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Abstract: Background: Minocycline has multiple neuroprotective roles in abundant brain diseases,
including the prevention and treatment of Alzheimer’s disease (AD). Cdk5/p25 signaling plays an
important role in the onset and development of Alzheimer’s-like pathology. The aim of the present
work was to further explore the underlying mechanism which minocycline effects on Cdk5/p25 sig-
naling related to Alzheimer’s-like pathology.

Methods: The cognitive function of animals was measured by the Morris water maze test. The lev-
els of Ap were determined by an enzyme-linked immunosorbent assay. The levels of APP, - and y-
secretases, and the biomarkers of tau (total tau and hyperphosphorylated tau), inflammatory cyto-
kine and matrix metalloproteinases (MMP-2 and MMP-9), and biomarkers of synapse and Cdk5/p25
signaling, were detected by the Western blotting. The biomarkers of the synapse, inflammatory cy-
tokine, and matrix metalloproteinases (MMP-2 and MMP-9) were also determined by immunofluo-
rescence.

Results: Minocycline improved learning and memory in APP/PS1 mice. It limited the production of
AP and hyperphosphorylation of tau in the hippocampus and ameliorated synaptic deficit. Moreover, it
also inhibited the activation of Cdk5/p25 signaling, inflammation, and matrix metalloproteinases.

Conclusion: Minocycline mitigates Alzheimer’s-like pathology via limiting the activation of

Cdk5/p25 signaling pathway and improves cognitive deficits.

Keywords: Minocycline, Alzheimer’s disease, pathology, synapse, cyclin-dependent kinase 5, anti-inflammatory drugs.

1. INTRODUCTION

Alzheimer's disease (AD) is a progressive neurodegener-
ative disease of the brain featured by cognitive impairment
and dementia in its later stage. The prevalence of AD in-
creases substantially after the age of 70 and may affect
around 50% of people over the age of 85. With the rapid
growth of the world's aging With the rapid growth of aging
population,, a global focus on reducing mortality and mor-
bidity from AD is more urgent than ever. To date, a variety
of medications are used to prevent the progress of AD, such
as melatonin [1], donepezil [2, 3], galantamine [4], and
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memantine [1]. Some of them may help in maintaining think-
ing skills, slowing memory loss, improving communication
skills, and helping with certain behavioral problems. Howev-
er, all these drugs have either limited side effects or adverse
side effects [5]. Until now, none of the drugs is likely to suc-
cessfully cure AD [6, 7]. It is well accepted that there is an
association between the inflammatory system and Alzheimer's
disease, such as the release of inflammatory cytokines, matrix
metalloproteinases (MMPs), oxidative stress, and apoptotic
molecule [8-11]. Therefore, it is of great significance to seek
and develop anti-inflammatory drugs for AD [11].

Minocycline, a semisynthetic tetracycline, has originally
been applied to treat a variety of infectious diseases with
relatively few adverse effects. Minocycline can easily pene-
trate through the blood-brain barrier since it has high lipo-
philicity [12], indicating that minocycline is an ideal candi-
date for treating the diseases of the central nervous system
[13]. An effective neuroprotective property of minocycline
has been well reported, such as anti-inflammatory, antioxi-
dant, and anti-apoptotic properties. It is also known as a
powerful inhibitor of matrix metalloproteinases (MMPs)

© 2022 Bentham Science Publishers


http://crossmark.crossref.org/dialog/?doi=10.2174/1570159X19666211202124925&domain=pdf

1784 Current Neuropharmacology, 2022, Vol. 20, No. 9

-7d od

Adaptation | «——— Minocycline(i.g.) ——

Zhao et al.

Tissue follection

30

Fig. (1). The experimental process and schematic schedule. i.g.: intragastric administration; MWM, Morris water maze.

[14-17]. Furthermore, the pharmacological effects of mino-
cycline on several neurological disorders have been evi-
denced, including stroke [18, 19], multiple sclerosis [13, 20],
Alzheimer’s disease [21], and other neurodegenerative dis-
orders [1].

Cyclin-dependent kinase 5 (Cdk5), a unique member of
the cyclin-dependent kinases (Cdks), has been found to asso-
ciate with the pathogenesis of AD as Cdk5/p25 is of vital
importance in the development of synaptic functions and
cognitive impairment [22, 23]. Over-activation of Cdk5/p25
signaling induces aberrant hyperphosphorylation of various
substrates, like amyloid precursor protein (APP), tau, and
neurofilament, resulting in Alzheimer’s-like pathology [24].
Increasing studies have demonstrated the roles of Cdk5/p25
signaling in the pathophysiological mechanisms of AD [25-
27]. In this study, we analyzed the changes in the hippocam-
pus of APP/PS1 transgenic mice regarding Alzheimer’s-like
pathology after minocycline administration. These parame-
ters indicated that that minocycline alleviates the pathology
of AD via inhibiting the activation of Cdk5/p25 signaling,
inhibiting the production of AB and hyperphosphorylation of
tau, and improving synaptic deficit.

2. MATERIALS AND METHODS
2.1. Animals and Drugs

In this study, the 120-day male APP/PS1 transgenic mice
were purchased from the Institute of Laboratory Animal Sci-
ence, Chinese Academy of Medical Sciences & Peking Un-
ion Medical College. They were housed in individual cages
under controlled light and environmental conditions (12h
light/12h dark cycle at 23+£2°C and 50£10% humidity) with
access to standard laboratory food and water. All rats were
habituated to the cage for 7 days before the experiments. The
experimental process and schematic schedule are demon-
strated in Fig. (1). The transgenic mice were randomly divid-
ed into two groups: AD model control group (n=6) and
minocycline-treated group (50mg/kg/d, n=6).

Minocycline (100 mg/capsule, Huishi Pharmaceutical
Limited Company, China) was diluted to 0.5 mg/mL concen-
tration by normal saline. The animals in the minocycline
intervention group were administered a dose of 50 mg/kg
body weight once per day by intragastric administration (i.g.)
for 30 consecutive days, while each mouse with vehicle
treatment received an equal volume of normal saline as con-
trol. The minocycline dosage was determined according to
the previous studies [28, 29]. Each test was performed with
12 samples (6/Control, 6/Minocycline) and three times.

All the experiments were conducted in accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. All animal experiments were in ac-
cordance with the ethical standards approved by the Re-

search Ethics Committee of the Hubei University of Medi-
cine.

2.2. Morris Water Maze (MWM) Test

The implemented MWM test includes place navigation
and spatial probe. Firstly, the mice were adapted to the pool
environment for 3 days at a steady temperature (20°C-24°C)
and humidity (60-80%) before the MWM test with 4 trials
per day. All mice were placed in a circular pool of water and
allowed to escape and reach a hidden platform. The mice
were given a maximum of 60s to find the hidden platform.
Then, the acquisition trial was considered the training trial to
find the hidden platform. The time spent to reach the hidden
platform was recorded as the escape latency for the spatial
learning performance. On day 8, the mice were subjected to
the probe trial to assess spatial memory. The time in the tar-
get quadrant and the times crossing the former platform area
were recorded for testing spatial memory performance. The
experimental procedures of the MWM test were monitored
using Morris Image System (Shanghai DOiT Industrial Co.,
Ltd.).

2.3. Enzyme-linked Immunosorbent Assay (ELISA)

After behavioral testing, all the mice were anesthetized
and perfused transcardially with ice-cold normal saline.
Brains were quickly removed, dissected at the midsagittal
plane, and placed on ice. Tissues were homogenized in tissue
protein extraction reagent buffer (Biosource International,
Inc, Camarillo, CA, USA). 4-benzenesulfonyl fluoride hy-
drochloride (Sigma Chemical Co,) was added to tissue ly-
sates to prevent the degradation of APB. The concentrations of
AP1-40 and AB1-42 were measured using a sandwich ELISA
kit (Invitrogen, Carlsbad, CA) according to the manufactur-
er’s instructions. The optical densities in each well were
measured using a plate reader at 450 nm. A standard curve
for the ELISA test was measured to determine the concentra-
tion of antigen in a sample, while a standard curve using a
solution of known concentration was prepared in advance.

2.4. Immunofluorescence Staining

One hemisphere was fixed in 4% paraformaldehyde, fol-
lowed by embedding in paraffin for immunohistochemical
analyses. Briefly, sections (50 um) were cut with a freezing
microtome. Permeabilization and blocking were obtained by
incubating the sections for 1h at room temperature in PBS
containing 0.5% Triton X-100 (vol/vol) and 3% bovine se-
rum albumin. Paraffin-embedded tissue sections were depar-
affinized and hydrated through a series of graded ethanol
solutions, followed by 0.1 M Tris, pH 7.6. Sample sections
were blocked in 5 % goat serum with 0.3 % Triton X-100 for
1 h at RT and then incubated overnight at 4 °C with the fol-
lowing primary antibodies: mouse monoclonal anti-MAP1
(Abcam, Cambridge, MA, USA), mouse monoclonal anti-
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SYP (Abcam, Cambridge, MA, USA), mouse monoclonal
anti-PSD95 (Abcam, Cambridge, MA, USA), mouse mono-
clonal anti-IL-1B (Santa Cruz, CA, USA), mouse monoclo-
nal anti-MMP-2 (Santa Cruz, CA, USA), and mouse mono-
clonal anti-MMP-9 (Santa Cruz, CA, USA). The sections
were then incubated with fluorescence-conjugated secondary
antibodies (Alexa Fluor Cy3 and Alexa Fluor 488, Beyotime,
China). Nuclei were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI) (Beyotime, China) at RT for 10 min. The co-
verslips were installed onto glass slides using Antifade
Mounting Medium (Beyotime), and the sections were visual-
ized and photographed with a laser scanning confocal micro-
scope (Leica TCS-SP2, Germany) or NEX-247 COPE mi-
croscope (NE900, USA). Quantification of the fluorescent
signal intensity was done by image analysis software (Im-
age-Pro Plus 6.2, Media Cybernetics).

2.5. Western Blotting

Western blotting was carried out according to the manu-
facturer’s instructions and previous studies [30, 31]. Cerebral
cortex and hippocampus extracts were loaded onto 10-16 %
Tris/tricine SDS gels and transferred to nitrocellulose mem-
branes prior to overnight incubation with one of the follow-
ing primary antibodies: BACE, BACE1, sAPPp, PS1, NCT,
Aph-la, Pen-2, p-Ser199, p-Ser202, p-Thr205, p-Thr231, p-
Ser396, p-Serd404, HT7, p25, p35, and Cdk5 (purchased from
Abcam, Cambridge, MA, USA). MAPI, SYP, and PSD95
were obtained from Cell Signaling Technology, Inc. USA.
Mouse monoclonal anti-IL-1B, mouse monoclonal anti-
MMP-2, mouse monoclonal anti-MMP-9, and goat anti-
mouse IgG labeled with biotin were procured from Santa
Cruz Biotechnology, Inc. USA. Rabbit anti-mouse B-actin
was also obtained from Santa Cruz Biotechnology, Inc.
USA. The optical densities of the specific bands were
achieved by image analysis software (HPIAS 2000, Tongji
Qianping Company, Wuhan, China).

2.6. Statistical Analysis

All statistical work was performed using the GraphPad
Prism 6.0 software for Windows (GraphPad Software, La
Jolla, CA, USA). Quantitative data were expressed as the
mean + standard error of the mean (SEM). For statistical
evaluation of intergroup differences, paired 7-test was used.
A significant difference was considered at P<0.05.

3. RESULTS
3.1. Minocycline Ameliorates Cognitive Impairment

The spatial learning of all mice was evaluated by the ac-
quisition trials using Morris water maze (MWM). As shown
in Fig. (2A), minocycline treatment significantly lowered the
escape latencies of the 10-month APP/PS1 mice for spatial
learning performance (P<0.01). After the last training ses-
sion, the spatial memory of all mice was assessed by the
probe trial. The minocycline-treated APP/PS1 mice spent
more time in the target quadrant (platform located) (P<0.01),
(Fig. 2B) and had more crossing times in the target quadrant
(P<0.01), (Fig. 2C) than the controls, indicating that im-
paired spatial memory in the APP/PS1 mice was markedly
ameliorated after minocycline treatment. No significant dif-
ference was observed in the swimming speeds between the
minocycline-treated APP/PS1 and the controls, suggesting
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that minocycline itself did not directly influence the spatial
learning and memory of the mice. Considering this data, it
can be concluded that minocycline administration remarka-
bly relieves cognitive deficits in AD mice.
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Fig. (2). Minocycline alleviates spatial learning and memory of AD
mice. After treatment with minocycline (50 mg/kg/d, i.g.) for
30 consecutive days, mice were examined using the Morris water
maze (MWM) task. The latency to find the platform during 7 days
in the acquisition trials was recorded in the navigation training. The
minocycline-treated mice exhibited lower escape latency on days 3,
4, 5, 6, and 7 during training trials compared to vehicle-treated
APP/PS1 mice (¥**P<0.01) (A). The number of times that mice
cross the target quadrant (removed platform) (B) and the time that
mice stay in the target quadrant (C) were calculated. A significant
increase in the number of times mice cross the target quadrant and
the time of mice staying in the target quadrant (**P<0.01) was ob-
served in the minocycline-treated mice compared to APP/PSI
transgenic mice. No difference was observed between the two
groups (D) regarding swimming speed. Values were represented as
mean + SD (n=10). AD: Alzheimer’s disease, MINO: minocycline.
(A higher resolution/colour version of this figure is available in the
electronic copy of the article).

3.2. Down-regulation of AP in the Brain of AD Mice by
Minocycline

The alterations of AP levels in the cortex and hippocam-
pal tissues of the brain of transgenic mice after minocycline
treatment were measured using the colorimetric ELISA. As
shown in Fig. (3), both AB40 and AB42 levels in the cortex
and hippocampal tissues were found to be significantly de-
creased (P<0.01). These results indicated that minocycline is
strongly effective in inhibiting the expression of AP in the
brain of AD transgenic mice.

3.3. Minocycline Lowers the Activity of p- and vy-
secretases

The generation of AP peptides results from the sequential
cleavage of beta-amyloid precursor protein (APP) by pB-
secretase (BACE) and vy-secretase. This amyloidogenic
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Fig. (3). Down-regulation of AP in the brain of AD mice by minocycline. Both AB42 and AB40 levels significantly decreased in the hippo-
campal and cortex tissues after minocycline treatment (¥*P<0.01). Values were represented as mean + SD (n=10). AB: beta-amyloid peptides,
AD: Alzheimer’s disease, MINO: minocycline. (4 higher resolution/colour version of this figure is available in the electronic copy of the

article).
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Fig. (4). The effects of minocycline on - and y-secretases. Relative amounts of sAPP-B, BACE, and BACE1 were expressed as the densi-
tometry OD ratio to B-actin (mean + SED) for Western blotting. The sAPP-f, BACE, and BACE] levels in the hippocampus of minocycline-
treated mice were found to be lower than the model control ones (P<0.05) (A). Minocycline treatment also markedly decreased the expression
of PS1, NCT, Aph-1a, and Pen-2 in the hippocampus of AD mice (B). AD: Alzheimer’s disease, Aph-1a: anterior pharynx-defective lalpha,
BACE]: the beta-amyloid precursor protein cleavage enzyme 1, MINO: minocycline, NCT: nicastrin, OD: optical density, Pen-2: presenilin
enhancer 2, PS1: presenilin 1. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

pathway generates N-terminal ectodomain (sAPPpB) and AP
peptides. The levels of BACE, BACEI, and sAPPp in the
hippocampus of minocycline-treated mice were significantly
lower than the model control ones (P<0.05), as shown in Fig.
(4A).

y-secretase is a protease complex that has at least four
components: the amino- and carboxy-terminal fragments of
presenilin 1 (PS1), a highly glycosylated form of nicastrin
(NCT), anterior pharynx-defective lalpha (Aph-1a), and pre-
senilin enhancer 2 (Pen-2). Therefore, the four components of
the y-secretase complex were investigated to examine the role
of minocycline on the AP production. As shown in Fig. (4B),
minocycline treatment markedly decreased the expression of
PS1, NCT, Aph-lo, and Pen-2 in the hippocampus of AD
mice. Hence, minocycline was found to inhibit the activity of
B-secretase and y-secretase complex in the hippocampus and
down-regulate the AP levels in the brain of AD mice.

3.4. Anti-hyperphosphorylation of Tau by Minocycline

Hyperphosphorylation of tau plays an important role in the
formation of NFTs in AD. In the present study, the total tau
levels and phosphorylation of tau were investigated by west-
ern blot. Hippocampal samples were obtained from AD mice
to measure hyperphosphorylation of tau. We selected 6 phos-
phorylated tau monoclonal antibodies (p-Ser199, p-Ser202, p-
Thr205, p-Thr231, p-Ser396 and p-Ser404) and total tau
(HT7) to evaluate changes in tau protein. Western blot re-
vealed a substantial decrease in the levels of both total tau
(HT7) and phosphorylated tau proteins, including pre-tangle
marker phospho-tau protein TG3(pThr205/pThr231), intraneu-
ronal tangle marker phospho-tau protein (pSer199/pSer202),
and extracellular tangle marker PHD finger gerprotein-1
([PHF-1] pSer396/pSer404), after minocycline treatment,
compared to model control animals (Fig. 5).
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Fig. (5). Minocycline inhibits phosphorylation of tau. Minocycline down-regulated the levels of both total tau (HT7) and phosphorylated tau
proteins, including pre-tangle marker phospho-tau antibody TG3 (pThr205/pThr231), intraneuronal tangle marker phospho-tau protein
(pSer199/pSer202), and extracellular tangle marker PHD finger gerprotein-1 ([PHF-1] pSer396/pSer404) in the hippocampus of AD mice.
AD: Alzheimer’s disease, MINO: minocycline; OD: optical density. (4 higher resolution/colour version of this figure is available in the elec-

tronic copy of the article).
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Fig. (6). Minocycline treatment reduces the synaptic deficit. Western blot (A) and immunofluorescence staining (B) analysis showed that
minocycline increased the levels of the three synaptic proteins (microtubule-associated protein 1, synaptophysin, and post-synaptic density
protein 95) in the hippocampus compared to the model control mice (A and B). Quantitative results were found to be normalized against the
levels of B-actin. Values were presented as the group mean + SEM (n = 6). *p< 0.001 vs. the AD control group. The scale bar was 50 pm.
AD: Alzheimer’s disease, MAP1: microtubule-associated protein 1, MINO: minocycline; OD: optical density, PSD95: post-synaptic density
protein 95, SYP: synaptophysin. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

3.5. Minocycline Attenuates Synaptic Deficit

The synaptic deficit of neurons directly results in a deficit
in learning and memory. The synaptic deficit is another pri-
mary pathologic characteristic of AD, including the reduc-
tion of synaptic proteins and abnormal synaptic plasticity
processes [32]. Thus, the three synaptic proteins (microtu-
bule-associated protein 1, synaptophysin and post-synaptic
density protein 95) were measured to determine whether
minocycline treatment could rescue the synaptic deficit in
AD. The results showed that minocycline increases the levels
of the three synaptic proteins in the hippocampus compared
to the model control mice (Fig. 6A and B).

3.6. Minocycline Inhibits the Activation of Cdk5/p25 Sig-
naling

Cyclin-dependent kinase 5 (Cdk5), a unique member of
the cyclin-dependent kinases (Cdks), is well recognized to be
associated with the pathogenesis of AD, ranging from the
formation of senile plaques and neurofibrillary tangles, syn-
aptic damage, mitochondrial dysfunction to cell cycle reacti-
vation as well as neuronal apoptosis. To investigate further
the molecular mechanism responsible for the effect of mino-
cycline pharmacologic blockade on tau phosphorylation, we
observed that the levels of p25 and Cdk5 were significantly
decreased in the minocycline-treated mice while the levels of
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p35 were markedly increased compared to the control ones
(Fig. 7). Therefore, anti-hyperphosphorylation of tau by
minocycline may be via inhibiting the activation of
Cdk5/p25 signaling in the brain of AD.
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Fig. (7). Minocycline inhibits the activity of Cdk5/p25 signaling.
Minocycline significantly decreased the levels of p25 and Cdk5
while the levels of p35 were markedly increased after minocycline
administration compared to the control ones (*P<0.001 vs. the con-
trol group). AD: Alzheimer’s disease, Cdk5: cyclin-dependent ki-
nase 5, MINO: minocycline; OD: optical density. (4 higher resolu-
tion/colour version of this figure is available in the electronic copy
of the article).

3.7. Minocycline Limits Inflammation and Activation of
Matrix Metalloproteinases

Increasing studies have demonstrated that the inflamma-
tory system contributes to the pathogenesis of Alzheimer's
disease, including the release of inflammatory cytokines,
matrix metalloproteinases (MMPs), oxidative stress, and
apoptotic molecule [8-11]. Thus, the inflammatory cytokine
(Interleukin-1beta, IL-1B) and matrix metalloproteinases
(MMP-2 and MMP-9) were measured to determine whether
minocycline treatment could limit the inflammation and acti-
vation of matrix metalloproteinases in the pathogenesis of
Alzheimer's disease. The results showed that minocycline
lowed the levels of IL-1B and matrix metalloproteinases
(MMP-2 and MMP-9) proteins in the cerebral cortex com-
pared to the model control mice (Fig. 8A and B).

4. DISCUSSION

The present study unveils a new facet of the neurobiology
of minocycline which strongly retards the pathogenic devel-
opment of AD. We showed that minocycline decreases the
production of AB and hyperphosphorylation of tau in the hip-
pocampus, ameliorates synaptic deficit, and improves cogni-
tive impairment in APP/PS1 transgenic mice. Studies have
also shown that minocycline markedly inhibits the activation
of Cdk5/p25 signaling, which is closely associated with Alz-
heimer’s-like pathology. Hence, all of these parameters have
indicated that minocycline attenuates the pathology of AD via
inhibiting the activation of Cdk5/p25 signaling, including lim-
iting the production of AP and hyperphosphorylation of tau
and improving the synaptic deficit. This study has demonstrat-
ed the therapeutic potential of minocycline in AD.

The production and accumulation of AP have been wide-
ly accepted as the initial causative events in AD. The AP is

Zhao et al.

generated from amyloid precursor protein (APP) by the se-
quential cleavage of B-secretase and y-secretase. APP is se-
quentially cleaved first by p-secretase to form soluble amy-
loid precursor protein B (SAPPB). The beta-amyloid precur-
sor protein cleavage enzyme 1 (BACE!) has been identified
as B-secretase, which is the leading function in AP produc-
tion. Minocycline, an antibiotic that effectively crosses the
blood-brain barrier, has been found to have significant neu-
roprotective effects on AD [1, 33, 34]. Minocycline might
represent a promising drug for preventing or delaying the
development of Alzheimer's-like neuropathology at its ini-
tial, pre-clinical stages by ameliorating early neuroinflamma-
tion and inhibiting BACEI activity [33].
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Fig. (8). Minocycline limits inflammation and activation of matrix
metalloproteinases. Western blot (A) and immunofluorescence
staining (B) analysis showed that minocycline reduced the levels of
IL-1B and matrix metalloproteinases (MMP-2 and MMP-9) proteins
in the cerebral cortex compared to the model control mice (A and
B). Quantitative results were found to be normalized against the
levels of B-actin. Values were presented as the group mean = SEM
(n = 6). *p< 0.001 vs. the AD control group. The scale bar was
20pum. AD: Alzheimer’s disease, IL-1p: Interleukin-1beta, MINO:
minocycline; MMP-2:matrix metalloproteinase 2, MMP-9:matrix
metalloproteinase 9, OD: optical density. (4 higher resolu-
tion/colour version of this figure is available in the electronic copy
of the article).
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Fig. (9). The possible mechanisms of anti-pathology in AD by minocycline. Minocycline inhibits the activation of Cdk5/p25 signaling and
limits the development of Alzheimer’s-like pathology, including production of anti-Ap, anti-hyperphosphorylation of tau, and improvement
of synaptic dysfunction. AB: beta-amyloid peptides; AD: Alzheimer’s disease; Cdk5: cyclin-dependent kinase 5; MINO: minocycline. (4
higher resolution/colour version of this figure is available in the electronic copy of the article).

To further clarify the role of minocycline in the AP pa-
thology, we investigated the change in the levels of BACE
and BACEI in the brain of AD mice after minocycline
treatment. It has been found that minocycline significantly
lowers BACE, BACEI, and sAPPJ levels in the hippocam-
pus of AD mice. These findings strongly support the role of
minocycline in inhibiting AP generation, acting as a specific
inhibitor of B-secretase.

It is now recognized that a key role is played by v-
secretase that cleaves SAPPf to produce the AP fragment,
ultimately resulting in the formation of amyloid plaques. y-
secretase, as a protease complex, has at least four compo-
nents: the amino- and carboxy-terminal fragments of prese-
nilin 1 (PS1), a highly glycosylated form of nicastrin (NCT),
anterior pharynx-defective lalpha (Aph-la), and presenilin
enhancer 2 (Pen-2) [35]. Thus, the four components of the y-
secretase complex were investigated to determine the role of
minocycline on the AP production. It has been demonstrated
that minocycline treatment markedly suppressed the activity
of PS1, NCT, Aph-1la, and Pen-2 in the hippocampus of AD
mice. Taken together, minocycline made a remarkable con-
tribution to inhibiting the activity of [B-secretase and y-
secretase complex and then decreasing the AP levels in the
brain of AD mice.

Intracellular deposits of hyperphosphorylated tau protein
are one of the classical pathological hallmarks in AD [36].
This study investigated the levels of phosphorylated tau pro-
teins, including pre-tangle marker phospho-tau protein (TG3:
pThr205/pThr231), intraneuronal tangle marker phospho-tau
protein (pSer199/pSer202), and extracellular tangle marker
PHD finger gerprotein-1 ([PHF-1] pSer396/pSer404), and
total tau (HT7). These parameters showed that minocycline
strongly limits the phosphorylation of tau protein in the dif-
ferent stages of tau hyperphosphorylation, including pre-
tangle phospho-tau protein, intraneuronal tangle phospho-tau
protein, extracellular tangle PHD finger gerprotein-1, and
total tau. These data indicated that one of the neuroprotective

roles of minocycline is to suppress the tau hyperphosphory-
lation.

Synaptic dysfunction and the loss of synapses are patho-
logical features of AD [37]. It is well reported that synaptic
dysfunction results in cognitive deficit in AD [38, 39]. The
reversibility of early synaptic dysfunction at the preclinical
stage of AD highlights the importance of delaying or pre-
venting the disease processes [40]. It has been reported that
minocycline benefits synaptic plasticity and improves cogni-
tive impairment in AD models [21]. This study has also
shown that minocycline increases the levels of the three syn-
aptic proteins (microtubule-associated protein 1, synapto-
physin, and post-synaptic density protein 95) in the hippo-
campus, implicating that minocycline attenuates synaptic
deficit and then improves cognitive impairment in AD.

Cdk5, a multi-function kinase, has both physiological and
pathological functions. In the central nervous system, Cdk5
is implicated in neuronal survival and death [41]. The com-
bination of monomeric Cdk5 and p35 (inhibiting CdkS5 activ-
ity) implements its diverse functions, such as neuronal mi-
gration and differentiation, synaptic growth and functions,
memory consolidation as well as normal cerebellar develop-
ment [42]. In another condition, p35 will be cleaved into p10
and p25, which can activate CdkS5. A combination of p25
with CdkS5 could form a stable complex, p25/CdkS, which
leads to various pathological events, including Af produc-
tion, hyperphosphorylation of tau, synaptic dysfunction, and
neuronal cell apoptosis [41, 43] (Fig. 9). This study demon-
strated a significant decrease in the levels of p25 and Cdk5d
in the minocycline-treated mice, while the levels of p35 were
markedly increased by minocycline treatment compared to
the control ones. It can be concluded that minocycline plays
an important role in Alzheimer’s-like pathology, including
the production of anti-Ap, anti-hyperphosphorylation of tau,
and improvement of synaptic dysfunction, via inhibiting the
activation of Cdk5/p25 signaling.
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CONCLUSION

This study has evaluated the influence of minocycline on
the Alzheimer’s-like pathology, including AP production,
hyperphosphorylation of tau, and improvement of synaptic
dysfunction in an APP/PS1 transgenic model. Our research
showed the neuroprotective property of minocycline against
AD with respect to inhibiting AP production and hyperphos-
phorylation of tau and improving synaptic dysfunction and
cognitive deficits. Furthermore, a significant decrease in the
p25 and Cdk5d levels in the minocycline-treated mice was
observed while the levels of p35 were markedly increased by
minocycline treatment. Therefore, the ability of minocycline
concerning Alzheimer’s-like pathology may be of great im-
portance in selecting neuroprotective agents in the treatment
and prevention of AD.
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