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Abstract

Microbiome research has bloomed over the past few years. Stemming from this field of study has emerged the
concept of probiotics and its application in advancing human health. Several links between gut flora, mental health
and cognitive processes have been brought to light recently. It has been established that such associations take
place due bidirectional interactions between the gut microbiome and central nervous system. However, the exact
mechanisms through which microorganisms in the gut influence cognitive processes such as learning and memory
are yet to be thoroughly understood. Metabolites like short chain fatty acids (SCFAs) and neurotransmitters,
released by microorganisms in the gut have found to influence neuro cognitive conditions. As a consequence of this
interrelationship, researchers believe environmental toxins that disrupt the gut likewise may affect cognition. This
review strives to provide a comprehensive understanding of existing literature on metabolites and mechanisms by
which a healthy, balanced gut microbiota can impact memory processes and its disruption by various environmental

toxins.
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Introduction

The Gut Microbiome is a distinct community of microorganisms
that occupies the gastrointestinal tract of several animals inclusive of
insects. The essential function of gastrointestinal (GI) microbiota on
diet, health and disease is an intriguing field of research that in the
past few years has been centred on with growing interest [1]. The
enteric nervous system, known as the second brain of the human body,
synthesizes and utilizes more than 30 types of neurotransmitters which
are recognized in the central nervous system. Gut microbiota, by
product, changes the quantity of neurotransmitters directly or by
regulating the associated metabolism by neurotransmitter pathways

[2].

Microorganisms are classified as pathogens by the host immune
system, which identifies and destroys them. The majority of gut
bacteria on the further side is non-pathogenic and live in a symbiotic
relationship with enterocytes [3]. The vast majority of these
commensals belong to either the gram negative Bacteroides or the
gram positive Firmicutes phyla. These bacteria are estimated to have
upto 100 times the number of genes as the human genome [4]. Many
of these genes have direct effects on host metabolic pathways and
provide nutrients that would otherwise be unavailable to the host [5].

The gut microbiota is responsible for various roles in bowel
movement, food metabolism, and nutrient absorption as it contains an
estimated 1018 microorganisms, the majority of which are anaerobic
bacteria [6]. Bacteria in the gut can activate the afferent neurons of the
ENS, which have a direct neural connection upon the brain via the
vagus nerve [7]. As the brain and the gut communicate in this way,
they can influence each other's functions and have a big effect on
stress, anxiety, depression, and cognition [8].

In humans, gastrointestinal microbiota produces 300-500 strains of
bacteria that could affect brain function through the Gut Brain Axis
(GBA), which connects GI and brain activity. Microbiota, through
neuro endocrine, neuro metabolic and neuro immunological pathways,
regulates the nervous system.

Probiotics are a group of these bacteria that could have convenient
effects, beyond gastrointestinal effects, when consumed in the right
amount, such as those in the Central Nervous System [9]. The anti-
inflammatory and antioxidant properties of probiotics, together with
bacterial groups like Lactobacillus and Bifidobacterium, have been
correlated with mood change, memory, depression and synaptic action
[10]. They also have some beneficial impact on the gut brain
microbiota axis, averting hyperactivation of the HPA axis
(Hypothalamic Pituitary Adrenal) after maternal separation exposure,
and minimizing anxiety like responses in a chronic model of dextran
sodium sulphate model and stress activated memory dysfunction
condition.

Gut Diversity

The microorganisms that reside in the digestive tracts of humans
and other species, including insects, are known as gut microbiota, gut
flora, or microbiome [11]. The Gut microbiome diversity changes
across the gastrointestinal tract. Summarizes common gut flora in
various living organisms.

Gut Microbes used as Probiotics

The host characteristics defines the diversity of the gut such as
atmosphere, immunity and also the metabolism depth of the
population, diet and, in addition, helps in digestion, immunity, by
performing different functions for the host. The difference in the gut
diversity could be responsible for the dysbiosis, which would have
significant implications for both hosts and ecosystems subsequently.
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Nevertheless, probiotics are the live microbes that are beneficial to the
host when it is given in proper quantities [12].

There are different applications of probiotics that have been
reviewed which includes liver injury, metabolic syndrome, radiation
induced enteritis, inflammatory bowel disease, etc. To find out the
strains which were more immune, that suits the low pH of the stomach
and the digestive juices of the duodenum Lactobacillus acidophilus
was used in the US during the 1930°s. Likewise, another strain known
as Lactobacillus paracasei was introduced in Japan concurrently.

Research studies have shown that L. acidophilus, L. johnsonii, L.
fermentum, L. paracasei, L. rhamnosus, L. plantarum, and
Bifidobacterium animalis, Bifidobacterium longum are the most
familiar probiotic species. Certain species/strains of Lactobacillus and
Bifidobacterium are currently the most researched inflammation
suppressing taxa of the GI microbiota, and these are also the fractions
that are assisted by administering probiotics that selectively stimulate
resident Lactobacillus and Bifidobacterium. Bifidobacterium,
Faecalibacterium, Lactobacillus, Bacillus, Saccharomyces isolates,
among other probiotic members, have shown promise in improving
food safety and gut health. Bacillus, Lactobacillus, Enterococcus,
Bifidobacterium, and Streptococcus are some of the most common
bacterial genera used as probiotics [13].

In order to improve food safety, maintaining good gut health, etc
the isolates of certain bacteria like Bifidobacterium, Faecalibacterium,
Lactobacillus, Bacillus, Saccharomyces has shown great promise.
Other than this E. faecalis, S. thermophilus, Lactobacillus rhamnosus
and Saccharomyces boulardii have also been used in various trials.
After going through the usefulness of the probiotics, the over usage
can also be detrimental. For example over usage of L. rhamnosus has
been associated with severe health conditions such as bacteremia,
sepsis, and endocarditis especially with the patients suffering from
digestive organ inflammation. As a result, it's important to use the
right amount of probiotics on individual patients for medicinal
purposes [14].

Memory Modulation by Gut Microbiome

Considerable number of studies have purported that the
microorganisms present in the gut of the host modulate cognitive
processes such as memory through probiotic treatment in model
organisms such as mice. One such paper establishes a clear
relationship between gut dysbiosis and memory [15]. Mice with high
fat diet displayed impaired reflecting memory and low exploratory
behaviour than mice with a healthy gut microbiome. Proteobacteria
abundance was linked to lower cognition. The authors proffer that
such phenomena are a consequence of metabolite production in gut
and its influence on cognitive processes.

A similar correlation was found between excess sugar intake and
memory function due to changes observed in the gut environment.
Early consumption of sugar caused an increase in Parabacteroides
which was found to be positively correlated with a decrease in
hippocampal dependent memory function tested using the Novel
Object in Context (NOIC) task [16].

Furthermore, continuous light exposure disrupts normal gut flora
communities in C57BL/6J mice, causing an increase Bacteroidales
S24-7 populations and reduction in memory potential at early
exposure periods.

A study also found that SPF (specific pathogen free) mice displayed
better long term spatial memory, contextual and cued memory and
social novelty when compared to germ free mice. The gut microbiome
of young SPF mice also seemed to have increased myelination and
volume in grey matter regions of a developing brain. As a probiotic
Lactobacillus helveticus ROOS52 has also presented evidence of
alleviate anxiety like behavior and memory dysfunction (Figure 1)
[17].
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Figure 1: Summarizes mechanisms by which gut microbiome
influences the brain, chiefly the hippocampus that controls memory
formation.
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Toxins

Toxins which Affect the Gut Microbiome and Memory

When exposed to a variety of harmful environmental agents, the
human gut microbiome can be disrupted with ease. Environmentally
mediated distortions in the gut microbiota are closely linked to the risk
of human disease. Increasingly recognized procedures by which
environmental chemicals expend their toxic effects are alterations of
the functional gut microflora that may have a negative impact on
human health [18].

The gut microbiome is responsible for polysaccharide digestion,
vitamin and nutrient biosynthesis, colonization resistance, and
immune system control, among other items. The arrangement and
working of the gut microbiome can be easily affected by an array of
intrinsic and extrinsic influences [19].

Insights into the gut brain crosstalk have shown a dynamic
communication mechanism that is expected to have numerous effects
on affect, motivation, and higher cognitive functions in addition to
ensuring proper gastrointestinal homeostasis. The term "gut brain
axis" encapsulates the ambiguity of these experiences (GBA). Its job
is to keep track of and integrate gut functions, and also to link the
brain's emotional and cognitive centers to peripheral intestinal
functions and mechanisms including immune activation, intestinal
permeability, enteric reflex, and entero endocrine signaling. The
enteric microbiota appears to have a significant influence on GBA,
interacting not only sectionally with intestinal cells and the ENS,
likewise directly with the CNS through neuroendocrine and metabolic
pathways [20].

Studies on the impact of gut microbiota manipulation by probiotics
and/or antibiotics have further backed up the effect of microbiota on
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GBA [21]. Microbiota influences anxiety and the HPA system by
affecting brain neurochemistry, according to some reports.

The human gut microbiome encodes a greater variety of metabolic
enzymes, allowing the human body to perform a wider range of
biochemical reactions. Some environmental chemicals may directly
affect gut bacteria by disrupting specific metabolic pathways or gene
expression, resulting in different selection pressures and thus forming
the gut microbial population due to the set's uniqueness (Table 1).
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Table 1: Provides an overview of the toxins and their effect on the
gut microbiome and their metabolites.

Alzheimers Disease

Since the emergence of the Gut Brain Axis hypothesis, researchers
have begun to pursue the impact of probiotics and gut diversity on
Alzheimer’s disease (AD). This approach may lead to more refined
and effective remedies as well as provide better insight on the
pathogenesis of the disease [22].

Alzheimer's disease is recognised worldwide as the most prevalent
neurodegenerative disease, and many factors contribute to the sporadic
type of AD (late-onset), which is more common, which includes age,
unhealthy diet, and stress. Two amain neuropathological markers in
ADD are extracellular senile plaque composed of B-amyloid (AB) and
intracellular neurofibrillary tangles (NFT), composed of hyper
phosphorylated tau protein. Microglial cells lose their defensive role
after accumulation of AP (AB1-42) deposits in senile plaque and are
unable to clear A, which contributes to the loss of synaptic function,
neuron apoptosis, oxidative stress, neuro inflammation and eventually
memory loss. It is suspected that inflammatory and oxidative stress
disorders caused by Alzheimer's disease could be associated with
increased coliform or gram negative bacteria and reduced probiotic to
coliform bacteria, which may themselves contribute to the production

of oxidative and neuro inflammatory stress through activation of
microglia [23-26].

It has been suggested that abnormal gut microbiome composition is
partly responsible for memory dysfunction. Supporting evidence was
reported by Zhan et al. when the gut environment and memory
function of SAMP8 and SAMP1 mice was compared. Differences in
the gut microbiota were directly related to the mice’s performance on
the behavioural assays [27].

The combination of Bifidobacterium and Lactobacillus bacteria has
proven to have a synergistic effect as a probiotic. When a commixture
of Lactobacillus acidophilus, Lactobacillus fermentum,
Bifidobacterium lactis and Bifidobacterium longum was administered
to AP (1-42) Injected Wistar rats, Azm et al recorded a considerable
reduction in oxidative stress and improvement in spatial memory.
Oxidative stress, characterized by superoxide dismutase activity and
malondialdehyde serve as a fundamental marker for plaque and
tangles formation in AD [28].

APPNL G F mice (APP gene coupled with three mutations) are
deficient in memory and cognitive function. Levels of cytokines,
amyloid beta and Glial fibrillary acidic protein (GFAP) are higher in
these mice than wild type. Supplementation in the form of probiotic
treatment augmented memory and reduced amyloid beta aggregates.
Probiotics may prove to complement AD therapy via modulation of
gut microbiota [29,30].

Conclusion

As a consequence of this interrelationship, researchers believe
environmental toxins that disrupt the gut likewise may affect
cognition. This review strives to provide a comprehensive
understanding of existing literature on metabolites and mechanisms by
which a healthy, balanced gut microbiota can impact memory
processes and its disruption by various environmental toxins. These
results were reported along with considerable alteration in the gut
environment in accordance with previous studies on gut brain
interactions.
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