Bcl-2, B-cell lymphoma-2; Bax,
Bcl-2-associated x protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

the hippocampal region of AD mice. The expression of the
apoptosis-related factors Bax and Bcl-2 was examined in
both the hippocampal and cortical regions of AD mice using
immunoblotting. The results demonstrated that the expres-
sion of Bcl-2 protein in the hippocampal region of the brains
of AD mice decreased (Fig. 7A,B) (p < 0.01), whereas the
expression of the pro-inflammatory protein Bax increased
(Fig. 7C,D) (p < 0.05). For all original Western Blot figures
in Fig. 7A,C, see the Supplementary Materials. The Bcl-
2/Bax ratio was significantly lower than that in the control
group (Fig. 7E) (p < 0.05). These findings indicated that
neuronal cells in the hippocampal regions of AD mice un-
derwent inflammation and exhibited signs of apoptosis.
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Overall, the above findings collectively delineate a
pathway of action orchestrated by the Ub-K48-p-Tau-Bcl-
2/Bax pathway in AD pathogenesis. In essence, p-Tau is
unable to undergo degradation due to impairment of the
UPS, leading to its accumulation in neuronal cells within
the hippocampal region of AD. This, in turn, results in a cel-
lular inflammatory response. Subsequently, a substantial
quantity of inflammatory factors is released, accompanied
by a notable expression of the pro-inflammatory protein
Bax. The Bcl-2/Bax ratio was significantly lower than that
of the control group, which promoted neuronal cell apop-
tosis and ultimately contributed to the development of AD

(Fig. 8).
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Fig. 8. A graphical summary of the potential mechanistic pathways of the Ub-K48 in AD development. Given that p-Tau cannot

be degraded due to damage to the ubiquitin-proteasome system (UPS), it accumulates in the AD hippocampus. This results in the release

of numerous inflammatory factors along with Bax and Bcl-2, which promote cell death and contribute to AD. The model drawings for
this graphic summary were created using Adobe Illustrator 2020 (Adobe Inc., 24.2, San Jose, CA, USA).

4. Discussion

Abnormal aggregation of p-Tau is a key factor in AD
pathogenesis. The formation of NFTs is considered a typi-
cal pathological feature of AD, leading to neuronal degen-
eration, subsequently resulting in learning and memory im-
pairments [16,17]. The study of p-Tau proteins provides the
foundation for exploring the treatment of AD lesions. As
such, inducing the intracellular degradation of p-Tau pro-
teins and inhibiting their aberrant aggregation may repre-
sent an effective method for treating AD [18-20]. The re-
sults of the present study demonstrated that neuronal cells
in the hippocampal region of mice with AD at 71 weeks of
age exhibited aberrant aggregation of p-Tau protein. This
finding provides further theoretical support for the hypoth-
esis that aging is a high-risk factor for AD.

The hippocampus is a vital part of the central nervous
system, that plays a key role in the acquisition of knowl-
edge and memory retention. Histopathological studies of
patients diagnosed with AD have revealed significant neu-
ronal losses and deletions in the hippocampus and cortical
areas of the frontal and temporal lobes of the brain. These
observations have further identified intracellular neuronal
fibrous tangles and granular vacuolar degeneration, which
contribute to the gradual deterioration of learning and mem-
ory in patients with AD [21,22]. This deterioration can have
a profound effect on cognitive function and physical health
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[23]. The hippocampal CA regions are initially affected
by the deposition of plaques and fibrous tangles during the
early stages of AD. Among these regions, damage to the
CA3 has been highly correlated with memory and cogni-
tive abilities [24,25]. In the present study, we focused on
the pathological changes and neuronal morphology in the
hippocampal region (CA1-3) of the brain in a 71-week-old
mouse model of AD. Our results suggest that aging is in-
deed one of an important factor in the development of AD.

The UPS is the primary pathway for intracellular pro-
tein degradation, functioning to precisely regulate intracel-
lular protein degradation to maintain normal cellular physi-
ological functions [26]. The complete UPS comprises ubig-
uitin, ubiquitin-related enzymes (ubiquitin-activating en-
zyme E1, ubiquitin-conjugating enzyme E2, and ubiquitin-
ligase enzyme E3), deubiquitinating enzymes, the protea-
some, and its substrates [27,28]. Perry et al. [29] ini-
tially observed a considerable quantity of ubiquitin in the
brains of patients, and subsequent study has demonstrated
elevated levels of ubiquitin, reduced proteasome activity,
and elevated levels of ubiquitin carboxy-terminal hydro-
lase (UCHL) in the brains of patients with AD [28]. Fur-
thermore, abnormal UCHL expression has been observed,
confirming a direct relationship between UPS abnormalities
and AD [30,31]. Research has further shown that UCHL-
1 in UPS can degrade abnormal Tau proteins in AD brain,
while increasing UCHL-1 protein activity can reduce the
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deposition of NFTs in the brain [32]. Additionally, dimin-
ished UPS function has been postulated to contribute to and
exacerbate the progression of neurodegenerative disorders.
In the present study, we observed significant aggregation
of Ub-K48 and its potential substrate, p-Tau, in neuronal
cells in the hippocampal region of the brain in an AD mouse
model, suggesting that the UPS proteasome system is de-
fective in neuronal cells. Several drugs targeting different
components of the UPS that are currently under develop-
ment have further demonstrated good clinical efficacy [33—
35]. Consequently, the UPS is an important target for the
clinical development of potentially effective drugs for AD.
The modulation of the UPS pathway is likely to emerge as
a new target for future AD [36,37].

It should be noted that the ubiquitination of substrate
proteins encompasses both mono-ubiquitination, which is
commonly associated with a change in the substrate pro-
tein state [38,39], and poly-ubiquitination, which can result
in either a change in the substrate protein state, or homeo-
static control [40]. With regard to Tau proteins, study has
demonstrated that Tau can be ubiquitinated by Ub-K48, -
K63, -K6, -K11, and -M1. Ub-K48 is the most prevalent
form of ubiquitination and primarily utilizes the ubiquitin-
proteasome system to degrade Tau [41]. Furthermore, K63
ubiquitination primarily utilizes the autophagic system to
regulate Tau protein levels [42]. Additionally, Tau has been
shown to decrease the levels of Ub-K6 and Ub-K 11, which
can impede proteasomal function. Furthermore, Ub-M1,
which is linked to neuronal cell death, occurs after Ub-K48
in Tau [41]. Several studies have demonstrated that mono-
ubiquitination of Tau impairs its binding to microtubules,
whereas mono-ubiquitination of the N-terminus of Tau may
inhibit its aggregation [43,44]. Phosphorylation is one of
the most prevalent post-translational modifications of Tau
proteins (p-Tau) and can alter the conformation and stabil-
ity of Tau proteins, consequently affecting their interaction
with the ubiquitination system [45]. Phosphorylation can
further facilitate the ubiquitination of tau proteins, thereby
accelerating their degradation [46]. However, this promo-
tion may be influenced by the phosphorylation site and de-
gree of phosphorylation; further research is required to elu-
cidate the specific type of ubiquitination modification of p-
Tau that occurs in AD.

Ub-K48 represents a significant form of ubiquitin
chain organization within the UPS, marking proteins for
degradation. The present study demonstrated a marked
increase in K48 polyubiquitinated chains in the AD hip-
pocampal structural region, accompanied by a marked up-
regulation of p-Tau. Furthermore, the two proteins showed
overlapping intracellular localization in neurons, and were
hypothesized to form polymers with each other. In neuronal
cells in the hippocampal region of the mouse brain, AD p-
Tau protein was labelled and accumulated by Ub-48. It has
been postulated that p-Tau cannot be degraded and accumu-
lates in neuronal cells in the hippocampal region of AD due
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to damage to the UPS proteasome, which in turn induces
a caspase/apoptotic cascade and inflammatory response in
the cells. Subsequently, inflammatory factors were released
in large quantities, accompanied by a notable expression of
pro-inflammatory protein Bax, and the ratio of Bcl-2/Bax
was significantly lower than that of the control group, which
ultimately promoted neuronal cells to undergo apoptosis.
Overall, the present study revealed the reason for the ab-
normally high expression of Ub-K48 in hippocampal neu-
ronal cells in AD and its mechanism of action in inducing
neuronal apoptosis. Subsequent studies will focus on iden-
tifying the link between the ubiquitin-proteasome pathway
responsible for the accumulation of Ub-K48-tagged p-Tau
protein and the signaling pathways of the p-Tau protein that
cause apoptosis in cells with a lower ratio of Bcl-2/Bax. A
further avenue for future research would be to investigate
the correlation between the levels of Ub-K48 and the on-
set and progression of AD. Additionally, the relationship
between Ub-K48 levels and the extent of cognitive differ-
ences in the brain associated with neurodegenerative dis-
orders, such as AD, may also be of interest. The findings
of this study will facilitate the identification of potential di-
agnostic and therapeutic targets for neurodegenerative dis-
eases at the epigenetic level, which show enable a clearer
understanding of the target and mode of action of this sig-
naling pathway in the process of AD, as well as the explo-
ration of new targets for the effective clinical diagnosis and
treatment of AD.

Despite the valuable contributions of this study, it is
crucial to note several limitations and opportunities for fu-
ture refinement. First, the scope of this study did not en-
compass the potential relationship between Ub-K48 and
NFT formation, particularly in relation to Tau. As such,
this relationship warrants further exploration, as it may be
associated with AD progression. Second, the significant
age disparity between the AD model (71-week-old C57BL6
mice) and control (5-week-old mice) may have introduced
confounding age-related variables that could have obscured
AD-specific effects. Addressing this issue by using age-
matched mice would strengthen future research. Moreover,
the modest sample size of 40 mice limits the generaliz-
ability of our findings. Increasing the sample size could
consolidate the results and broaden their applicability. Ad-
ditionally, the study focused on Tau, p-Tau, and Ub-K48
proteins in the hippocampus, while neglecting other mark-
ers and pathways associated with AD, which could offer a
more holistic view of disease mechanisms. Incorporation
of these additional markers is recommended in future stud-
ies. Finally, the current study provides only a snapshot of
protein expression and behavioral abnormalities at discrete
time points. Longitudinal studies may offer valuable in-
sights into the temporal progression of AD and dynamic
changes in protein expression, thereby enhancing our un-
derstanding of disease mechanisms and progression.
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5. Conclusion

In the present study, we found that a large number of
misfolded p-Tau proteins that accumulated in hippocampal
neuronal cells underwent Ub-K48 modification, which led
to inflammation in hippocampal neuronal cells, disrupted
the balance of the Bcl-2/Bax signaling pathway, and in-
duced apoptosis, ultimately leading to cognitive deficits in
mice with AD. This study reveals the cause of the abnor-
mally high expression of Ub-K48 in hippocampal neuronal
cells in AD, and its mechanism of inducing neuronal cell
apoptosis. This information should promote the exploration
of new targets for the effective clinical diagnosis and treat-
ment of AD of different degrees.
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