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Abstract: Alzheimer’s Disease (AD) is a progressively debilitating form of dementia that affects
millions of individuals worldwide. Although a vast amount of research has investigated the complex
interplay between gut microbiota and neurodegeneration, the metaproteomic effects of microbiota
on AD pathogenesis remain largely uncharted territory. This study aims to reveal the role of gut
microbiota in AD pathogenesis, particularly regarding changes in the proteome and molecular
pathways that are intricately linked to disease progression. We operated state-of-the-art Nano-
Liquid Chromatography Mass Spectrometry (nLC-MS/MS) to compare the metaproteomic shifts of
3-month-old transgenic (3M-ALZ) and control (3M-ALM, Alzheimer’s Littermate) mice, depicting
the early onset of AD with those of 12-month-old ALZ and ALM mice displaying the late stage of
AD. Combined with computational analysis, the outcomes of the gut-brain axis-focused inquiry
furnish priceless knowledge regarding the intersection of gut microbiota and AD. Accordingly, our
data indicate that the microbiota, proteome, and molecular changes in the intestine arise long before
the manifestation of disease symptoms. Moreover, disparities exist between the normal-aged flora
and the gut microbiota of late-stage AD mice, underscoring that the identified vital phyla, proteins,
and pathways hold immense potential as markers for the early and late stages of AD. Our research
endeavors to offer a comprehensive inquiry into the intricate interplay between gut microbiota and
Alzheimer’s Disease utilizing metaproteomic approaches, which have not been widely adopted in
this domain. This highlights the exigency for further scientific exploration to elucidate the underlying
mechanisms that govern this complex and multifaceted linkage.

Keywords: neurodegeneration; Alzheimer’s Disease; proteomics; metaproteomics; gut microbiota;
5xFAD mice

1. Introduction

Over the past decade, studies have demonstrated the co-presence of various microor-
ganisms, including bacteria, fungi, parasites, and viruses, within the human intestine. In
fact, the number of microorganisms in our body is estimated to be 10-100 times greater
than the number of eukaryotic cells [1]. These microorganisms, which live in symbiosis
with the human host, are collectively referred to as microbiota. Note that the term mi-
crobiota is distinct from the term microbiome, which encompasses all the genes of the
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microbiota [2,3]. The composition of the gut microbiota is typically dominated by several
key phyla, including Firmicutes, Bacteroidetes, Proteobacteria, Actinomycetes, Verrucomicrobia,
and Fusobacteria [4,5]. While the specific makeup of an individual’s microbiota may vary,
evidence suggests that all individuals possess a core microbiota [6].

Recently, the term “Gut-Brain Axis” has gained prominence in scientific literature
to describe the bidirectional communication between the Central Nervous System (CNS)
and Enteric Nervous System (ENS). Evidence suggests that this axis plays a critical role in
various stages of life, from early development to old age, and in different body regions, from
the intestinal lumen to the CNS [7]. However, understanding the mechanisms involved
in this bidirectional communication is essential to advance our understanding of this
axis [8]. The Gut-Brain Axis involves various physiological pathways, including the
nervous, immune, endocrine, and metabolic signals [7,8]. Within the nervous system
pathway, the ENS, primarily located within the gastrointestinal tract, modulates signals
through both sympathetic and parasympathetic pathways, mainly through the vagus
nerve and prevertebral ganglia. Studies in germ-free mice have provided compelling
evidence that gut microbiota plays a critical role in the neural development of young
and adult brains [8,9]. Thus, it is becoming increasingly evident that gut microbiota
alterations can trigger the disease process’s onset [10,11]. Therefore, a more comprehensive
understanding of the Gut-Brain Axis and the mechanisms underlying its interactions could
pave the way for developing novel therapeutic interventions for various neurological and
psychiatric disorders.

Neurodegenerative disorders have been recognized to manifest with aging and are
associated with heightened susceptibility, which decreased intestinal microbial diversity
and altered microbiota composition associated with aging [12]. Consequent to immune
system dysregulation, these conditions lead to chronic intestinal inflammation and mi-
crobial dysbiosis [7]. Furthermore, microbial products traverse the blood—brain barrier
through circulation and activate pro-inflammatory cytokines via microglial activity, leading
to neuroinflammation in the brain [7,13]. Studies in germ-free mice have revealed that
bacterial short-chain fatty acids (SCFAs) considerably impact microglial maturation and
the tryptophan pathway, which affects astrocyte activation; this is a microbial influence on
neurogenesis [14]. From this vantage point, it becomes apparent that the gut microbiota
significantly impacts the immune and lymphatic systems via the bidirectional Gut-Brain
Axis and neurogenesis [7,9,15]. Additionally, the gut microbiota is accountable for the
biosynthesis of crucial neuromodulators and neurotransmitters, including serotonin and
dopamine [16,17]. This is of utmost importance as these signals have a critical role in
enterochromaffin cells, a subset of enterocytes that function as ENS neurotransmitters re-
sponsible for the integrity of the intestinal epithelium [16,17]. Hence, it can be posited that
Gut-Brain Axis dysbiosis exerts a noteworthy influence on the pathogenesis of neurodegen-
eration, including Alzheimer’s Disease (AD) [7,18]. Additionally, emerging evidence from
Irritable Bowel Syndrome and other recent investigations have elucidated the potential
interplay between the host’s innate immune system and gut microbiota. Consequently,
intestinal microbiota dysbiosis is a notable risk factor for AD or non-AD dementia. Fur-
thermore, dysbiosis of the intestinal microbiota can undermine the host immune response,
leading to the progression of various inflammatory disorders such as autism, schizophrenia,
and multiple sclerosis [7,9,19,20].

AD is a prevalent neurodegenerative disorder that exerts deleterious effects on cog-
nitive abilities [21]. AD is typified by the deposition of extracellular amyloid-beta (Af3)
aggregates known as senile plaques and intracellular neurofibrillary tangles of hyperphos-
phorylated microtubule-associated tau (MAPT) protein [22]. The 5XFAD is a transgenic
mouse model notable for its early-onset and robust A overexpression [23]. These mice ex-
hibit intracellular A3 accumulations in various subcortical and cortical regions, particularly
in the hippocampus, resulting in AD-like cognitive impairments within 2—4 months [24]. Af-
ter approximately 4 months, marked gliosis and amyloid plaque deposits are observed [25].
The selection of this model was informed by the fact that it presents a vast quantity of
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toxic AP plaques, which disrupt synaptic junction networks, resulting in a degenerative
phenotype characterized by neuronal atrophy and death without the manifestation of tau
pathology [26,27]. Additionally, this model organism has been employed in numerous
gut-brain axis studies, and its relevance to this area of research is well-documented in the
scientific literature [28-30]. Despite significant efforts to develop effective treatments for AD,
recent years have witnessed consistent failures of tau-targeted or 3-amyloid (A[3)-centered
medical strategies in late-onset clinical trials [31,32]. Collective studies from both in vivo and
in vitro settings, including human and animal studies, have demonstrated a strong association
between intestinal microbiota dysbiosis and inflammatory responses, including microglial
and astrocyte activation, throughout the development of AD [33-35]. Notably, numerous
studies have shown plaque-related inflammatory activity in mice treated with antibiotics,
the presence of intestinal microbial lipopolysaccharide (LPS) in post-mortem brain analyses
of AD patients, and the activation of peripheral inflammation upon LPS injection [36-38].

The present knowledge regarding the association between the gut-brain axis and AD
pathogenesis needs to be completed [7,39]. The precise inflammatory mechanisms intercon-
nected during AD development remain elusive [39,40]. Additionally, the significance of
microbiota-derived metabolites in AD-linked pathways involving the gut-brain axis and
neuroinflammation still needs to be fully elucidated [29].

Despite the proliferation of scientific literature on the relationship between gut mi-
crobiota and neurodegenerative diseases [41-45], there remains a lack of metaproteomic,
systematic, and rigorous investigations into this phenomenon. Few studies have utilized
metaproteomic methods to explore the role of gut microbiota in the development and pro-
gression of Alzheimer’s disease. In response to this gap in the literature, the present study
sought to address the issue by conducting a comprehensive analysis of the microbiota and
proteome profiles in both young and old control models, as well as in early and late-onset
AD models. By examining these various cohorts, the study aimed to elucidate the dynamic
linkages between the gut microbiota and AD progression to identify potential therapeutic
targets for this important disease. Ultimately, the findings of this study provide valuable
insights into the complex interplay between gut microbiota and neuroinflammation in the
context of AD, shedding new light on the pathophysiology of this disease and offering new
avenues for therapeutic intervention.

2. Results

A cohort of 12 murine subjects was selected and sorted into two cohorts, the Tg and
control groups. Each cohort was subsequently divided into biological samples collected
at 3 and 12 months, with each sample replicated three times to ensure statistical rigor.
The murine intestines were extracted and dissected, cryopreserved at —80 °C, and later
thawed at room temperature to initiate experimentation. Upon examining the samples
with nLC-MS/MS (Supplementary Figure S1), it was discerned that 2046 peptide sequences
were observed in the 3-month control samples, 1540 peptide sequences were observed in
the 3-month Tg samples, 2832 peptide sequences were observed in the 12-month control
samples, and 2675 peptide sequences were observed in the 12-month Tg samples. Excluded
microorganisms that did not fall within the three primary superkingdoms of life (Archaea,
Bacteria, and Eukaryota) to ensure the validity and specificity of the results. Additionally,
any sequences found to be identical or highly similar were removed from the unique
sequences analyzed to avoid over-representation and redundancy (Table 1).
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Table 1. Data processing result of the study. The distribution of peptide, protein, and organism

amounts across the biological samples analyzed. * Unique phyla.

3M-ALM 12M-ALM 3M-ALZ 12MALZ
Peptide 502 636 338 584
Protein 484 636 338 584
Organism 321 374 236 348
Unique phyla 1* 5% 1* 1*
Phyla 15 19 16 16
Acidobacteria
. . Actmol.agcterla Actinobacteria Actinobacteria
Acidobacteria Aquificae o o
. . . Aquificae Aquificae
Actinobacteria Bacteroidetes . .
e . Bacteroidetes Bacteroidetes
Aquificae Chlamydiae . .
. . Chlamydiae Chlamydiae
Bacteroidetes Chlorobi . .
. . Chlorobi Chlorobi
Chlamydiae Chloroflexi . .
. . Chloroflexi Chloroflexi
Chlorobi Cyanobacteria . *
. . Cyanobacteria Coprothermobacterota
Chloroflexi Deinococcus-thermus . .
. PR . Deinococcus-thermus Cyanobacteria
Cyanobacteria Dictiyoglomi . T re . .
. .Y Dictiyoglomi Deinococcus-thermus
Deinococcus-thermus Firmicutes . ..
. .. . . Firmicutes Firmicutes
Elusimicrobia Fusobacteria . .
o . T - Fusobacteria Fusobacteria
Firmicutes Nitrospirae . .
- " Proteobacteria Proteobacteria
Fusobacteria Planctomycetes . .
. . Spirochaetes Spirochaetes
Proteobacteria Proteobacteria . .
. . Tenericutes Tenericutes
Spirochaetes Spirochaetes
. . Thermotogae Thermotogae
Tenericutes Tenericutes . . . .
Verrumicrobia Verrumicrobia

* Thermotogae
* Verrumicrobia

2.1. Metaproteomic Alterations in the Microbiota of Natural Aging

The Unipept implementation of the LCA algorithm was deemed appropriate for the
study as the primary objective of this investigation was to draw a comparison between
the microbiota of Tg and control mice. The unipept pept2lca command was utilized to
apply this algorithm to control the cohort’s tryptic peptide. Specifically, we assessed the
percentage change in the metaproteomic profile of normal aging microbiota by compar-
ing 3m-ALM and 12m-ALM (Figures 1 and S2). Following the Venn clustering method, we
observed that the 3m-ALM and 12m-ALM flora contained 107 and 160 unique organisms,
respectively, while 214 organisms were identified as homologous (Supplementary Figure S2A).
During the natural aging process, the microbiota diversity of the late-stage flora was ob-
served to increase compared to the early stage. This diversity increase was associated
with the relative increase of nine phyla (Acidobacteria, Actinobacteria, Aquificae, Bacteroidetes,
Chlamydiae, Chlorobi, Chloroflexi, Tenericutes, and Proteobacteria) compared to the preliminary
period. However, three phyla, including Cyanobacteria, Firmicutes, and Spirochaetes, were
observed to decrease relatively. Furthermore, unique phyla (Elusimicrobi, Dictyoglomi, Ni-
trospirae, Planctomycetes, Thermotogae, and Verrucomicrobia) were observed in the late stage.
Due to the descriptive nature of this study, no preliminary data are available to ascertain the
statistical significance of the observed alterations in the phyla. Nonetheless, the test for one
proportion was applied using the MedCalc software, with the 3M-ALM values serving as a
reference for the null hypothesis. Subsequently, four phyla, namely Spirochaetes, Tenericutes,
Proteobacteria, and Chlamydiae, were deemed to undergo significant changes, as evidenced
by the results of the proportion test (Figures 1A and S2B). Moreover, a comparative analy-
sis of the phylum and proteome profiles demonstrated noteworthy variations that were
statistically significant (Figure 1B). Once the alterations in the microbial flora during the
natural aging process were analyzed, a t-test was conducted to investigate changes in the
proteome profile. This was accomplished by identifying homologous-expressed proteins
from the homologous organisms of the 3M-ALM and 12M-ALM flora. The homolog organ-
isms numbered 214 (Supplementary Figure S2A), with 79 homologous proteins expressed
by these organisms. Out of these, 46 proteins were found to be significantly expressed



Int. . Mol. Sci. 2023, 24, 12819

50f22

(p < 0.05) after the t-test, with a fold change (FC) and cut-off (0.25 < FC < —0.20) applied to
the significant values. The resulting significant values yielded 20 decreased and 26 increased
substantial values. Molecular function analysis was then performed on the homologous
microbial sequences using Unipept 4.3, with the bar graph depicting the percentage of
changing proteins (Figure 1B).
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Figure 1. Examining the changes in the metaproteome of the microbiota associated with natural
aging. The percentile comparison of the phyla diagram in (A) indicates an increase in certain phyla
compared to the 3M-ALM, as denoted by the dark arrow rather than the light arrow. The highlighted
taxa in the diagram represent unique phyla. The bar graph in (B) illustrates significant alterations in
the molecular functions of the microbiota, as indicated by changes in protein expression; investigating
the proteins and pathways associated with the common 214 bacteria co-expressed proteins in both
3M-ALM and 12M-ALM mice. The changes in transcription (p = 0.0001) and energy metabolism
(p = 0.0006) functions are particularly noteworthy, with (*) p-values less than 0.05 indicating statistical
significance. The protein pathways involved in these changes include transcription (txn), energy (atp),
amino acid metabolism (aa), protein conformational structure (strc), and translation (trl). Unique
phyla have been emphasized by shapes/boxes.

2.2. Metaproteomic Alterations in the Microbiota of Transgenic Aging

After scrutinizing the changes that occurred during the natural aging process, the
study investigated the transformation of intestinal flora in Tg mice during aging. Likewise,
the modifications that occurred in the intestinal flora, as well as the homologous expression
of protein profiles, were examined in Tg mice aged between 3 and 12 months (3M-ALZ
and 12M-ALZ, respectively). The phylum-based sequences were determined using the
Unipept implementation of the LCA algorithm, and the aging process of these phyla in
3M-ALZ and 12M-ALZ cohorts were compared using both Venn diagrams and percentiles.
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In the microbial perspective of age-related diseases, the early stage displayed a unique

set of 77 organisms, while this number increased to 189 in the later stage. The number of

homologous organisms observed was 159 (Supplementary Figure S3A). Despite the absence

of any significant alteration in the diversity of microbiota during the progression of the

disease from its early to late stages, phyla demonstrate notable variations relative to each

other. Specifically, 11 phyla, namely Actinobacteria, Aquificae, Bacteroidetes, Chlorobi, Chloroflexi,
Cyanobacteria, Deinococcus, Firmicutes, Proteobacteria, Spirochaetes, and Verrucomicrobia, exhibit

an increase, whereas three phyla, namely Chlamydiae, Tenericutes, and Thermotoga, manifest a

decrease in abundance (Figure 2A). Furthermore, based on the applied statistical proportion

test, the changes in five phyla, namely Spirochaetes, Firmicutes, Proteobacteria, Cyanobacteria, and

Actinobacteria, are determined to be statistically significant (Supplementary Figure S3B). Even
though the natural aging process exhibits predominantly stable changes and relatively
small variations, the models representing the aging process of Tg cohorts display notable
variability and instability. Additionally, the diversity observed in the natural aging process,
where new organisms emerge, is not evident in the aging process of patients. Following
the observation of microbial changes in the Tg aging process, the proteome profiles of the
proteins homologously expressed from the corresponding phyla were analyzed, and their
intensities were subjected to t-testing. The fold change over the average of the intensities
was calculated to determine the significant increase and decrease of percentage values.
Subsequently, the molecular functions in which the proteins of interest played a role
were identified, and the values of these functions were compared using a proportion test.
(Figure 2B).
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Figure 2. Representation of the changing patterns of the metaproteome in the Tg cohort microbiota.
The percentile comparison of the phyla diagram (A) indicated a discernible increase in the dark arrow
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12M ALM

relative to the 3M-ALZ rather than the light arrow. Furthermore, the highlighted taxa in the diagram
represented unique phyla. The bar graph (B) presented a significant alteration (* p < 0.05) in the
molecular functions of the 159 homologous flora, particularly in the transcription (p = 0.0018) and
energy metabolism (p = 0.0001) pathways. The molecular functions of the identified proteins were de-
termined, and the differences were statistically evaluated using the MedCalc-Test for one proportion
statistic. txn: transcription pathways, atp: energy pathways, aa: amino acid metabolism pathways.
Unique phyla have been emphasized by shapes/boxes.

2.3. Homolog Metaproteome Alterations in the Core Microbiota of 3M ALZ and 12M ALZ Cohorts

The present investigation endeavors to explore the ramifications of microbiota changes
on the intestinal flora during the aging process, employing metaproteomic analysis. Specif-
ically, we scrutinized the intestinal flora of a patient model suffering from AD, as well as
of normal aging mice. Our research delved into the organisms and proteins observed in
the homolog microbiota of 3M ALZ and 12M ALZ mice (22 bacteria), the microbiota of
exclusively /pure 12M ALZ mice (56 bacteria), and the microbiota of solely/pure 12M ALM
mice (75 bacteria). By comparing these diverse microbiotas, we could discern substantial
differences in the organism and proteome composition of late-stage AD flora relative to
that of normal-aged flora. Our investigation focused on scrutinizing the ALZ flora within
the homolog organisms without discerning between the late and early stages of AD. We
identified six homolog proteins that underwent significant alterations, whose relevance
to AD was corroborated by existing literature. Upon subjecting these proteins to molec-
ular functional analysis, we discovered their involvement in pathways associated with
transcription and energy mechanism, akin to those found during aging. Furthermore, our
investigation unearthed the identification of proteins linked with the penthose-phosphate
path associated with oxidative stress, which was observed to be elevated in our study
(Figure 3, Tables 2 and 3). This inquiry facilitated our ability to appraise the core microbiota
of the Tg model, irrespective of age, and reinforced the relationship between the phyla
identified in the ALZ microbiota and AD, as previously substantiated in literature.

Late-onset ALM
microbiota

3M ALZ

ALZ core
microbiota N\

22 homolog organism

!

6 homolog protein

l

P <0.05

Late-onset ALZ
microbiota

Figure 3. The analysis chart of the homolog 22 organisms. The Venn diagram emphasizes the presence
of only 22 organisms that constitute the 3M ALZ and 12M ALZ core flora.
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Table 2. Identifying the most prominent homolog six proteins: an examination of Figure 4.
UniProt ID Protein Name t-Test F-Chance Organism Phylum
P13357 ATP synthase subunit beta 0.01 —0.88 Cellulophaga lytica Bacteroidetes
QIXXK1 ATP synthase subup italpha, 0.01 —0.08 Caenorhabditis elegans Metazoa
mitochondrial
P37282 60 kDa chaperonin 0.08 049 Lactococeus lactis subsp. Firmicutes
P : : lactis (strain IL1403)
coQVvCs Probable transaldolase 0.01 191 Brachyspira hyodysenteriae Spirochaetes
: : (strain ATCC 49526/ WA1) P
AOK2Y1 ATP synthase subunit alpha 0.01 9.31 Burkholderia cenocepacia Proteobacteria
yn P : : (strain HI2424)
DNA-directed RNA Rickettsia bellii .
ABGV24 polymerase subunit beta 0 11.62 (strain OSU 85-389) Proteobacteria

Actinobacteriam® U12M ALZ
U12M ALM Bélcﬁ:fafglsg:es ° Actinobacteria @ M.

[Chiorobi]» Chlamydiae=e
Firmicutes @ Siasakieni-re
= Cyanobacteria-{®
L Firmicutes @
| Proteobactel
Eukaryota=e -
enencutes . Tenericutes=®
ThermoTogaede

B

45 p 0.0333

20
15
5
175 1.7
0

Figure 4. The metaproteomic changes observed in pure 12M ALZ and 12M ALM microbiota.
(A) The percentage phylum diagram, which compares these organisms based on phylum. The
dark arrow indicates an increase in ALZ compared to ALM, while the light arrows depict a decrease.
The highlighted phyla indicate the unique phyla (U) of each biological sample. (B) The Test for one
proportion statistic, which shows the statistical significance observed in the energy mechanism
(p = 0.0333) and the pathways related to the protein 3-dimensional conformational structure
(p = 0.0072). atp: energy metabolism, trl: translation pathways, txn: transcription pathways, strc:
protein 3D conformational structure. Unique phyla have been emphasized by shapes/boxes.

Protein %

ALZ ALM
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Table 3. Feature of the molecular functional analysis of the six homolog proteins that underwent
significant changes, and these proteins were analyzed based on their peptide sequences: a close
examination of Figure 4 and Table 2.

Pathways Molecular Function %Peptide
ATP binding 66.67

Proton-transporting ATP synthase activity,

Energy metabolism rotational mechanism >0

hydrolase activity 16.67

Sedoheptulose-7-phosphate:
D-glyceraldehyde-3-phosphate 16.67

Pentose-phosphate glyceronetransferase activity
Aldehyde-lyase activity 16.67
Protein structure Unfolded protein binding 16.67
DNA binding 16.67
Transcription DNA-directed 5’-3' RNA polymerase activity 16.67
Ribonucleoside binding 16.67

2.4. Metaproteomic Alterations in the 12M Microbiota of Pure ALZ and ALM Models

In the ensuing phase, we embarked on the assessment of the discernible disparities
in the microbiota and proteins of the pure 12-month ALZ and pure 12-month ALM from
other models. Accordingly, we conducted a comparative analysis with the pure 12-month
ALM to demarcate it from the regular aging data. The phylum diagram was first con-
structed to juxtapose the phyla percentages between the two cohorts. Our findings evinced
a conspicuous upsurge in two phyla (Actinobacteria, Firmicutes) in contrast to the 12-
month ALM flora and a corresponding decline in three phyla (Chlamydiae, Proteobacteria,
Tenericutes) (Figure 4A). Furthermore, using the Test for one proportion statistic, we iden-
tified significant phyla (Proteobacteria: p < 0.0001), which are exhibited in the bar graph
(Supplementary Figure S4). Conversely, owing to the presence of unique organisms in both
microbiotas with no homolog organisms, it was not possible to conduct a molecular analysis
of homolog proteins. Nevertheless, individual molecular analyses were conducted on the
distinct proteins of each group (12M ALM — 56 organisms; 12M ALZ — 75 organisms).
Consequently, homolog molecular functions were determined, and a noteworthy alteration
was observed in the ALZ flora, as compared to the ALM flora in the pathways related to
energy mechanism (p = 0.033) and protein 3D structure (p = 0.007) (Figure 4B).

3. Discussion
3.1. Metaproteomic Changes in the Microbiota of Natural Aging

Part of the investigation centers on the alterations in the microbiota that occur natu-
rally during aging, with particular emphasis on the impact of the heightened abundance of
certain phyla, specifically Chlamydia, Proteobacteria, and Tenericutes. Earlier inquiries have
confirmed that an upsurge in the Chlamydiae phylum, particularly the Chlamydia pneumonia
subspecies, exerts an unfavorable effect on the intestinal microbiota due to dysbiosis [46].
Moreover, C. pneumonia has been linked to immune suppression and Alzheimer’s Disease
in the context of aging [47]. Studies have demonstrated that C. pneumonia can infect mono-
cytes, as well as instigate inflammatory pathways and the formation of amyloid deposits
in the brains of mice [48-50]. Meanwhile, although Tenericutes are usually observed in
lower levels in natural microbiota [51], their increase may be indicative of dysbiosis. One
investigation has revealed that the M. gallisepticum subspecies of Tenericutes can hinder the
promoter activity of the mRNA-ribosome complex, thereby inducing significant modifica-
tions in the translatome in the presence of stressors [52]. Within the microbiota landscape, it
is widely accepted that Proteobacteria reign supreme in their prevalence. However, a surfeit
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of this phylum, notably Helicobacter, epsilon (Campylobacter), Enterobacter, and Oligoflexia
(Bdellovibria) species, causes an intestinal microbiota dysbiosis that supports AD-linked
dementia. Investigations featuring the 5xFAD model divulge that a magnification of Pro-
teobacteria evokes inflammation along with bacterial endotoxins such as LPS, IL-8/10, and
AP40,42. These toxins impede the gut microbiota and permeate particular brain regions
via circulation. Furthermore, post-mortem studies reveal that the tally of Proteobacteria
colonies in the brains of AD-afflicted individuals surpasses those of normal aging brains by
a significant margin. Within this purview, the upsurge of the Proteobacteria phylum appears
to be intimately associated with inflammaging, a chronic inflammatory state observed in the
aging process. Significantly, a decrease in the Spirochaetes phylum, responsible for neurospiro-
chetosis, occurs during natural aging. Evidence has substantiated the linkage between the
Spirochaetes phylum and AD, eliciting atrophy and brain microgliosis [53-55]. Consequently,
the reduction in Spirochaetes phylum, which is associated with chronic inflammation in
AD, does not appear to be a causal factor in the development of AD. Therefore, this reduc-
tion may serve as a potential differentiating marker between AD and the microbiota of
individuals undergoing normal aging. Hence, the absence of bacterial phyla that induces
inflammation intimates that Tg aging is unlikely to arise from the chronic inflammatory
pathway that usually characterizes dementia during natural aging. Regarding our observa-
tions, certain phyla could appear to serve a stabilizing function in combating persistent
infections in the microbiota of models undergoing the natural aging process. In the litera-
ture, the Acidobacteria phylum has been observed to mitigate AD symptoms by mediating
microglia-induced inflammation via metabolites [56,57]. In contrast, the reduction of the
Cyanobacteria phylum, which is acknowledged for producing neurotoxins such as BMAA
(B-N-methylamino-l-alanine), saxitoxin, and anatoxin-«, is associated with neurological
diseases and an increased risk of AD. It is worth highlighting that Cyanobacteria is typi-
cally present in minute quantities in the core microbiota [58,59]. The unique presence or
expansion of the Verrucomicrobia phylum is associated with inflammaging and AD [60].
Furthermore, the exclusive presence of the Thermotogae phylum [61] appears to elicit a
beneficial effect on the AD flora, producing advantageous molecules like butyrate. The
modest elevation of Actinobacteria, Bacteroidetes, and Chloroflexi phyla observed in the
normal aging microbiota corroborates the theory of inflammaging. Dr. Fischer, who made
the initial discovery of Alzheimer’s Disease alongside Alois A, identified Actinobacteria
phylum as a critical mediator of inflammation through its ability to form bacterial colonies
in the brain, a phenomenon strongly linked to AD [35,62-65]. While the Bacteroidetes phy-
lum is present in the normal microbiota, research suggests that its overabundance may
trigger an increase in lipopolysaccharides (LPS) [66,67]. Additionally, Chloroflexi [68—74]
phylum is known to generate bacterial amyloid and is associated with AD. Finally, an
absence of Chlorobi, Dictyoglomi, and Nitrospirae phyla in the AD-related literature, but
their presence in our dataset suggests that these phyla may serve as valuable markers.
Specifically, the Chlorobi phylum exhibits a slight increase in the late-stage Tg and control
models. In addition, the conspicuous surge of the phylum in the early-stage Tg model
suggests that it holds promise as an early-stage flora marker. Furthermore, the Nitrospirae
phylum has been reported to escalate in cases of chronic dental inflammation, culminating
in cognitive impairment [75]. Despite the low incidence rate of deleterious bacteria in
normal aging, their close correlation with AD flora cannot be refuted. The presence of these
bacteria in the 12M-ALM may shed light on the etiology of dementia in individuals who
exhibit plaques in their brain but lack AD. It is postulated that these bacteria, which coexist
with dementia-inducing ones and are labeled as stabilizers, may effectively impede chronic
inflammation and, hence, prevent the onset of chronic dementia. Following the analysis of
the microbial changes in the normal aging process, a t-test was conducted on the protein
intensities by identifying homologous-expressed proteins from the homologous organisms
of the 3M-ALM and 12M-ALM flora to explore changes in the proteome profile (Figure 1B).
The analysis revealed significant differences in both transcription and energy metabolism
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functions, while the changing proteome profile was found to be correlated with changes in
the phylum.

3.2. Metaproteomic Changes in the Microbiota of Transgenic (Tg) Aging

Despite relatively minor changes observed in natural aging, which are dominated
by stabilization, models representing the aging process in Tg cohorts have become more
variable and unstable. Moreover, the diversity observed in natural aging, with the pres-
ence of new organisms, has not been observed in Tg aging. The significant increase
in inflammation-causing phyla, such as Actinobacteria [35,48,49], Cyanobacteria [39,50,51],
Firmicutes [30,49,52-57], Proteobacteria [30,39,48,58-60], and Spirochaetes [61-63], as deter-
mined by the Test for one proportion statistics, lends support to the hypothesis that these
phyla are closely connected to inflammation. Research studies have exemplified that an
increase in Cyanobacteria leads to neurotoxicity [39], and that the Firmicutes phylum in the
5XFAD microbiota is associated with inflammation [30,64]. Furthermore, disproportionate
increases in the Proteobacteria phylum, including gram-negative bacteria, have a linear
relationship with IL-8/10 (Interleukins-8/10), LPS, and «f3 1-40/42 (amyloid-beta) [30,60].
The Spirochaetes phylum, associated with neurospirochaetesis [62], decreased significantly
in natural aging but increased significantly in Tg aging, implying that this phylum could
be regarded as a marker. Finally, it is worth noting that while the Actinobacteria phylum,
characterized by inflammation [65], does not significantly expand in natural aging, it does
significantly expand in Tg aging. Our discoveries proffer further corroboration for our
hypothesis, as the phyla Bacteroidetes, Chloroflexi, and Verrucomicrobia establish an escalation,
while the phyla Fusobacteria, Tenericutes, and Thermotogae exhibit a reduction. Notably, the
conspicuous upgrade of Bacteroidetes [39] and Chloroflexi [53,66] in Tg mice is closely corre-
lated to inflammation, while the prevalence of Verrucomicrobia [67,68], Fusobacteria [69,70],
Tenericutes [71], and the butyrate source Thermotogae [72] phyla is noticeable in natural mi-
crobiota. Moreover, even though the association between the Coprothermobacterota phylum
and AD has not been documented in the literature, our data “purely” demonstrates this
phylum in the 3M-ALZ-versus-12M-ALZ and 12M-ALM-versus-12M-ALM models. Hence,
this finding prompts us to contemplate operating the Coprothermobacterota phylum as a
marker for late-onset microbiota. The observed microbial shifts in the Tg aging process
have prompted a molecular investigation of the underlying mechanisms. We conducted
a proteome analysis of the proteins expressed through homolog phyla, executing a ¢-test
on their intensities (Table 2). Our functional analysis, guided by literature reviews, has
revealed statistically momentous molecular changes, including amino acid metabolism,
transcription pathways, and energy metabolism. Accordingly, dysregulated amino acid
metabolism may serve as a hallmark mechanism in the Tg flora. In contrast to control
models, the Tg aging process was denoted by a shift toward harmful bacteria and a reduc-
tion in beneficial bacteria. However, further research is necessary to probe the possible
roles of the Aquificae, Chlorobi, Deinococcus—Thermus (unreported in the literature), and
Coprothermobacterota phyla as markers in Tg aging. Our study underscores the demand for
more comprehensive inquiries into these pathways to identify potential biomarkers and
therapeutic targets. Altogether, our findings supply valuable perspicuity into the molecular
mechanisms underlying microbial changes in Tg aging and accentuate the importance of
understanding the intricate interplay between microbiota and host health.

3.3. Metaproteome Changing of Homolog 3M- and 12M-ALZ Core Microbiota

The aim of our endeavors for exploring the repercussions of microbiota shifts on
intestinal flora during the aging process by employing metaproteomics analysis. Con-
cretely, our scrutiny focuses on the core microbiota of Tg models, which disregards
chronological age, dissecting extensively. The discoveries of our investigation put forth
a strong correlation between the Tg model microbiota and the phyla found in AD, which
has been well-substantiated by the existing literature. Our comprehensive examina-
tion reveals the presence of phyla Actinobacteria [35,48,49,65], Firmicutes [30,49,52-57],
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Proteobacteria [30,39,48,58—60], and Bacteroidetes [73,74], which are closely coupled with
inflammatory responses. Moreover, we detected the presence of Cyanobacteria [39,50,51],
comprehended for their neurotoxic impact, and Tenericutes [71], recognized for inflicting
damage to the mRNA-ribosome complex. Within this cohort, we identified six homolog
proteins that exhibited considerable differences in the proteins they express, which have been
documented in the existing literature. Prior investigations into ATP synthase [75-78] have
illustrated that impaired mitochondrial oxidative phosphorylation can trigger oxidative stress,
which, in turn, interrupts energy production. Meanwhile, the 60-kDa chaperonin [79-82]
protein has been demonstrated to possess anti-stress properties and safeguard neurons
from degeneration, particularly in response to amyloid toxicity. The noteworthy increase in
this protein observed in our data implies a parallel with the upregulation of chaperones in
a dysbiotic flora characterized by chronic inflammation and oxidative stress. Transaldolase
protein [83-85] is crucial in maintaining metabolite balance in the pentose-phosphate path-
way. Studies have revealed that it is induced during oxidative stress and classified as a
functional category in drosophila with cognitive impairment, aligning with the signifi-
cant increase in this protein we observed. Additionally, our available analysis found that
pentose—phosphate pathways are impacted in the transcription and energy metabolism axis.
However, earlier research on linker histone-DNA complexes in Alzheimer’s Disease has
identified DNA-binding proteins [86,87] as critical factors in regulating genetic processes
like transcription. Our data showed a noteworthy increase and decrease in transcription
pathways correlating with a significant reduction in DNA-binding proteins, suggesting that
a certain range of increases and decreases in this protein negatively affects transcription.

3.4. Metaproteome Changing of Unique 12-Months ALZ and ALM Microbiota

We have comprehensively scrutinized microbiota differences during aging, employ-
ing an analysis of the core microbiota of transgenic aging models, focusing solely on the
12M-ALM and 12M-ALZ organisms and proteins filtered from other models. Our study
unveiled a remarkable rise in the Actinobacteria phylum [35,48,49,65] and the Firmicutes
phylum [30,49,52-57] in these representatives, which is consistent with the previous liter-
ature. Intriguingly, our results exhibit a noteworthy decline in the Proteobacteria phylum
compared to other models. Our observations imply that these essential phyla recreate a
balancing role in the flora, and perturbations in their abundance within specific ranges
could cause neurodegeneration through dysbiosis and inflammation. Furthermore, we
noticed the exclusive presence of the Cyanobacteria phylum [39,50,51], comprehended for its
deleterious effects on the flora, solely in the pure 12-ALZ microbiota in our dataset, hinting
at its possible usage as a biomarker for late-stage ALZ microbiota modeling. Addition-
ally, we observed an augmentation in the Chloroflexi phylum in our data in late-stage Tg
models and its distinctive presence in the early-stage ALZ model and the pure 12-ALZ
microbiota, signifying its potential application as a biomarker in the early and late-stage
ALZ, respectively.

In summary, our postulation asserts that the mechanism of infection is initiated
through a multifaceted interplay of endogenous and exogenous factors (Figure 5). The
observed determinations are conjectured to be attributed to internal factors such as ge-
netic predisposition [88,89], as well as extrinsic factors [90] encompassing the dysbiosis
of the oral microbiome, exposure to stress or antibiotics, non-celiac gluten sensitivity, an
injudicious diet, and enteric pathogens, which can instigate nematode proliferation. These
factors can render gradual modifications in the microbiota, eventually conducting a chronic
intestinal microbiota exchange. This exchange can culminate in an unwarranted escalation
of bacterial products, such as intestinal amyloid, LPSs, and cytokines. These products can
trigger chronic intestine inflammation, particularly through Peyer’s patches [90], which can
evoke augmented intestinal permeability, Leaky Gut Syndrome. Bacteria or their products
can then permeate and penetrate the CNS. Due to the intricate interplay between endoge-
nous and exogenous factors and the bidirectional communication between the brain and
gut that ensues with aging, these bacteria or their secondary metabolites can subsequently
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traverse the blood-brain barrier, which is commonly referred to as “Leaky BBB”. Typically,
activating defensive cells such as microglia and astrocytes by bacteria or their products in
the brain can result in acute inflammation. Consequently, the amyloid precursor protein
(APP) extends beta-amyloid (af3) oligomers that exhibit antimicrobial functions through
TNF-« and its converting enzyme. These oligomers evolve activated through oligomer-
ization, a natural process [7]. Nonetheless, in the context of advanced age, which tends
chronic inflammation, genetic predisposition [91], or the silent period in newborns [45], a
self-propagating cycle between the bacterial density and their products and defensive cells
such as macrophages and astrocytes can emerge. In situations of chronic inflammation,
the activation of molecules or pathways such as TLRs, TLR4, CD14 + MD2, S100A9/8,
MyD8, NF-«B, Bacterial A3, Calprotectin, and RAGE Path is likely to materialize [92-97].
Under such circumstances, an excessive antimicrobial response from af} is anticipated to
usher in plaque formation. This is due to the chronic antimicrobial response, which results
in the accumulation of misfolded proteins, cell death, distribution from the intracellular
matrix to the extracellular matrix, and diffusion to other cells, disrupting protein struc-
ture [7,98]. When evolved proteins are dysfunctional or malfunction, the equilibrium within
the system is perturbed. Our analysis, which we attempted with various permutations,
consistently indicated that microbial dysbiosis of the flora primarily impacts amino acid,
energy metabolism, and transcription pathways. The statistically significant alterations
in the expression of these molecular pathways may signify the system’s response or the
beneficial bacteria to restore homeostasis in the face of microbial dysbiosis. Despite the
decrease in protein expressions in various molecular functions, the concomitant boost in
proteins responsible for identical operations implies that the flora may strive to maintain
stability and avoid disrupting the balance.
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Figure 5. Exploring the hypothetical framework of gut-brain axis dysregulation in Alzheimer’s
Disease: Insights derived from our empirical findings.
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Replication and further analyses are warranted to validate the findings of our study.
Nonetheless, valuable inferences have been derived both from previous studies and this
investigation (Table 4).

Table 4. Speculative assessment of phylum variations in Alzheimer’s Disease microbiota based on
our data. The presence of a plus sign denotes an observed increase, a minus sign indicates a decrease,
the letter “u’ signifies the unique presence of a phylum within a specific group, and zero denotes
the absence of a phylum within that group. Notably, the highlighted lines explicate the underlying
rationales for considering these specific phyla as potential diagnostic markers. The cohorts examined
include 3-12M ALM, representing the natural aging group; 3-12M ALZ, representing the transgenic
aging groups; and U 12M ALZ, representing the exclusive 12-month Alzheimer’s disease cohort.

Phyla 3-12M ALM 3-12M ALZ U12M ALZ Notes
Acidobacter + 0 0 Prospective (beneficial)
Actinobacteria + + + Prospective (aging marker)
Aquificae + + 0 In progress
Bacteroidetes + + 0 In progress
Chlamydiae + — — Prospective (beneficial)
Chlorobi + + 0 In progress
Chloroflexi + + u Prospective (aging marker)
Cyanobacteria = + u Prospective (late-onset marker)
Deinococcus-Thermus 0 + 0 In progress
Dictyoglomi u 0 0 For the first time
Firmicutes - + + Prospective (late-onset marker)
Fusobacteria 0 — 0 In progress
Nitrospirae u 0 0 For the first time
Planctomycetes u 0 0 For the first time
Proteobacteria + + — In progress
Spirochaetes — + 0 Prospective (harmful)
Tenericutes + - Prospective (beneficial)
Thermotogae u = 0 Prospective (beneficial)
Verrucomicrobia u + 0 In progress
Coprothermobacterota 0 u 0 Prospective (harmful)

Drawing insights from our data, we propose that the observed increases in Cyanobac-
teria and Firmicutes phyla could potentially serve as late-stage markers for Alzheimer’s
Disease (AD). Conversely, the declines in Chlamydiae and Tenericutes phyla during late-
stage AD imply their potential beneficial role, thereby suggesting their absence as indicative
late-stage markers. Moreover, the augmented abundance and presence of Chloroflexi and
Actinobacteria phyla during late-stage AD raise intriguing possibilities of considering them
as markers of the aging process. Notably, Proteobacteria phylum exhibited both increases
and decreases across all examined groups. This dichotomous behavior suggests that devia-
tions from an optimal range may have detrimental effects on the microbiota. Consequently,
alterations in the Proteobacteria phylum beyond a certain threshold could be regarded as
potential markers of disease progression. In addition, the presence of Spirochaetes and
the unique presence of Coprothermobacterota within the 3-12M AD flora warrant focused
investigations to ascertain their potential role as harmful-marker bacteria within the natural
flora. Conversely, the presence of Tenericutes and the exclusive presence of Thermotogae
in the 3-12M ALM flora beckon further exploration into their potential as beneficial-marker
bacteria for the natural flora. In our study, a meticulous examination of molecular func-
tional profiles across all biological samples revealed notable and significant transformations
in the transcription and energy metabolism pathways within the microbiota of the Tg
model. This noteworthy discovery prompts speculation regarding the potential role of
these pathways as molecular-level biochemical markers. Intriguingly, our data also unveil
a compelling association between the abundance of certain proteins, such as ATP synthase,
60 kDa chaperonin (GroEL protein), DNA-directed RNA polymerase, and Transaldolase,
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expressed by dominant phyla in the AD microbiota and the observed alterations in the
transcription and energy metabolism pathways.

4. Materials and Methods
4.1. Murine Samples

The experimental design involved the use of 5XFAD transgenic mice and their litter-
mates that carry mutations of three familial Alzheimer’s Disease-associated genes and two
human presenilin genes (Jackson Laboratory, Bar Harbor, Maine, ABD). Stool samples were
classified into two distinct biological groups based on transgene expression, namely Tg
and control. Each group was then further divided into four separate biological samples,
representing both early and late stages of the disease. Moreover, three biological repli-
cates were prepared for each biological sample, ensuring robustness and reproducibility of
the results.

4.2. Microbial Extraction from Murine Fecal Samples

The murine intestinal tissues obtained by dissection were stored at —80 °C until
utilized in the experiment. Upon thawing at room temperature, the samples underwent
centrifugation. A methodology previously described by researchers [99,100] was employed
to isolate bacterial samples from fecal matter. In brief, the samples were vortexed with
10 mL of phosphate-buffered saline (PBS), followed by shaking the samples on a rotator
for 45 min. This process was repeated thrice with centrifugation at 500x g to obtain the
supernatant. Subsequently, the supernatant was subjected to centrifugation at 20,000 x g
for 15 min. Twenty-five milligrams were weighed and subjected to protein extraction from
the resultant pellets.

4.3. Protein Extraction

The pellets of 25 mg were supplemented with the extraction buffer (2% SDS, 100 mM
DTT, 20 mM Tris-HC], pH 8.8) and were subjected to an incubation period of 20 min at 95 °C
while being shaken at 500 rpm (TS-100, Thermo—Shaker, Biosan SIA, Ratsupites iela7k-2,
Riga, Latvia, LV-1067). Next, the samples were frozen for 10 min at —80 °C, followed by
heating at 95 °C for additional 10 min. The samples were then sonicated for 10 s (Hielsher
UP200St Vialtweeter, Teltow, Germany) and centrifuged at 20,000x g for 10 min. The
supernatant was collected and stored at —80 °C for subsequent analysis. The results are
verified by SDS-PAGE analysis by using the TGX Stain-Free™ FastCast™ Acrylamide
Solutions kit (Bio-Rad Laboratories, TNC, Hercules, CA, USA Catalog. NO. 161-0181 as
per the established literature [101]. In brief, 0.75-mm glass plates were utilized; Resolver A
and B were prepared as 2 mL, and Stacker A and B were 1 mL, respectively. The gel was
poured into the cassette, and electrophoresis was performed at 70 V for the first 15 min,
followed by 150 V. The resulting gels were subjected to three washes with ultrapure water
(Milli Q) using a Benchmark Scientific Blot Boy Fixed Speed 3D laboratory shaker. Finally,
the gels were stained with Coomassie Brilliant Blue R-250 Dye (20278) and visualized using
the ChemiDocTM MP System (BioRad, Hercules, CA, USA).

4.4. Microdialysis and Protein Concentration Determination

The lysates were subjected to dialysis against 20 mM Ammonium Bicarbonate, pH 7.8,
overnight at 4 °C using the Slide-A-Lyzer ™ MINI Dialysis Unit (Thermo Fisher Scientific,
Rockford, IL, USA). Following dialysis, the samples were transferred to LoBind® tubes. The
concentration of proteins in the samples was determined using the Micro BCA ™ Protein
Assay Kit. Measurements were obtained using the Synergy ™ HTX Multi-Mode Microplate
Reader (BioTek Instruments, Winooski, VT, USA).

4.5. FASP (Filter Aided Sample Preparation) Protocol

The FASP process was initiated by adapting the protocol provided by the commercial kit,
combined with the protocols described by Wisniewski et al. (2016) [102]. Briefly, 100 pg of



Int. J. Mol. Sci. 2023, 24, 12819

16 of 22

protein lysate were loaded onto 30-kDa cut-off spin columns and centrifuged at 14,000 g for
15 min after dissolving the urea in 8M Tris-HCL, resulting in a final volume of 230 uL. The
samples were thoroughly washed with 200 uL of urea buffer and treated with 10 mM of
DTT (Pierce ™ DDT, Dithiothreitol, 20290) for 30 min at 500 rpm and 56 °C. Immediately
after that, the samples were alkylated in the dark for 20 min using lodoacetamide (IAA
BioUltra, 1149). Subsequently, the samples were washed thrice with urea buffer, followed
by three washes with 50-mM ammonium bicarbonate. After that, 3.3 ug of trypsin were
added to each sample and incubated for 18 h at 37 °C. The next day, peptide mixtures were
obtained by washing the filters with 50 uL of elution buffer (Acetonitrile (ACN): Water:
Formic Acid; 7:2:1). The tubes were exposed to vacuum at room temperature for 20 min
to remove ACN using the Vacufuge Vacuum Concentrators (Eppendorf). The peptide
concentration was determined using a Quantitative Colorimetric Peptide Assay (Pierce™).
Each sample was prepared at 200 ng/upL, and 5 uL of the sample were used for each
LC-MS/MS analysis using the Xevo G2-XS QTof Quad Flight Time Mass Spectrometer. The
remaining samples were stored at —80 °C.

4.6. Nano LC/MS-MS

The nLC-MS/MS analysis was conducted employing a cutting-edge ACQUITY UPLC
M-Class coupled to a state-of-the-art SYNAPT Xevo G2-XS system (Waters). The column
temperature was adjusted to 55 °C. The initial introduction of peptides onto a trap column
(Symmetry C18 5 m, 180 m i.d. x 20 mm) was followed by their separation via gradient
elution through an analytic column (CSH C18, 1.7 m, 75 m i.d. x 250 mm). A lock mass
reference, Glu-1-fibrinopeptide B at a concentration of 100 fmol/pL, was utilized. The
device was operated in positive ion mode. A novel data-independent mode of acquisition,
named SONAR, was adopted for MS data collection with a 24-Da quadrupole transmission
width. In insensitivity mode, without any precursor ion preselection, all ions in the
50-1950 m/z range were fragmented collectively.

4.7. Data Reduction and Analysis

Progenesis-QIP. The analytical framework employed in this study for data process-
ing and analysis is Progenesis-QI for proteomics software (V.2.0 Waters). The database
used for the analysis of the murine proteome was the Uniprot database. Peak intensity
thresholds were set at 60 and 10 counts for low and elevated energy, respectively. The
mass spectrometry data were analyzed with the following settings: minimum number of
fragmented ion matches per peptide = 2, minimum number of fragment ion matches per
protein = 5, minimum number of unique peptides per protein = 1, and maximum number
of missed cleavage for tryptic digestion = 1. Carbamidomethyl C was selected as the
fixed modification, while oxidation M and deamidation N and Q were chosen as variable
modifications. False discovery rate (FDR) < 1% was applied, and 1+ charged ions were
eliminated. Normalization of the data between samples was achieved by utilizing the total
ion intensity. The statistical program integrated into Progenesis-QI for proteomics software
was employed to calculate expressional changes, as well as p and q values. Proteins were
considered differentially expressed only if they met the following criteria: ANOVA p < 0.05,
q < 0.05, unique peptide > 2, and fold change > 1.3.

Unipept. Utilized the open-source web application, Unipept, to conduct a compre-
hensive analysis of the biodiversity and functional characteristics of our vast and intricate
metaproteome samples [103]. Unipept’s interactive data visualizations allowed us to ex-
plore the complex relationships within our data effectively. Specifically, the application
effectively indexed tryptic and sorted peptides, which were then retrieved from UniProt
entries, facilitating the rapid retrieval of all occurrences of a tryptic peptide. The Unipept
framework’s LCA algorithm was deployed to scrutinize the tryptic peptides of each cohort.
The Unipept pept2lca command was utilized to enzymatically cleave the input peptide
list into perfect tryptic peptides and compute their respective LCA. Unipept curated tryp-
tic peptides acquired from UniProt sequences that are between 5 and 50 amino acids in
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length, inclusively. Thus, to determine the LCAs of each cohort’s peptides, the subsequent
processing steps were executed: (i) Missed cleavages were subjected to further digestion;
(ii) Peptides of insufficient or excessive length were excluded; and (iii) Resulting tryptic
peptides were subjected to deduplication. The ultimate index of tryptic peptides was then
passed onto the Unipept pept2lca command with the option to homogenize leucine and
isoleucine. Accordingly, the prot2pept command has been utilized to transform protein se-
quences into peptides, and these peptides have been filtered using the peptfilter command.
The resultant set of unique peptides has been sorted and counted via the sort -u | wc -1 com-
mands. Concerning the 3M-ALM group, the peptides and their corresponding taxonomic
data have been archived in the “cohort_3M_ALM.csv” file, generated using the unipept
pept2lca command that includes an option to equate leucine and isoleucine as mentioned
above in detail. The time taken to execute the code for this cohort has also been displayed,
indicating that the process lasted for 0.329 s in real time, 0.465 s in user mode, and 0.038 s in
system mode.

4.8. Data Statistics

The test for one proportion in MedCalc has been used to assess whether the proportion
of microbiota diversity in Tg/control sample significantly differs from control/Tg sample’
proportion for each cohort design. In MedCalc, the test statistic (z) is computed using the
sample proportion (p), sample size (n), and hypothesized or known population proportion
(P0) according to the formula z = (p — P0)/+/(P0 * (1 — P0)/n). The resulting z value is
compared to a standard normal distribution table or calculated p-value using MedCalc’s
built-in functions. The p-value is then compared to the chosen significance level (alpha) to
determine whether to reject the null hypothesis (which assumes the population proportion
is equal to PO0) in favor of the alternative hypothesis (which posits that the population
proportion is not equal to P0).

Limitations. This study exhibits two primary limitations. Firstly, the number of
animals utilized in the research is relatively small, which may impact the statistical power
and generalizability of the findings. Secondly, the validation of the study results could not
be performed using alternative biochemical and computational techniques, apart from the
nLC-MS/MS technique and Unipept suite.

In an academic context, it is important to present limitations in a clear and objective
manner, highlighting potential areas where the study could have been strengthened or im-
proved. By acknowledging these limitations, authors demonstrate a critical understanding
of their work and provide insights into potential avenues for future research.

5. Conclusions

AD is a devastating form of dementia concerning millions worldwide. Despite substan-
tial research on the relations between gut microbiota and neurodegeneration, the metapro-
teomic effects of microbiota on AD pathogenesis remain largely unexplored. This study
aims to encounter the role of gut microbiota in AD, particularly concerning changes in the
proteome and molecular pathways connected to disease progression. Using nLC-MS/MS,
we compared 3M-ALZ and 3M-ALM mice (early AD) with 12M-ALZ and 12M-ALM mice
(late-stage AD). Computational analysis disclosed valuable wisdom into the gut-brain axis,
revealing that microbiota, proteome, and molecular modifications in the intestine occur
well before disease symptoms. Discrepancies between normal-aged flora and late-stage
AD mice propose potential markers for early and late AD stages. While acknowledging the
need for a more comprehensive analysis of these phyla, pathways, and proteins, which we
tentatively propose as putative markers, our pioneering metaproteomics-based pilot study
contributes significantly to the existing literature, presenting a novel avenue for exploration
and expanding our understanding of AD-associated microbial dynamics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241612819/s1.
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