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Abstract

Background Cutibacterium acnes(C. acnes), a Gram-positive anaerobe and a dominant bacterium species in the
sebaceous follicles of the face was detected in the brain of Alzheimer’s disease (AD) patients. It has been found that
C. acnes activates non-specifically the innate immune system by producing proinflammatory cytokines and can
participate in brain inflammation. We hypothesise that C. acnes could influence the brain through the structural
alteration in axons and dendrites of neurons.

Methods In this regard, the hippocampus of rats was infected with C. acnes, and memory retention, amyloid-3
(AB,_s,) deposition, hyperphosphorylated tau protein (p-Tau) formation, and expression levels of MAP2 and B-tubulin
proteins in the hippocampus tissues were investigated.

Results C. acnes-infected rats displayed memory deficits and AB,_,, deposits were detected in their hippocampus
tissue up to 7 days post-infection. C. acnes was neurotoxic and exerted detrimental effects on MAP2 and 3-tubulin

proteins, which are required for normal neuronal function. An elevated level of p-Tau was also identified in infected
animals.

Conclusion Based on these results, we propose that C. acnes infection of the brain participates in the initiation of the
pathogenesis of sporadic AD through degeneration of axons and dendrites.
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Introduction

Infectious agents, such as bacteria, viruses, and fungi
potentially contribute to systemic inflammation and can
trigger the onset of sporadic AD [1]. A growing body of
evidence suggests that systemic inflammation poten-
tially promotes chronic neurodegenerative disorders.
Pro-inflammatory agents produced in chronic peripheral
inflammation can circulate in the central nervous system
(CNS). These factors can penetrate the CNS through the
blood-brain barrier (BBB) or circumventricular areas of
the brain without passing the BBB [2]. These microbes
may directly infect the CNS either through oral-olfactory
routes or the trigeminal nerve [2]. Various pathogens,
such as Herpes simplex virus type 1 (HSV1), Borrelia
burgdorferi, Porphyromonas gingivalis, Chlamydia pneu-
moniae, the periodontal Treponemal spp, and Cutibacte-
rium acnes (C. acnes) have been identified in the brains
of AD patients [3]. The infectious hypothesis of AD is
a very new idea and suggests that microbes and patho-
gens are the causative agents in AD pathology, including

Hippocampus
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accumulation of amyloid beta (A), p-Tau, and inflam-
mation in the brain [4, 5]. Animals infected by bacterial
lipopolysaccharide (Pg-LPS) or Porphyromonas gingiva-
lis (P. gingivalis) illustrated the pathogenesis of AD, such
as AP overproduction, stimulation of complement cas-
cade, and overexpression of pro-inflammatory cytokines,
leading to age-dependent brain inflammation, neuro-
inflammation, and neurodegeneration [6]. Infection of
the CNS by dysbiosis-associated oral bacteria was also
repeatedly reported in patients with AD and elevated
amounts of pro-inflammatory cytokines were also identi-
fied [7]. According to recent findings, AP peptides have
potent antimicrobial properties (antibacterial, antiviral,
and antifungal), which protect the brain against patho-
gens and are generated even under normal conditions
[4]. Although, in the case of prolonged overactivation of
a senescent immune system, accumulation and aggrega-
tion of AP contribute to synapse disruption, and induce
cytotoxicity and neuronal cell death leading to neurode-
generation disorder [4]. Cutibacterium acnes (C. acnes),
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an aerotolerant anaerobic Gram-positive bacterium, is
found in the pilosebaceous follicles of the human skin,
hair follicles, external ear canal, conjunctiva, oral cavity,
and intestinal tract [8]. C. acnues is the dominant bacte-
rium in the most common human skin disorder, acne
vulgaris, which afflicts up to 80% of people at some point
during their lives. High local concentrations of C. acnes
can cross the BBB and invade the brain through the
transcellular traversal pathway [9]. It was reported that
a patient with severe chronic sinusitis had developed
a brain abscess due to an infection of the brain with C.
acnes [10]. Another patient with metastatic melanoma
had developed meningitis due to infection with C. acnes
[11]. C. acnes has been detected in the frontal cortex of
AD patients [12, 13] and may promote brain inflamma-
tion leading to AD and also Parkinson’s disease (PD) [9].
In two AD case reports, combination treatment with
cephalosporine, estrogen and enalapril against C. acnes
resulted in memory improvement and clinical symptoms
stabilization [13, 14]. Moreover, C. acnes during metabo-
lism processes produces Propionic acid (PPA) [15]. PPA
has shown major effects on physiology of nervous sys-
tem, such as stimulating of gap junction gating and gene
expression, intracellular pH/calcium gating, immune
function, neurotransmitter synthesis and release, spe-
cific G protein coupled receptors (GPCR), mitochondrial
function, and lipid metabolism [16]. In rats, intraven-
tricular administration of PPA caused behavioral, neu-
ropathological, and biochemical abnormalities [17]. Our
bioinformatics study showed that PPA-interacted genes
are mainly AD hallmarks [18]. In addition, in another
study, we illustrated a relationship between C. acmnes
infection and cognitive decline in Wistar rats after ICV
inoculation of bacteria [19]. We showed that accumu-
lation of C. acnes in brain could active innate immune
system through inducing TLR4/NFkb/inflamasome sig-
naling pathway, that finally increase inflammation in
brain. Its result was associated with increasing AP and
cell dead through apoptosis and pyroptosis [19]. In the
current study, we hypothesize that neural degeneration
might occur through tau hyperphosphorylation in axon
and dissociation of MAP2 from cell bodies and dendrites.
Therefore, we evaluated the influence of C. acnes ATCC
6919 infection on neural structure in hippocampus of
Wister rats.

Materials and methods

Preparation of C. acnes suspensions

The strain C. acnes ATCC 6919 (belongs to the phylo-
type IA-1 and ribotype 1 subgroup) was obtained from
the Pasteur Institute of Iran, and was stored as a freeze-
dried culture. Before commencing the study, the strain
underwent revival and maintenance in accordance with
established microbiological approaches. The C. acnes
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ATCC 6919 strain was sub-cultured on blood agar plates
(Merck, Germany) containing 5% defibrinated sheep
blood before being transferred to the solution. A single
colony was carefully chosen from the plate and inocu-
lated into a liquid culture medium, Reinforced Clostrid-
ial Medium (RCM) broth, to facilitate targeted bacterial
growth. Subsequently, the bacterial culture within the
RCM broth was subjected to anaerobic incubation at
37 °C for a duration of 72 h, accompanied by gentle agi-
tation at 120 rpm, until it reached the mid-log phase.
This process was executed within an anaerobic incuba-
tor (Anoxomat MARK II system) utilizing a gas blend
comprising 80% N,, 10% CO,, and 10% H,. McFarland
standard was used as a reference to adjust the turbidity
of bacterial suspensions. Serial dilution was prepared as
1.4% 108 colony-forming units (CFU)/ml of bacteria.

Experimental design and groups

A group of healthy adult male Wistar rats, who were
four months old and weighed between 220 and 250 g,
were obtained from the Institute for Cognitive Science
Studies. The rats were kept in a controlled environment
at 22+2 °C, 60£5% humidity, and a 12-hour dark/light
cycle. They had access to food and water at all times. All
experimental methods meet the National Institute of
Health Care and Use of Laboratory Animals Guideline
and conformity with the regional guidelines. This study
was approved by Medical Ethics Committee at Shahid
Beheshti University of Medical Sciences, Tehran, Iran
(Approved no: IR.SBMU.AEC.1401.022). In this study, 24
rats were randomly divided into the following 3 groups
(8 rats in each group): (1) Control group, after incisions
in the scalp to expose the skull, burr holes were drilled at
the right lateral cerebral ventricle and punctured by the
needle without injecting any solution. (2) Sham group,
intracerebroventricular (ICV) injection of 2 pL nor-
mal saline, (3) C. acnes treated group, ICV injection of
2 uL bacteria with a concentration of 1.4x10® CFU/ml
(2.8x1075 CFU) into the right lateral cerebral ventricle.
In the previous study, we identified the cognition impair-
ment in behavioral tests, and between 3 doses of C. acnes,
1.4x10® CFU/ml showed the higher impairment [19]. In
order to identify any structural changes in the neuronal
cells that were related to bacterial infection in the hip-
pocampus, an immunohistochemistry analysis was con-
ducted to evaluate the expression of AP, p-tubulin, and
MAP2. Additionally, western blot was conducted to
evaluate Tau and p-Tau to identify changes in axons. The
workflow of this study is presented in Fig. 1.

Surgery and intracerebroventricular (ICV) injection

The animals were first anesthetized with a mixture
of 100 mg/kg Ketamine hydrochloride and 25 mg/kg
Xylazine (Sigma) after 12 h of fasting and 4 h of water
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Fig. 1 Work flow of study contain 3 parts, preparation of C. acnes, injection ICV to animals and behavioral assess, and finally molecular study including

IHC and western blot techniques

deprivation. They were then positioned in a stereotaxic
instrument, and a cannula (22 Gauge) was inserted into
the right ICV region as per Paxinos and Watson’s atlas
(Paxinos, 2007). The cannula was positioned at ML:
1.4 mm right of the midline, DV: 2.4 mm ventral, and AP:
0.8 mm posterior to bregma to the superior surface of the
skull, and was fixed with jeweler’s acrylic cement. The tip
of the cannula was 1 mm above the microinjection site.
After the surgery, the rats were allowed to recover from
anesthesia and placed in a clean room. After 7 days, PBS
and different doses of C. acnes solutions was injected
using a set of polyethylene tubes (Single lumen PE50 tub-
ing), a microsyringe (ILS, Stuetzerbach, Germany), and a
dental needle (27 Gauge). The drug flow was established
by the movement of an air bubble inside the polyethyl-
ene tube that attached the microsyringe and then to the
dental needle. The solution was injected gently for over
1 min, and the needle was kept in position for an addi-
tional 60 s to prevent the backflow of the solution. After 7
days of C. acnes or PBS inoculation, some animals in each
group were sacrificed for molecular studies, and the rest

were assayed through behavioral test to evaluate the bac-
terial infection effect on memory performance.

Passive avoidance learning (PAL) test

The step-through passive avoidance apparatus was
applied for measuring avoidance memory retention in
rats [20]. The apparatus consists of two compartments,
including a lighted chamber and a dark chamber with
same size (20 cm x 20 cm x 30 ¢cm) and separated by a
guillotine door that blocks light. The chamber floors
consist of stainless steel rods (3 mm diameter) that are
spaced 10 mm apart. The bottom of the dark chamber
is linked to an apparatus that generates electric shocks
[21]. The test involved three steps, including a habitua-
tion step, an acquisition training step and a retrieval test.
In the first step, animals were located for 10 min within
the apparatus with the opened door and gate due to
habituation. The acquisition trial was performed on the
second day. In this step, the rats were allowed to accli-
mate in the light chamber for a short while. After one
minute, the door to the chamber was raised, allowing the
rats to move into the dark compartment. Once inside,
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the door was closed, and a three-second delay occurred
before an electrical shock (1 mA, 50 Hz) was delivered
for three seconds. After 20 s, we moved the rats back to
their cages. Two minutes later, we placed the rats in the
light compartment. The acquisition trial was considered
successful if the rat did not enter the dark compartment
within 120 s. However, if the rat entered the dark com-
partment before the 120 s were up, it would receive the
same shock again. Each rat was limited to a maximum
of three foot shocks. On the third day, the retention trial
was performed according to the same procedure as the
acquisition trial but without electrical shock. In both the
acquisition and retrieval trials, entry latencies time (sec)
into the dark compartment were recorded for each Rat.
The time spent in the dark compartment (TDC) was
also noted in retrieval trial. Animals that failed to enter
the dark compartment during the acquisition trial were
excluded from the study.

Immunohistochemistry (IHC)

The brains of rats that were deeply anesthetized were
removed from their skulls. They were then fixed with 4%
paraformaldehyde and embedded in paraffin. We used
three brain sections per animal. To prepare the brain tis-
sue sections for staining, they were deparaffinized with
fresh xylene and rehydrated using a series of graded
ethanol. To efficiently expose epitopes to the antibod-
ies, phosphate-buffered saline (PBS, pH=7.4) was used
for antigen retrieval. The slides were then treated with
3% H,O, for 10 min at 37°C to reduce endogenous per-
oxidase activity. To avoid non-specific protein binding,
the slides were blocked using 10% normal goat serum
at room temperature for 1 h. The primary antibodies
and their corresponding secondary antibodies (con-
jugated to HRP), including AP, (1:500, sc-28365 -
Santa Cruz); MAP2, (1:500, Sc-74421- Santa Cruz); and
B-tubulin, NBP1-62416 (1:400) were then incubated with
the slides. Finally, the sections were subjected to stain-
ing procedures utilizing 3, 3’-diaminobenzidine (DAB,
Zhongshan Biotech Co., Ltd, Beijing, China) for 5 min
followed by a re-staining process with hematoxylin for
2 min. In addition, to visualize nuclei, cell nuclei in the
sections were stained with DAPI dye at a dilution of
1:500 (Sigma-Aldrich). The stained sections were assayed
using Labomed TCM 400 fluorescence microscope cou-
pled with a digital camera. For each brain section, three
images were taken from the hippocampus region. Investi-
gation of protein expression was carried out using Image]J
Fiji software. For AP plaques, a threshold was applied to
convert the images to binary, and the “Analyze Particles”
function was used to count the plaques. For MAP2-pos-
itive neurons, the cell counter plugin was employed to
manually count the neurons with visible MAP2 staining.
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Western blot

Brain tissues were immediately removed, and both
hippocampi were dissected and lysed. Proteins were
separated by gradient SDS polyacrylamide gel electro-
phoresis (15%) and after which they were transferred to
an Immobilon-P membrane by electroblotting according
to the manufacturer’s instruction (Invitrogen). Primary
antibodies (purchased from Santa Cruz Biotechnology,
United States) against Phospho-Tau (p-Tau) (PHF-13,
sc32275) and Tau (sc32274), were incubated with the
membranes overnight at 4 °C. After this step, the mem-
branes were treated with Anti-Rabbit secondary antibody
(1:3000, BA1054-2-bosterbio) for 2 h at room tempera-
ture. To ensure consistency in sample loading and pro-
tein transfer, and to standardize the levels of p-Tau and
tau proteins, GAPDH was utilized.

Statistical analysis

GraphPad PRISM software (version 10) and Excel were
utilized for statistical analysis. The data is presented as
meantSD. For the statistical analysis of parametric data,
one-way ANOVA was performed to compare several
groups, and the Tukey test was used for comparing two
groups. To analyze the non-parametric data, the Krus-
kal-Wallis test was used to compare multiple groups and
Dunn’s multiple comparisons test was used to compare
two groups. A significance level of P<0.05 was consid-
ered statistically significant.

Results

C. acnes inoculated rats showed impairment in learning-
memory performance

We used the PAL test to evaluate cognitive dysfunction
and behavioral outcomes following bacterial infection
in rats. In the PAL test, step-through latency (STL) in
both the acquisition and retention trials was determined
for control and sham rats and C. acnes treated groups.
There were no significant differences in the STL between
the groups during the acquisition trial. This indicates
that the exploratory behavior of all three groups of rats
was similar in the absence of electrical shock, as shown
in Fig. 2A. However, during the retention trial, C. acnes
infected animals showed a significant reduction in the
transfer latency time into the dark chamber compared to
the sham and control groups (Fig. 2B). This manifested
a decrease in the learning-memory performance of the
infected group. Infection by C. acnues also affected TDC,
and animals spent more time in the dark compartment in
comparison with the sham and control groups (Fig. 2 C).
The infected group showed significantly higher TDC
than the other groups (p<0.05).
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Fig. 2 Passive avoidance learning (PAL). (A) Step-through latency (STL) in the first acquisition trial. There were no significant differences in the STL be-
tween the groups during the acquisition trial. (B) STL in the retention trial. A significant reduction was observed in the transfer latency time of the C.acnes
infected animals compared to the sham and control groups. (C) Time spent in the dark compartment (TDC). C.acnes infected groups exhibited a longer
TDC compared to the other groups. The data distribution did not follow a normal pattern; hence, the Kruskal-Wallis test was used to analyze the three
groups. To compare the differences between the two groups, Dunn’'s multiple comparisons test was applied. The results were obtained based on the

mean+SD, n=8, ***p<0.001, **p<0.01, and *p < 0. 05, ns=non-significant
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Fig. 3 Immunohistochemistry staining and quantification of AB,_,, in the hippocampus in different groups, showing the significant increase in AB; 4,

deposition in C. acnes infected animals (100 um). The samples were counterstained with DAPI (blue). All data are indicated as the mean=+SD (n=8 for
each group), ***p <0.001

Histological assessments

Rats infected with C. Acnes undergo AB deposition in the
brain

AB, 4, oligomers are one of the prominent neuropatho-
logical markers of AD. Following 7 days after exposure to
C. acnes, IHC analysis of rat brains using an anti-AfB; 4,
antibody showed an accumulation of AP, ,, in the
infected hippocampus (Fig. 3). Bacterial treated rats
showed remarkable amounts of AB, ,, deposition, which
are significantly higher than control, and sham groups.
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These results suggest that infection of brain with C.
acnes in high doses enhances the amyloidogenic process-
ing of AP protein precursor (APP) and AP deposition is
occurred in the form of plaque-like structures.

C. acnes infection reduced expression of neuronal markers of
wellbeing: B-tubulin and MAP2 in the hippocampus region

For visualizing neurons and quantifying the total num-
ber of cells in the hippocampus tissue, f-tubulin-positive
and microtubule-associated protein 2 (MAP2)-positive
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cells were investigated by IHC analysis. p-tubulin, a neu-
ronal cytoskeleton protein, functions in many processes,
such as structural support and is required to ensure cell
viability [22]. MAP2 also is the predominant regulator
of microtubules within dendrites of postmitotic neurons
and is a marker of neuronal health [23]. In our study, we
detected a significant decrease of -tubulin, in animals
infected with C. acnes compared to the sham (P<0.001)
and control (P<0.0001) groups in the hippocampal
regions (Fig. 4A). The same result was also observed
with the IHC analysis of MAP2. In this case, as well, we
observed a significant decrease in MAP2 expression after
infection with C. acnes compared to the sham (P<0.01)
and control (P<0.001) groups (Fig. 4B).

Phosphorylated tau levels in the C. Acnes infected rats
were increased

Another key feature of AD neuropathology is hyperphos-
phorylated tau aggregation affecting the synaptic plastic-
ity. Therefore, we analyzed the phosphorylation status
of tau and total tau ratios at control, sham and C. acnes
treated groups with western blot analysis. As shown

Sham

A

Control
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in Fig. 5, after 7 days of infection of rats’ brains with C.
acnes, the level of p-Tau at hippocampus region was sig-
nificantly increased compared to the sham (2<0.01) and
control (P<0.001) groups (Fig. 5).

Effect of C. Acnes in disintegrating microtubules of axons and
dendrites

The loss of microtubules from axons and dendrites
is a significant factor in the degeneration of the ner-
vous system in AD [24]. Our study shows that infection
of the brain with C. acnes leads to the accumulation of
AP plaques and neurofibrillary tangles, resulting in the
degeneration of dendrites and axons in hippocampal
neurons. The hyperphosphorylation of tau proteins can
lead to the disassembly of microtubules in axons and
dendrites by sequestering both normal tau and MAP2
[25]. Similarly, hyperphosphorylation of MAP2, a phos-
phoprotein, reduces its ability to promote microtubule
assembly, contributing to neural degeneration and cogni-
tive decline [25]. Overall, the infection of rat brains with
C. acnes exhibited AD-like pathology and caused the dis-
sociation of neural microtubules (Fig. 6).
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Fig. 4 Immunohistochemistry staining and quantification of 3-tubulin (A) and MAP2 (B) in the hippocampus of infected animals compared to control
and sham groups (50 um). C. acnes infection decreases 3-tubulin and MAP2 expression. The samples were counterstained with DAPI (blue). All data are
indicated as the mean +SD (n=3 for each group), ****p <0.0001, ***p <0.001 and **p < 0. 01
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Fig. 5 Western blot analysis of p-Tau expression and quantification in the hippocampus of infected animals compared to control and sham groups. C.
acnes infection leads to hyperphosphorylated tau deposition. All data are indicated as the mean+SD (n=3 for each group). ***p <0. 001, **p <0. 01, and

*p<0.05

Discussion

Accumulating evidence suggests a connection between
neurodegenerative disorders and alterations in microbial
communities throughout the body, including the skin
microbiota. According to previous studies, the multi-
pathogen infections in the postmortem brain tissue of
patients with various neurodegenerative disorders have
been reported. C. acnes is one of the bacterial species
detected in the brain of ALS [26], PD [27], HD [28], and
AD [29, 30] patients. Nevertheless, there aren’t clinical
or preclinical studies to confirm the direct or indirect
effect of C. acnes in the onset or progression of these
diseases. In the present work, we focused and investi-
gated the relationship between infection of rats’ brains
by C. acnes ATCC 6919 and the appearance of AD-like
pathology by investigating memory retention, AP depo-
sition, p-Tau aggregation, and neuronal cell survival in
the hippocampus tissues. We opted to use the ATCC
6919 because it is a standardized, well-characterized,
and extensively studied strain, facilitating comparison

with other studies using the same strain. Moreover, as a
whole-genome sequenced strain, ATCC 6919 provides
access to its complete genetic information, facilitating
the interpretation of our results and understanding the
molecular mechanisms involved in the host-microbe
interaction. The ATCC6919 strain is also known to be
susceptible to antibiotics, enabling us to control bacte-
rial growth and maintain a stable experimental environ-
ment [31]. In this study, we used local administration of
C. acnes (1.4x10® CFU/ml) into the rats’ hippocampus
using stereotaxic injection. Seven days post infection,
PAL results manifested that C. acnes infection declines
cognitive performance. Infection with C. acnes did not
affect the PAL acquisition but significantly reduced PAL
retention that was conducted 24 h after the training.
Moreover, infected animals spend more time in the dark
compartment, indicating cognitive decline and memory
deficits. Our recent study showed that C. acnes infec-
tion could promote neuroinflammation and expression
of brain AD markers, and they contribute to cognitive



Aliashrafi et al. Behavioral and Brain Functions (2024) 20:30

Page 9 of 12

Hippocampus

\ 4 . AB plaque
[ g &

Decreasing 4% & ¢ acnes
MAP2 d ‘z-
4 Do O
¥y
Tau
hyperphosphorylation
Microtubule :
Disintegrating Ta-u-.l SR 8-Tubulin
Microtubules Nyt P00 oo
M ('YX ) H P-Tau
Neural degradation () ,

Cognitive decline

:%,Neuroﬁbriuary
7 5
£r< Tangle

Fig. 6 The two main effect of C. acnes on dissociating microtubules through hyperphosphorylation of tau and MAP2, two crucial proteins in assembling

microtubule in axons and dendrites

decline [19]. In agreement with our hypothesis, recently,
C. acnes was suggested as a causative of AD and was
founded in three out of four biopsies from the brain of
postmortem Alzheimer’s patients [29]. Moreover, it is
well known that C. acnes can activate non-specifically
the innate immune system by producing proinflamma-
tory cytokine-inducing factors and chemotactic. C. acnes
can stimulate complement pathways and secrets prote-
ases, hyaluronidases and neuraminidases, which leads to
epithelial permeabilization and inflammatory infiltration
[29]. Therefore, following neuroinflammation, accumula-
tion of AP peptides and neurofibrillary tangles can occur
[32, 33]. In line with the our results, previous studies
have demonstrated that various microbial components,
such as lipopolysaccharide (LPS), a major endotoxin
found in Gram-negative bacteria, can elicit inflamma-
tory responses and augment the severity of postoperative
cognitive dysfunction [34]. A recent study also demon-
strated that systemic infection of mice by Listeria mono-
cytogenes, a neuroinvasive bacterial pathogen, induces
brain leukocytosis, resulting in a progressive decline in
cognitive impairment. They found that CD8" T-lympho-
cytes, including CD8" tissue-resident memory T cells,
are involved in the etiology of this impairment [35]. Our
study ratified that exposure of the rats’ brain to high dose
of C.acnes stimulate the appearance of pathological hall-
marks of AD in the hippocampus tissue, including Af
deposition and hyperphosphorylation of tau. In contrast,
the deposits observed in uninfected rats, including con-
trol and sham groups were mostly low, exhibiting a base-
line level in uninfected animals. Moreover, according to

previous studies infection the brain with other bacteria,
such as Chlamydia pneumoniaemay induces activation
of astrocytes and amyloidosis [36]. One recent study, also
confirmed the occurrence of neuroinflammation, corti-
cal AP plaque deposition, elevated whole brain levels of
p-Tau, and some behavioral deficits in a LPS-induced rat
sepsis model [37]. Recently, Porphyromonas gingivalis,
a periodontal bacterium, has been associated with AD
pathogenesis due to its ability to worsen brain pathol-
ogy in AD-transgenic mice, stimulate memory decline,
and cause age-dependent neuroinflammation in middle-
aged wild-type animals [38]. In another study, exposing
mammalian neuronal and glial cells to LPS and the Bor-
relia burgdorferi spirochetes indicated Ap deposition and
increased the levels of ABPP and hyperphosphorylated
tau [39]. Therefore, obtained results from our work and
previous studies support the new concept that AB prob-
ably is an antimicrobial peptide and microbial infection
enhances the synthesis of this antimicrobial agent [4].
There are different cellular and molecular mechanisms
for the clearance of A from the brain, but mainly grow-
ing evidence supports a key role for microglia, as brain
macrophages, in the physiological engulfing of cerebral
AP [40]. However, due to an imbalance between Af pro-
duction and removal, as well as because of the aged and
diseased microglia and loss of their functionality, mis-
folded AP begins gradually accumulating and depositing
in plaques [41]. Moreover, persistent microglia activa-
tion and production of pro-inflammatory cytokines, such
as IFNy and TNFa, might impair their capacity to ingest
all the AP and inhibit the production of AB-degrading
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proteases [42]. On the other hand, pathogens or pat-
tern recognition receptors (PRRs) such as the CD36,
TLRs, and RAGE are activated in the presence of Ap and
stimulate a robust inflammatory response resulting in
the overproduction of pro-inflammatory cytokines and
free radicals following loss of neurons in the brain [43].
However, increasing evidence suggests that immune sig-
naling not only results from protein aggregation in the
brain, but also initiates the formation of aggregates dur-
ing the early stages of the disease process [33]. Therefore,
according to the mentioned concepts, we estimate that
bacterial infection stimulates AD-like pathology through
two mechanisms: (1) direct activation of the immune
system resulting in AP accumulation; (2) stimulating
the antimicrobial peptide Ap production and following
neuroinflammatory cascade responses and consequently
neuronal death.

Other hypothesis related to the cognitive decline may
contribute with structural changes in neurons. In paral-
lel, the tau protein that stabilizes the shape and normal
function of neuronal axons is hyper-phosphorylated dur-
ing neuroinflammation processes and aggregates into
neurofibrillary tangles leading to maul the structure of
neuronal cells, disruption axonal outgrowth, synaptic
degeneration, and consequently hippocampal neuronal
death [44, 45]. In this study, we observed that p-Tau depo-
sition was significantly increased in the hippocampus
of bacterial infected animals. When tau proteins in the
brain are abnormally hyperphosphorylated, they become
detached from the microtubules they support, which can
lead to the destabilization of those microtubules [46].
Moreover, the anomalous aggregation of tau protein hin-
ders its ability to bind with microtubules, consequently
affecting the dynamics of the microtubules [46]. In our
study, we also found that MAP2 and pB-Tubulin, two main
neuronal markers, were significantly decreased when
rats’ hippocampus was subjected to C. acnes. This can be
due to the aggregation of AB and neurofibrillary tangles
that cause the degeneration of neurons. Tubulin, as the
primary building block of microtubules, plays a critical
role in cellular processes, like cell proliferation, neuronal
migration, and laminar organization of cortical neurons
for cortical development [47]. MAP2 is a central compo-
nent of cross-bridges among microtubules in dendrites
of post-mitotic neurons, which stabilizes microtubules
and contributes to synaptic plasticity [48]. Similar to tau
protein, the binding affinity of MAP2 to microtubules is
altered by its phosphorylation state, and high levels of
phosphorylation reduce the association of MAP2 with
tubulin [46]. The reduced expression of these proteins
leads to neuronal destruction. Indeed, MAP2, in altered
expression, converts into granules, leading to neuro-
toxicity and neuronal death [49]. The loss of MAP2 and
B-Tubulin has been widely linked to AD pathology [50].
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Consequently, our results show that infection of the brain
with C. acnes significantly disintegrates microtubules of
axons and dendrites and disrupts neural cell structures.
The limitation of this study was using C. acnes that is a
very heterogenous bacterial species with many phylo-
types and ribotypes, with very different virulence, sur-
face properties and metabolic activity. In host-microbiota
interaction studies using more representative strains can
provide valuable insights into knowing disease etiology.
For future investigations, we suggest isolate C. acnes
strains from the brain of mild cognitive impairment
(MCI) and AD patients to further explore the potential
role of this bacterium in Alzheimer’s disease develop-
ment. This approach will enable us to compare different
strains and understand the impact of C. acnes on brain
health more comprehensively. One additional limitation
of our study is the lack of assessment regarding the sur-
vival and metabolic state of C. acnes in the rat hippocam-
pus post-infection. The detection of viable C. acnes in the
brain tissues would provide evidence of bacterial survival
and potential adaptation to the host environment. More-
over, to obtain more precise quantitative data on Ap and
MAP2 levels, Western blot or ELISA analysis on protein
extracts is suggested.

Conclusion

The results of this study propose evidence that C. acnes
infection of the brain of rats can play a major role in
AD-like pathogenesis, which can be suggested as a caus-
ative agent for the occurrence of AD-like symptoms.
Accumulating AP and p-Tau with a significant decrease
in B-tubulin and MAP2 levels may indicate destabili-
zation of the neuronal cytoskeleton network, leading
to impairment of synaptic structure and function and,
consequently, cell death. Further research is necessary
to investigate the molecular mechanisms involved in
bacteria-induced AP and p-Tau aggregations over a lon-
ger exposure time. This perspective provides a new land-
scape for designing novel approaches for the prevention
or treatment of AD.
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