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Abstract

Microbial-derived metabolites are the intermediate or end products of bacterial digestion. They are one of the most important
molecules for the gut to connect with the brain. Depending on the levels of specific metabolites produced in the host, it can
exert beneficial or detrimental effects on the brain and have been linked to several neurodegenerative and neuropsychiatric
disorders. However, the underlying mechanisms remain largely unexplored. Insight into these mechanisms could reveal new
pathways or targets, resulting in novel treatment approaches targeting neurodegenerative diseases. We have reviewed selected
metabolites, including short-chain fatty acids, aromatic amino acids, trimethylamine-N-oxide, urolithin A, anthocyanins,
equols, imidazole, and propionate to highlight their mechanism of action, underlying role in maintaining intestinal homeo-
stasis and regulating neuro-immunoendocrine function. Further discussed on how altered metabolite levels can influence

the gut-brain axis could lead to new prevention strategies or novel treatment approaches to neural disorders.

Keywords Gut-brain axis - Gut-derived metabolites - Gut microbiome - Gut dysbiosis - Neurodegenerative disorders -

Alzheimer’s disorder - Short-chain fatty acids

Introduction

The gastrointestinal tract (GIT) hosts more than 100 trillion
microbes that together harbour more than 3 million genes
[1]; however, the predominant bacteria consist mainly of
phyla Firmicutes, Bacteroidetes, Actinobacteria, Proteobac-
teria, and Verrucomicrobia [2]. The inhabitant bacteria in
the GIT carry out an assortment of activities that benefit the
host, including the digestion of vitamins, and metabolites
(bile acids, amino acids, lipids), regulating pH change and
peptide production, and influencing cell signalling path-
ways. Some of these metabolites are commonly altered due
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to environmental factors and have further been correlated
with neurodegenerative symptoms [3].

Though the microbiota composition is shaped before
birth, factors such as the birthing method, feeding method,
age, diet, geographic location, genetics, and physical activ-
ity determine the core microbiome of an individual [4]. The
human microbiome project has shown that human microbi-
ota is more similar across individuals than across body sites
and is unique to specific organs [5]. Further, the gut micro-
biota composition can be altered by factors like pH, bacterial
load, oxygen, medicines like antibiotics, and supplements
like prebiotics and probiotics [6]. Deviations from normal
gut microbiome composition can lead to dysbiosis that can
prove detrimental to an individual’s health. Further, it can
also act as a biomarker for exposure or treatment response
[7]. The microbiota gut-brain axis (MGBA) is a term used
to describe the link between the gut and the brain involv-
ing the interplay of several systems, mainly the autonomic,
central, and enteric nervous systems and the hypothalamic-
pituitary axis. Several mechanisms are implicated in MGBA
signalling, including the involvement of the vagus nerve, the
immune system, vitamins, and bacterial metabolites.

Gut metabolites are the intermediates or end products of
bacterial metabolic processes. Some important metabolites
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produced include aromatic amino acids and short-chain fatty
acids (SCFAs) derived from dietary sources such as fibres
and fruits; endogenous metabolites derived from bile acids
and cholesterol. Their primary signalling pathway is through
the vagal and spinal nerves of the autonomic nervous system
(ANS). These metabolites also can enter the bloodstream:;
several of them can permeate the blood—brain barrier (BBB)
and influence regulatory mechanisms in the central nervous
system (CNS) [8]. The ANS also controls gut permeability,
motility, and immuno-modulatory mechanisms, determin-
ing the bacterial composition and the metabolites produced.
These metabolites have been linked to neurodegenerative,
neuroinflammatory, and neuropsychiatric disorders such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), and
autism spectrum disorders (ASD) [9—-11]. They have been
found to alleviate/exacerbate various neuronal symptoms.
Further insight into their underlying mechanisms could shed
light on the neuromodulatory pathways and lead to practical
novel therapeutic approaches. This review briefly summa-
rizes the mechanisms of various metabolites like SCFAs,
aromatic amino acids, and other less explored metabolites
and their effects on brain health and neural activities.

Gut-associated neurological disorders

Neurological disorders are characterized by a progressive
decrease in nervous system function. Gut microbiome
changes in humans have been reported to be one of the many
causes of various- psychological and neurological conditions
[12]. Using specific pathogen-free (SPF) or germ-free (GF)
murine models, researchers hope to unravel the molecular
pathways from the gut to the brain [13, 14]. Cross-sectional
studies have found that the bacterial taxa Escherichia and
Shigella, which are associated with causing inflammation,
are elevated in faecal samples from Alzheimer’s patients
compared to healthy people [15]. Additionally, another study
showed AD progression might not affect the brain directly
but through amyloid deposition in the APP**¢/PS1*F° trans-
genic mice intestine, where they found altered gut micro-
biome, lowered SCFAs, and altered metabolic pathways
[16]. It has been reported that alteration in the composition
of bacteria-producing metabolites may initiate and sustain
the pathogenic processes of neurodegeneration [17]. So,
dysbiosis of the gut contributes to neuroinflammation and
injury, which can result in neurodegeneration, key factors
associated with AD. Similarly, Parkinson’s disease (PD) is
another motor-impaired disorder. Preclinical research sug-
gests that gut microbiota can enhance the aggregation of
alpha-synuclein, hamper the elimination process [18], and
via the vagus nerve, these proteins can reach from the gut
to the brain [19, 20]. The alpha-synuclein can aggregate in
various neurons to form Lewy bodies and Lewy neurites,
leading to disease pathology. In another study, researchers
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orally introduced bacterial-derived SCFAs to alpha-synu-
clein overexpressing mice to test the hypothesis that SCFAs
induced alpha-synuclein production in the brain and showed
a positive association between SCFAs and PD [21].

In addition, microbial metabolites have been associ-
ated with neurological disorders like multiple sclerosis
(MS), dementia, and epilepsy [22]. A study comparing the
microbiome of 71 untreated MS patients to healthy controls
reported a significant increase in Akkermansia muciniphila
and Acinetobacter calcoaceticus, which are associated with
MS [23]. Further, the transplantation of gut microbiota of
MS patients into germ-free mice indicates the potentially
causal role of gut microbiota in MS [20, 21]. These findings
suggest that gut microbiota could be linked to the increased
susceptibility of MS in humans.

Microbe-derived metabolites are linked
to the MGBA

The gut microbiota produces a variety of metabolites that
have a diverse array of functions and play a significant role
in signalling pathways in the MGBA (Fig. 1). Among these,
metabolites like short-chain fatty acids, aromatic amino
acids, and trimethylamine-N-oxide, which could influence
brain function, have gained wide attention (Table 1). Gut
microbiota-derived metabolites can enter host circulation
through the gut barrier and can be beneficial or toxic. How-
ever, the effects of metabolites are influenced by the epithe-
lial barrier intactness, dietary components like fibres and
fruits, geographic location, and ethnicity to which the host
belongs [24].

Amino acids also can undergo microbial fermentation to
yield ammonia, phenol, and indole. Signalling molecules
derived from tryptophan, like serotonin (5-HT), is respon-
sible for regulating mood, behaviour, sleep, and appetite
[25]. 5-HT binds to aryl hydrocarbon receptors (AhR) on
astrocytes and can activate microglia modulating neuroin-
flammation. Their role in depressive disorders and anxiety
is being explored [26, 27]. Indole is a tryptophan deriva-
tive with neuroactive properties and is reported to cross the
blood—brain barrier to regulate the levels in the brain [28].
Neurotransmitters like dopamine are produced from bacteria
like Escherichia, which metabolizes phenylalanine, an aro-
matic amino acid. Another metabolite, choline, is essential
for neurotransmission and methylation and is metabolized
to Trimethylamine N-oxide (TMAQ), which is involved in
the MGBA and can be detected in the CNS [29].

Microglial activation can be influenced by the circu-
lation of microbe-derived neurotransmitters such as ace-
tylcholine (Lactobacillus), gamma-aminobutyric acid
(GABA) (Bifidobacteria and Lactobacillus), and serotonin
(Enterococcus and Streptococcus). According to studies,
the gut produces 90% of the serotonin required to regulate



Molecular Biology Reports (2023) 50:1663-1675

1665

Dietary

Lifestyle oy
Medication
Infections

Genetics
Hormones

Neurogenesis

AAA

Synaptic plasticity

Neuroinflammation Neuroinflammation

Oxidative stress

. . y and norepinephrine
Microglial maturation pinep

Fig.1 Gut bacteria-derived metabolites and their neuronal effects.
Both extrinsic and intrinsic factors can cause dysbiosis of the gut,
characterised by increased gut permeability or “leaky gut” and shifts
in bacterial taxonomy groups, leading to altered levels of various

mood, behavior, sleep, and other processes in the CNS and
GI tract. Serotonin binding to 5-HT receptors on microglia
causes the release of cytokine-carrying exosomes, offering
yet another pathway for gut-induced neuroinflammation
control [30].

The effects of SCFAs have recently been extended to
microglia. The immature genetic and morphological phe-
notype of microglia in GF mice was recovered by supple-
menting drinking water with three major SCFAs (acetic
acid, propionic acid, and butyric acid). Microglial dys-
function is assumed to play a role in the progression of
neurological disorders, including ASD and PD. Once in
the bloodstream, these chemicals trigger a pro-inflamma-
tory immune response mediated by peripheral T cells and
macrophages, compromising the BBB’s integrity [31].
The microbial-derived metabolites are also crucial for
neuronal homeostasis and controlling inflammation [32].
Rothhammer et al. [33] highlighted the role of metabo-
lites in regulating the microglia and astrocytes in the CNS,
which plays a role in neuroinflammation and neurodegen-
eration. Increased microglial activation and generation of
pro-inflammatory cytokines in the brain may be due to
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metabolites. These metabolites can enter the bloodstream and get
transported through the ANS to the CNS to alter neuronal activities
and modulate the expression of neurotransmitters.

increased circulation of BBB-permeable pro-inflammatory
cytokines.

Alteration of microbial-derived metabolites by oral
administration of Bacteroides fragilis to the maternal
immune activation (MIA) C57BL/6N mouse model that
exhibited symptoms relevant to ASD, ameliorated commu-
nicative defects and sensorimotor defects; decreased anxi-
ety-like behaviour [22]. These observations indicate that the
microbial-derived metabolites influence diverse signalling
pathways that control brain functions (Fig. 2). They have
been considered promising candidates for ameliorating neu-
rodegenerative disorders. However, mechanisms of action
for most of these metabolites remain to be investigated.

Short chain fatty acids (SCFAs)

SCFAs are gut microbiota-derived metabolites produced by
fermentation of non-digestible carbohydrates. The major
SCFAs produced in comparatively large ratios are ace-
tate, propionate, and butyrate, whereas other SCFAs like
isovalerate and isobutyrate are produced in trace amounts
[34, 35]. SCFAs play a significant role in maintaining the
intestinal barrier, regulating inflammatory response, and
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mucus production [36]. SCFAs are also natural ligands
for receptors like free fatty acid receptors 2 and 3 (FFA2/
FFA3) attached to immune cells and enteroendocrine cells
[37], allowing them to modulate the levels of several pro-
inflammatory cytokines that can induce neuroinflammation.
Further, SCFAs, when coupled with G-protein receptors,
can modulate the production of pro-inflammatory cytokines,
activate inflammasome pathways like the NLRP3 pathway,
and cause inflammation [24]. SCFAs are also one of the
primary metabolites implicated in the MGBA, and several
studies have highlighted their importance in influencing sev-
eral other body organs, including the brain [38].

Clear evidence of uptake of SCFAs by the brain was
demonstrated by Oldendorf et al. [39], where SCFAs were
injected into the common carotid artery of Wistar rats, and
all the three significant SCFAs were detected in the Cerebro-
spinal fluid (CSF) in varying ratios. Supplementation with
SCFAs has altered several functions related to the brain. Li
et al. [40] demonstrated that SCFAs prevented neuroinflam-
mation in fructose-fed mice by reducing the pro-inflamma-
tory cytokines like IL-1f, TNF-a, IL-6 mRNA levels, and
microglial activation. One of the major systems involved
in the GBA- the Hypothalamic Pituitary Axis, a core stress
axis, is also affected by SCFAs. Various studies have corre-
lated altered gut microbiota composition with varying stress
levels. One study demonstrated that when mice were admin-
istered a mixture of sodium acetate, propionate, and sodium
butyrate, they exhibited altered anhedonia and increased
stress-responsiveness [41].

Due to the increasing evidence supporting SCFA’s role
in affecting neural functions, they are being investigated for
their role in neurodegenerative disorders. Marrizzoni et al.
[42] reported a link between SCFAs (acetate and valerate)
and endothelial damage, which correlates to the regulation
of the BBB and, in turn, contributes to AD pathogenesis. A
critical activity of SCFAs is their ability to act as histone
deacetylase inhibitors (HDAC1). They can alter histone acet-
ylation during memory formation. Considering that SCFAs
can act as HDAC;, it has been hypothesized that they can
be used as a therapeutic in treating AD to correct aberrant
histone acetylation, which is associated with the pathogen-
esis of AD [42].

Further investigation could reveal their more profound
role in learning and memory. Evidence shows that SCFAs
are altered in individuals with ASD. A study on GI disorders
and pathogenesis of ASD reported decreased levels of fae-
cal acetic acid, butyrate, and propionic acid comparatively
increased levels of valeric acids in ASD subjects [43]. In a
study conducted by Zeng et al. [44], an analysis of faecal
samples of Amyotrophic Lateral Sclerosis (ALS) patients
revealed an increase in butyrate levels to reduce the accumu-
lation of abnormal proteins. Similarly, in a G93A transgenic
mice model of ALS, animals fed with butyrate were shown

References
[66]
[68]
[69]

Detrimental effects

rogenesis, and decreased

apoptosis, induced neu-
the pro-inflammatory
cytokines IL-1p and
TNF-« in the cortex and
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matory cytokines hence
preventing neuroinflam-
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tions, inhibited neural
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Effects of metabolite on brain

Improved cognitive func-
Reduced neural apoptosis
Permeate the blood-brain

Beneficial effects

laeae and Gordonibacter

urolithinfaciens
erthella sp, Clostridium

Gut microbiota
Gordonibacter pame-
bacillus species
Lactobacillus sp, Egg-
sp, Bifidobacterium sp,
family Coriobacteriaceae

other foods containing
high natural colorants

Strawberries, nuts.
Berries, grapes, plums, and  Bifidobacterium and Lacto-

Dietary sources of the
Blackberries, Pomegranate,

metabolite
Soy food

Urolithin A
Anthocyanins
Equols (EQ)

Table 1 (continued)
Name of metabolite
Other metabolites
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Fig.2 Mechanism of action of gut microbiota-derived metabolites on
the CNS. The gut microbiota composition varies across the intesti-
nal lumen and depends on several factors, including dietary sources.
The illustration depicts a few relevant metabolites like isoflavones,
SCFAs, and AAAs that serve as precursors for secondary metabo-
lites like equols, propionate, butyrate, and neurotransmitters like
epinephrine and dopamine. These metabolites participate in MGBA
signaling, binding to receptors or agonists and crossing the epithelial

to have improved gut homeostasis and a longer life span
[45]. However, the causal role between ALS and metabolites
is still not well established. Further investigations need to be
carried out to understand whether the alteration in levels of
various gut metabolites is the cause or affects ALS.

Chen et al. [46] demonstrated that supplementing butyric
acid to rat middle cerebral artery occlusion models reduced
neurological impairment, lipid levels, and risk of thrombo-
sis. Butyric acid treatment has been shown to increase the
microbial alpha diversity with an increase in Lactobacil-
lus, which has been reported to have beneficial effects like
preventing neuronal cell death, reducing oxidative stress,
and repairing abnormal neurobehavior [46]. Supplementing
sodium butyrate to rats with ischemic brain showed upreg-
ulated Brain-Derived Neurotrophic Factor (BDNF) levels,
increased neurogenesis, and neural proliferation [47] played
arole in the memory process [48].
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barrier to exert their effects in the CNS. Here, they influence several
neural functions that can be detrimental or beneficial to the host (1
increase, |decrease). SCFAs short chain fatty acids, AAA aromatic
amino acids, FFA2/3 Free fatty acid receptors 2 and 3, BA butyrate,
PA propionate, Epi epinephrine, Dop dopamine, Nor norepinephrine,
Phe phenylalanine, Tyr tyrosine, Trp tryptophan, ArH aryl hydrocar-
bon, BBB blood brain barrier

In another study, Erny et al. [49] demonstrated that the
microglia of GF mice showed defects that were partially
restored into a mature phenotype when recolonized with
complex gut microbiota or fed with SCFA (a mixture of
acetate, butyrate, and propionate). They can also affect
brain neurochemistry by regulating the expression of 5-HT
enzymes, which are serotonin precursors. Increased SCFA
levels were also associated with increased growth of human
progenitor cells, implying that they could influence early
neural development. Further, physiologically relevant levels
of acetate, propionate, and butyrate enhanced the growth rate
of cells and induced mitosis [50]. Studies have also demon-
strated the ability of SCFAs to affect the sleep and appetite

signals of the brain by modulating neurons like orexigenic
neurons and receptors such as the ghrelin receptor [51].
This mechanism is revealed to be brought about by cou-
pling SCFAs to FFA2/3 receptors. Overall, SCFAs tend to
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regulate GI function, circadian rhythm, and other neuroim-
mune functions; however, the studies mentioned above have
indicated a role in lowering neuroinflammation, regulating
the blood-brain barrier, and, most importantly, ameliorating
memory loss associated with neuroinflammatory disorders.

Aromatic amino acid (AAA) metabolites

All three aromatic amino acids—phenylalanine, tyrosine,
and tryptophan, play a significant role in the MGBA and are
a product of gut microbial metabolism. These three amino
acids serve as precursors to several secondary metabolites,
some of which act as neurotransmitters and play a role in
brain health [52]. For example, phenylalanine is the starting
product that produces dopamine, norepinephrine, and epi-
nephrine, whereas tryptophan is the precursor to 5-HT and
serotonin, vitamin B3, and redox co-factors like NAD(P)*.
Even kynurenine pathway metabolites like indole and its
derivatives are produced from the AAA metabolism [53].
Tryptophan metabolite- kynurenine was shown to reduce
the activity of Natural Killer (NK) and dendritic cells in the
CNS, and accumulation of this metabolite in the brain is
associated with depression and schizophrenia [50]. Pheny-
lalanine affects neurotransmission by producing amino acids
like glutamate and aspartate, which act as excitatory neuro-
transmitters [53]. Another amino acid, glycine, also made
from phenylalanine, is an inhibitory neurotransmitter [54].
Serotonin is a neurotransmitter that regulates gastrointesti-
nal secretion motility and pain perception, regulates mood
and cognition behaviour in the brain, and is produced by
the gut mucosal enterochromaffin cells [25]. These studies
suggest that AAAs should be investigated further for their
role in influencing neural disorders.

Tryptophan metabolites

The gut microbiota plays an essential role in tryptophan
metabolism, a precursor to serotonin production. More than
half of serotonin is produced in the gut and is responsible
for activating several receptors on the enteric neurons and
immune cells. Serotonin also binds to 5-HT receptors in
the microglia and mediates neuroinflammation in the CNS.
Furthermore, tryptophan gives rise to bacterial metabolites
that can control CNS inflammation through receptors like
the AhR [55]. Tryptophan metabolites have been shown
to modulate metalloproteinases that control the degrada-
tion of amyloid-beta (AP)peptides through AhR in the
CNS. A recent review indicated that 5-hydroxy indole ace-
tic acid and kynurenic acid could prevent the formation of
AP plaques [10]. Tryptophan levels can also reduce anxi-
ety-like behaviour. For example, when restoring microbiota
to germ-free mice, they exhibited reduced anxiety levels,
5-HT, and 5-Hydroxindoleacetic acid levels compared to
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conventionally colonized mice [25]. In mice, a tryptophan-
rich diet slows brain aging by decreasing oxidative stress and
inflammation by regulating AMP-activated protein kinase
(AMPK) and Nf-kB pathways [56]. In a high level of cogni-
tive strain, the injection of 5-HT2A/2C or 5-HT4 receptor
agonists or 5-HT1A, SHT3, and 5-HT1B receptor antago-
nists avoids memory loss and improves learning [57]. This
indicates the beneficial effects of tryptophan in modulating
neuroinflammation and neurogenesis.

Indole, another metabolite produced from precursor
tryptophan by an enzyme tryptophanase A (nA), is said to
induce depression and impact normal emotional behavior.
Treating rats with indole led to the accumulation of its oxi-
dized derivatives in the brain, negatively affecting the rats
by reducing motor activity and inducing a higher anxiety-
like behaviour [58]. P-cresol, derived from tyrosine, plays a
major role in several neurodegenerative disorders like ASD.
In a BTBR ASD mice model, increased doses of P-cresol
were said to worsen certain symptoms of ASD and activate
dopamine levels in specific brain regions like the amyg-
dala [59]. Another study reported how p-cresol inhibited
the formation of oligodendrocytes, which might hamper
the formation of myelinated neurons in the mice CNS [60].
As the studies reported, microbial-derived amino acids and
tryptophan metabolites tend to induce oxidative stress and
inflammation, reducing motor activity and inducing a higher
anxiety-like behavior. Studies showed that 5-hydroxy indole
acetic acid and kynurenic acid could prevent the formation
of AB-peptide plaques [10]. Recent reports suggest that
P-cresol sulfate and 4-ethyl phenyl sulfate, two microbiota-
derived host metabolites, are elevated in ASD patients and
animal models such as BTBR and MIA mice [59]. However,
further research is required to understand the link between
these metabolites and ASD. Overall, the studies indicate the
potential beneficial effects of tryptophan in modulating neu-
roinflammation and neurogenesis.

Trimethylamine N-oxide (TMAO)

TMAO is another microbe-derived molecule produced by
several bacterial species from dietary constituents such as
choline and L-choline. They can be detected in the CSF,
implying that it is involved in the CNS and has been inves-
tigated for its pathophysiological role in neurodegenerative
disorders [29]. TMAO has been implicated in numeral cer-
ebrovascular diseases like atherosclerosis [61], a known risk
factor for dementia. It also induces CD68 expression, which
is a marker associated with dementia. It causes neuronal
aging, disrupts mitochondrial functions, and increases oxi-
dative stress.

A study conducted by Vogt et al. [29] to investigate the
role of TMAO in AD showed that elevated levels of TMAO
were detected in CSF collected from individuals with
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clinical AD and individuals with mild cognitive impairment
(MCI) when compared to cognitively unimpaired individu-
als. The elevated levels were also linked to phosphorylated
tau and Af. Further studies to understand the specific role
of TMAO in neurodegenerative diseases like Parkinson’s
could shed further light on the pathophysiology of the dis-
ease. TMAO can induce brain aging and cognitive dysfunc-
tion. The link between TMAO and brain aging was analyzed
by Li et al. [62], who showed that plasma levels of TMAO
were increased in senescence-accelerated prone mouse
strain 8 (SAMP8) compared to control mice. These mice
also exhibited cognitive dysfunction with more senescent
cells in the hippocampal CA3 region. The observed neuronal
damage and reduced synaptic plasticity were associated with
increased superoxide production and impaired mitochondria.
These changes mainly involved mammalian target of rapam-
ycin (mTOR) signaling. This activity relates to spatial learn-
ing, object recognition, and memory by regulating receptors
like N-Methyl D-Aspartate receptor subunit 1.

In an AD (3xTg-AD) model, increased levels of TMAO
were associated with altered presynaptic and reduced post-
synaptic receptor expression, which was brought about by
the stress signaling pathway [63]. Brunt et al. [64] provided
evidence linking TMAO levels, neuroinflammation, and cog-
nitive decline. The study comparing mice of different ages
(27 months vs. 6 months) showed that with aging, TMAO
concentrations increased, which correlated to higher pro-
inflammatory cytokines and astrocyte activation. Addi-
tionally, when 6-months old mice were supplemented with
TMADO, they performed poorly in the novel object recog-
nition test and exhibited astrocyte activation. A reduction
of TMAO levels in APP/PS1 mice led to a decrease in
cognitive deterioration, AP and beta-related enzymes like
beta-secretase in the hippocampus, and hippocampal neu-
roinflammation [65]. Overall, studies indicate that TMAO
is linked to the development of age-related cognitive dete-
rioration and is associated with AD, diabetes mellitus, and
cardiovascular illnesses. However,the mechanisms leading
to observed effects remain unknown.

Other metabolites

Urolithin A is a significant gut-derived metabolite derived
from ellagic acid, whose sources include pomegranates,
berries, and nuts. In-vivo and in-vitro studies have demon-
strated the antioxidant and anti-inflammatory effects of these
metabolites; however, the underlying molecular mechanisms
still need to be elaborated upon. Gong et al. [66] investigated
the effects of urolithin A in alleviating AD symptoms and
showed improved cognitive functions, inhibited neural apop-
tosis, induced neurogenesis, and decreased the pro-inflam-
matory cytokines IL-1p and TNF-« in the mice cortex and

hippocampus. Thus, Urolithin A is a promising therapeutic
target for improving the pathophysiology of AD.

Anthocyanins are microbial-derived metabolites whose
dietary sources include berries, grapes, plums, and other
foods containing high natural colorants. They prevent oxida-
tive stress, have neuroprotective effects, reduce neuroinflam-
mation and regulate cell signaling pathways [67]. Ali et al.
[68] described the role of Korean black bean anthocyanin in
reducing neural apoptosis in an APP/PS1 transgenic mouse
model of AD. Several Bifidobacterium species and Lac-
tobacillus produce metabolites like GABA and inhibitory
neurotransmitters.

Equols (EQ) are gut-derived metabolites obtained by
metabolizing isoflavones. They protect microglia against
oxidative stress, prevent neural apoptosis, and induce neural
generation. They have also been extensively studied for their
bioactive role in selected bone and cardiovascular disorders.
Johnson et al. [69] demonstrated that EQs could permeate
the blood-brain barrier and reduce the production of pro-
inflammatory cytokines, preventing neuroinflammation.
In another study, SOD1-Tg mice were administered with
Akkermansia muciniphila, which resulted in the accumula-
tion of nicotinamide in the CNS, ameliorating several symp-
toms of ALS, improved motor symptoms, and altered gene
expression levels in the spinal cord [70].

The microbial metabolite imidazole propionate has
been found to disrupt insulin signaling and lead to type
II diabetes, which can negatively affect cognitive func-
tions of the brain and has been known to be a major risk
factor in the development of Alzheimer’s [71, 72]. Other
metabolites such as dihydrosphingosine, phytosphingosine,
inosine, and hypoxanthine have also alleviated AD symp-
toms. When Xanthoceraside, a compound proven to have
anti-Alzheimer’s activity, was administered, altered levels
of these metabolites accompanied by a change in the gut
bacterial taxa were reported, thus providing new potential
treatment approaches [73]. Polyphenol metabolites like gal-
lic acid derivatives have also demonstrated neuroprotective
targets [74]. These findings provide further impetus to look
into novel pathways and therapeutic approaches for treating
numerous neurodegenerative diseases.

Conclusion

Gut-derived metabolites play a significant role in various
functions of the host. They modulate the immune system by
influencing the levels of several pro-inflammatory cytokines;
they can exert neuro-inhibitory and neuro-excitatory effects;
they possess anti-oxidant properties and influence epigenetic
mechanisms. Factors such as the permeability of the gut and
mucus secretion levels determine the type of bacteria present
and the metabolites they produce, so when dysbiosis occurs,
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these factors are altered, which in turn change the levels
of metabolites produced by the bacteria, thereby exerting
beneficial or detrimental effects on the host. For example,
supplementing metabolites like SCFAs has been shown to
alleviate symptoms related to neurodegenerative disorders,
such as inducing neurogenesis, preventing neural death, and
reducing oxidative stress. The exact underlying mechanisms
of most of these metabolites are not understood; however,
evidence of their effects on the brain has been reported in
multiple studies. Approaches such as modulating the levels
of metabolites either by controlling dietary sources or sup-
plementing them externally have been shown to demonstrate
significant changes, be it ameliorating or exacerbating symp-
toms, making them promising targets for novel treatment
approaches.
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