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The effect of the intestinal microbiome on the gut—brain axis has received considerable attention, strengthening the
evidence that intestinal bacteria influence emotions and behavior. The colonic microbiome is important to health
and the pattern of composition and concentration varies extensively in complexity from birth to adulthood. That is,
host genetics and environmental factors are complicit in shaping the development of the intestinal microbiome to
achieve immunological tolerance and metabolic homeostasis from birth. Given that the intestinal microbiome
perseveres to maintain gut homeostasis throughout the life cycle, epigenetic actions may determine the effect on

the gut—brain axis and the beneficial outcomes on mood.

probiotics Lactobacillus Bifidobacterium major depression gut dysbiosis

epigenetics inflammation

| 1. Introduction

What has ensued from epidemiological studies is the observation of an existence of an association between
psychiatric and gastrointestinal disorders. Patients diagnosed with anxiety disorders or major depressive disorders
(MDD), often also have reported intestinal complaints 2. In addition to this, patients diagnosed with intestinal
disorders such as ulcerative colitis, Crohn’s disease, and irritable bowel syndrome (IBS), often present with a
picture of co-morbidity with anxiety issues and/or depression W. Such epidemiological outcomes have introduced
the concept of the gut—brain axis that informs researchers of the extensive bidirectional communication network
that links the intestinal tract with central cognitive and emotional centers within the central nervous system (Figure
1).
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Figure 1. The gut—brain axis and examples of intestinal metabolites elaborated by relevant microbial species and

gut hormones.

Reports on the gut—brain axis apprise the bidirectional molecular interactions that exist between the intestines, the
resident intestinal microbiome, and the enteric and central nervous systems 2 Investigations of the intestinal
microbiome have progressed our understanding of the gut—brain axis’ role in mood disorders . Numerous studies
on laboratory animals and humans have reported that an imbalanced intestinal microbiome (i.e., dysbiosis) is
linked to mood disorders such as anxiety and depression 4Bl Moreover, intestinal dysbiosis-associated
depression can present with gut inflammatory sequalae which can significantly exacerbate excessive adverse gut

mucosal barrier integrity (i.e., a dysbiotic intestinal barrier), further disrupting homeostasis (5],

The dominant phyla in a typical intestinal microbiome include the Bacteroidetes and Firmicutes that account for
approximately 90% of the intestinal bacterial community, and other subdominant phyla that include Actinobacteria,
Proteobacteria, and Verucomicrobia (8. Research activities are accumulating evidence that the intestinal microbiota
may influence brain activity and behavior via neural and humoral pathways . It is further reported that gut bacteria
may have translational applications in the treatment of neuropsychiatric disorders such as MDD & Support for
these contentions comes from several animal studies that overall conclude that intestinal bacteria could have a

significant impact on the neurobiological features of mood dispositions and depression 2L

The established consensus from clinical, epidemiological, and immunological evidence suggests that intestinal
bacteria can extensively and profoundly influence how the gut and the brain respond and influence mental states,

emotional regulation, neuromuscular function, and the regulation of the hypothalamus—pituitary—adrenal axis (HPA)

https://encyclopedia.pub/entry/45116 2/14



Probiotics Influence the Gut-Brain Link | Encyclopedia.pub

[l The effect of probiotics on psychiatric symptoms and central nervous system function in human health remain
contentious as reported in a recent meta-analysis 2. Notwithstanding, the meta-analysis 2 concluded that
developing next-generation probiotics to improve psychiatric conditions and other CNS functions is a worthwhile
endeavor with early reports showing clinical efficacy. These promising signs of clinical effectiveness may be due to
the epigenetic effects exerted on gut metabolites (e.g., B group vitamins, SCFAs, orotate metabolites) elaborated in

the intestines by probiotic and commensal bacteria that can contribute to beneficial epigenetic changes 13!,

Research continues to elucidate mechanisms of action to explain both the direct and indirect effects of intestinal
bacteria on emotional and cognitive centers of the brain I that specifically link gut bacteria compositional changes
to brain function and behavior. The intestines harbor a complex and diverse community of bacteria with a
concentration gradient from the proximal to distal direction with most of the metabolic activity (i.e., host bacterial
nutrient, xenobiotic and drug metabolism) restricted to the colon 24 Reports show that the intestinal bacteria can
elaborate a plethora of neurotransmitters including dopamine, gamma-amino butyrate, norepinephrine,
acetylcholine, and serotonin that can affect mood 13 as well as short-chain fatty acids (SCFAs) (e.g., butyrate) and
hormones such as cortisol and chemicals that modulate the immune system (e.g., quinolinic acid) 22l For
example, the Flemish Gut Flora Project observed a depletion of butyrate-producing bacteria (i.e., Coprococcus and
Dialister) in individuals diagnosed with depression 3. Whilst gut bacteria that were butyrate producers such as

Faecalibacterium and Coprococcus bacteria were consistently associated with higher quality of life indicators 22!,

Investigators agree that a healthy gut is related to a normal functioning central nervous system (CNS) [ZI[16IL7][18] ¢
has been posited that gut dysbiosis exacerbates taxonomic changes, as observed in patients with MDD 1811191,
These changes have been associated with bacterial proinflammatory activity, impaired intestinal barrier integrity,
and neurotransmitter production, with adverse effects on carbohydrates, tryptophane and glutamate metabolic
pathways, and reduced levels of SCFAs 18], An early report on gut dysbiosis from clinical sampling showed that the
gut bacterial compositions of patients with major depressive disorders (MDD) versus those of healthy controls
exhibited differences that were characterized by significant changes in the relative abundance of Firmicutes,

Actinobacteria and Bacteroidetes phyla 29,

An intestinal microbiota—inflammasome hypothesis of MDD has been advanced that proposes the occurrence of
pathological shifts in the composition of the intestinal microbiota (i.e., dysbiosis) that are exacerbated by stress and
gut conditions that result in the upregulation of pro-inflammatory pathways [2. Early studies support such links
between gut resident bacteria and mood disorders. A study has reported an inflammasome-signaling pathway that
affects anxiety and depressive mood disorders 22, In a murine model study that induced gut inflammation with the
administration of caspace-1 (an evolutionarily conserved enzyme that influences pro-inflammatory cytokines), the
authors showed that when the animals were stressed and treated with an antibiotic (i.e., minocycline) the intestinal
microbiota displayed alterations with increases in relative abundances of Akkermansia spp. and Blautia spp. These
relative changes were compatible with the beneficial effects of attenuated inflammation and re-equilibrized gut
microbiota. Moreover, the increase in Lachnospiracea abundance was consistent with changes in the microbiota in
terms of caspace-1 deficiency [22. Along the similar mechanistic studies, others have suggested that the emerging

evidence further supports the presence of a microbiota—intestinal-inflammasome—brain axis, in which enteric
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bacteria modulate, via NLRP3 signaling, inflammatory pathways that, in turn, contribute and influence brain

homeostasis 23],

| 2. Molecules That Influence the Gut-Brain Link

It is known that the intestinal microbiota affects many physiological processes, such as cell proliferation, epithelial
barrier function, and immune responses, and these processes have a direct link to stress and mood dispositions
(241 The role of probiotics in the management of mood appears complex, with the evidence being stronger in
depressed populations than in healthy populations 2. However, this complexity might be explained by the
molecules displaying epigenetic influence that have been posited to play important roles in mediating the health-

promoting attributes of commensal and probiotic bacteria 131,

2.1. Reactive Oxygen Species

Reactive oxygen species (ROS) such as superoxide and hydrogen peroxide 28 are the active intermediates and
regulators of major epigenetic processes such as DNA methylation and histone acetylation reactions 4. Early
reports show that specific taxa of intestinal bacteria can induce the rapid and transient enzymatic production of
reactive oxygen species (ROS) within enterocytes [28. This report showed that redox signaling can be triggered by
microbially generated ROS. Mechanistical formation was reported to be a response to microbial signals activated
via formyl peptide receptors and the gut epithelial NADPH oxidasel (Nox1) 28, There are different strains of
commensal gut bacteria that can elicit markedly different levels of ROS from cells that they adhere to. Therefore,
the idea has been presented that there is favorable redox potential that the gut microbiota (i.e., the tendency and
capacity of the microbiota to gain electrons) and the host have which influences the homeostasis of the intestinal
barrier 22, Studies that administered antibiotics demonstrated how altering the diversity of the gut microbiome
through antibiotic-induced changes can disrupt redox dynamics in the intestines 22, It has also been posited that
the redox potential in the intestines can also be modulated by the brain and the CNS via the vagal cholinergic anti-
inflammatory pathway BBl For example, Lactobacillus species from the gut have been reported to specifically
generate potent inducers of ROS generation in cultured cells as well as in vivo. Moreover, researchers have

reported that numerous bacteria exhibit some ability to alter the intracellular oxido-reductase environment 22,

Both DNA methylation and histone acetylation are nucleophilic processes and therefore ROS signaling through
typical free-radical processes can take part in epigenetic processes via the reactions of nucleophilic substitution,

and these reactions represent the first explanation of their role in epigenetic processes 33134,

Yan et al., (2007) reported that there are soluble factors that are produced by different strains of Lactobacillus that
can have beneficial effects in in vivo inflammatory models B2 thereby presenting data that expand our
understanding of the intestinal microbiome’s activity. These results indicate that there are ROS-stimulating bacteria
that possess effective specific membrane components and or secreted factors that activate cellular ROS
production to maintain homeostasis 28, Furthermore, it has been reported that enteric commensal bacteria

produced the rapid generation of ROS thereby negotiating acceptance from the intestinal epithelia 2.
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2.2. B Group Vitamins

The metabolic pathways of B vitamins (i.e., vitamin Bg and Bg and B;,) have continuously been implicated in DNA
methylations 27, where deficits of these vitamins have been thought to contribute to cognitive decline through
increased homocysteine levels with subsequent adverse effects on oxido-reductase redox signaling (28, In a recent
longitudinal study with 2533 participants 2, it was concluded that higher levels of dietary folate at the baseline
predicted a better cognitive reserve. Alternatively, decreased serum levels of B vitamins were posited to contribute
to cognitive impairment, and this was in turn reported to affect the level of methylation of specific redox-related
genes 22 |n a recent systematic review, it was concluded that in at-risk populations with poor mood dispositions,

vitamin B group supplementations may provide a significant health benefit 29,

Furthermore, it has been reported that Streptococcus thermophiles, Lactobacillus and Bifidobacterium genera
synthesize folic acid to increase DNA methylation and mRNA N6-methyladenosine in the gut, to thereby maintain
normal intestinal homeostasis 2142, These data support the position that epigenetics presents a new frontier for
the beneficial health effects that probiotics portray beyond the data reported by interventional studies 18, The
underlying molecular mechanisms associated with the health-promoting effects of probiotics are linked to effector

molecules produced by probiotics that influence specific genes and even individual nucleotides 221,

2.3. Short-Chain Fatty Acids (SCFAs)

Although the underlying mechanisms remain unclear, SCFAs, the chief colon metabolites produced via commensal
bacterial fermentation of dietary fibers and resistant starch, are postulated to have key roles in mediating the
relationship between the intestines and DNA methylation 445 For example, the SCFA butyrate has been

reported to improve adverse mood dispositions 48],

The genome of some species of the Bifidobacterium genera from the human gut and those also of animal origin
demonstrate a high presence of genes involved in the metabolism of complex oligosaccharides [47. Other resident
bacteria of the colon are also able to degrade inulin-type fructans, as is the case for Lactobacilli, Bacteroides,
certain enterobacteria, and butyrate producers. Bacterial cross-feeding mechanisms in the colon form the basis of
overall butyrate production, a functional characteristic of several colon bacteria. In addition, the specificity of
polysaccharide use by the colon microbiota may determine diet-induced alterations in the microbiota and
consequent metabolic effects [48l. Certainly, supplementation with undigested polysaccharides of plant origin is
important for the enrichment of the intestinal microbiota with Lactobacillus and Bifidobacterium species, which
ferment these compounds into SCFAs 4959 Early research has reported that SCFAs, such as butyrate, can have
epigenetic effects on the gut B, Although the mechanism of action of butyrate is complex, numerous actions

involve an epigenetic regulation of gene expression through the inhibition of histone deacetylase 51,

A mechanistic review reported that butyrate 22 and beta-hydroxy-butyrate (b-OHB) B2l are inhibitors of the catalytic
activity of Zn?*-dependent histone deacetylases (HDACs). Such inhibition was robustly shown to elicit anti-

inflammatory effects in cell culture and rodent model studies. Specifically, SCFA inhibition of HDACs was beneficial
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in improving neurocognitive and mood disorders. The class | HDAC inhibitor MS-275 prevented depression-like

behaviors in mice when subjected to a social stress model 53,

There has been a stream of continuous research that has focused on the role fatty acids have in the
neurometabolic pathophysiology of psychiatric disorders 4. Furthermore, brain phospholipid metabolism and
membrane fluidity have been posited to be involved in mood disorders 2. In a murine model using the forced
swim test reported that dietary supplementation with omega-3 fatty acids reduced immobility when given for 30
days 551 This research also investigated and postulated the antidepressant effect of uridine. Moreover, when both

agents were administered together, less of each agent was required for an effective antidepressant outcome.

2.4. Bile Salts, Mood Dispositions and Intestinal Bacteria

People previously reported that the intestinal microbiome can significantly affect and dysregulate the biochemistry
of bile salts B8, A systematic review of gut microbiome variations involved an investigation on patients diagnosed
with MDD B, From the 17 included studies in the systematic review, 4 found that there was reduced alpha
diversity in studies of MDD. Further, intestinal microbiota compositions were clustered separately according to the
B diversity between patients and controls in twelve other studies. When comparing patients with MDD versus
controls, it was concluded that there was an increase in the relative abundance of the bacterial genera Eggerthella,
Atopobium, and Bifidobacterium, and that there was a decrease in the relative abundance of Faecalibacterium in

MDD patients compared to the controls 7,

A recent study with a chronic unpredictable mild-stress-induced mouse model showed that increased secondary
bile acid levels in the feces positively correlated with Ruminococcaceae, Ruminococcus, and Clostridia
abundances B8, The authors concluded that an increased abundance of bacterial species from the family
Ruminococcaceae responded to chronic stress with an increased level of biosynthesis of deoxycholic acid, an

unconjugated secondary bile acid in the intestines.

Moreover, a recent study on patients diagnosed with MDD compared to healthy controls reported that there exists
a disturbance in the intestinal microbiome of patients diagnosed with MDD B2, |t was also reported that gut
dysbiosis correlated with a disturbance in bile salt metabolism 2. Specifically, bile salt analysis showed that the
amount of 23-nordeoxycholic acid in patients with MDD was significantly higher than that in healthy controls,
whereas the amounts of 9 taurolithocholic acid, glycolithocholic acid, and lithocholic acid 3-sulfate were
significantly lower. Moreover, the intestinal microbiome showed positive associations between Turicibacteraceae,
Turicibacterales, and Turicibacter with taurolithocholic acid, glycolithocholic acid and glycodeoxycholic acid B2,

2.5. Choline, Trimethylamine-N-Oxide and Bacteria

Dietary choline is an important nutrient for the production of acetylcholine, a neurotransmitter that plays an
important role in regulating memory, mood, and intelligence % as well as in the synthesis of methionine, a methyl
donor of s-adenosyl methionine (SAMe) 811, Hence, choline is a metabolite that has been reported to be a methyl

donor that influences epigenetic regulation 611,
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There appears to be a paradoxical view in terms of the levels of choline relative to mood that are found in different
body compartments. In a review analysis of clinical studies, it was reported that high levels of choline concentration
in the frontal lobe were associated with depression both in those who responded to treatment and those who did
not, following treatment with psychiatric medications, repetitive transcranial magnetic stimulation, or
electroconvulsive therapy 2. In contrast, in a large observational study, it was concluded that the lowest choline
quintile level in blood was significantly associated with high anxiety levels but not depression 63!, Furthermore,
Romano and colleagues (2017) reported that a gut bacteria-induced reduction in choline reduced methyl-donor

availability and influenced global DNA methylation patterns with alterations in behavior.

SAMe is involved in one-carbon metabolism and epigenetic modifications of DNA 64, The administration of SAMe
has given positive data in the management of MDD when administered as a monotherapy or as an adjunct to
antidepressant pharmacotherapy 2. In a recent review, the therapeutic roles of SAMe and probiotics in
depression was highlighted 88, SAMe and probiotics may have synergistic effects in terms of positively influencing

mood dispositions.

Intestinal bacterial choline metabolism generates trimethylamine oxide (TMAO) and regulates epigenetic
mechanisms 67681 A recent study reported that elevated TMAO levels immediately after an AMI could reflect
severe stress in PTSD-vulnerable patients 2, making it a plausible biological correlate for severe stress that is

associated with vulnerability to PTSD.

2.6. Orotate, Uridine and Bacteria

Orotate is an organic compound present in dairy products as well as in the milk of ruminants whereby it has critical
value in basal processes of the organism. It is primarily an intermediate for pyrimidine metabolism, a precursor of
uridine-monophosphate, with important roles in DNA and RNA synthesis and anti-inflammatory activity through
uridine-monophosphate formation 9. The group conducted two pilot studies that investigated the administration of
magnesium orotate in combination with SSRIs and of probiotics and SSRIs, respectively ZH2 to patients

diagnosed with major depression not responsive to the SSRIs.

The first pilot study [l investigated the plausible beneficial effects of S-adenosylmethionine (SAMe) and
magnesium orotate in patients with major depression. The study was conducted with patients during a 15-week
period beginning with SAMe administration. At the end of week 15, non-responsive patients with depression were
subjected to an 8-week-long administration of a combined intervention of SSRIs and magnesium orotate. The
results showed that there was good compliance with no participant drop-outs and a lack of adverse effects. People
posited at the time that the intestinal microbiome was complicit in both the suboptimal response to psychotropic

therapy and in improving the SAMe and magnesium orotate response via metabolism and absorption functions.

The second pilot study 22 recruited patients with treatment-resistant symptoms of depression. The study recruited
12 patients who were administered, over an 8-week period, a combination of magnesium orotate and probiotics as

adjuncts to SSRIs. At the end of the 8-week treatment period, all participants had improved depression and anxiety
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scores, with self-assessment scores revealing increased energy and higher levels of well-being. These results
suggest the bidirectional synergic mechanism of the combination of a SSRI, magnesium orotate and probiotics on
the gut-brain axis. At the 16-week follow-up after the cessation of the administration of magnesium orotate and
probiotics, there was an observed relapse of depression symptoms while the SSRI medications were still being
administered 72,

Early in vitro studies demonstrated how in yeast and in extracts from livers of several species, there was an
observed conversion of orotate into pyrimidine nucleotides 3. Previous studies showed that a Lactobacillus
species (Lactobacillus bulgaricus 09) for which orotate is a specific growth factor was found to have an enzyme
converting orotate to uridine-5-phosphate /4, while an additional Lactobacillus species (Lactobacillus arabinosus)
required uracil specifically at a certain phase of its growth cycle 473l |t was concluded that these bacterial
species which responded nutritionally to either pyrimidine were found to have both the orotate- and uracil-utilizing
enzymes 2l Given the role of uridine derivates such as that of uridine diphosphate (UDP)-glucose 6-
dehydrogenase (UGDH) in DNA methylation 28, the findings from our two pilot studies point to specific probiotic
bacteria and other intestinal commensals utilizing orotate to elaborate uridine metabolites that link uridine’s role in
DNA methylation.
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