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Modulation of
neurotransmitter signaling
along the Microbiota—Gut-
Brain Axis by prebiotics,
probiotics and synbiotics in

peptic ulcerative rats

Huda A Al Doghaither!, Fares K Khalifa>

ABSTRACT

Background: Normal brain processes need a healthy gut containing various
microorganisms. Probiotics (Pro), prebiotics (Pre) and synbiotics (Syn) are
able to prevent gut inflammation by restoring the makeup of the gut
microbiome and introducing beneficial functionalities to gut microbial
populations. Because of their functions in gut physiology and probable
implications in the gastrointestinal and neurological systems pathology,
neurotransmitters, such as norepinephrine, dopamine and serotonin, have
lately attracted attention. In pathological conditions such as gastric ulcer
(GU), neurotransmitter levels are dysregulated, resulting in a range of
gastrointestinal symptoms. Objectives: To assess the effects of Pre, Pro and Syn
on neurotransmitters that regulate gut microbiota and the gut-brain axis
(GBA) under peptic ulceration circumstances. Methods: Fifty male rats were
used in the study and were divided into groups as follows: Control group,
ulcerative group and orally supplemented groups. Serum samples were used
for measuring the levels of neurotransmitters in the blood. Results: Levels of
serotonin, dopamine, gamma-aminobutyric acid (GABA), glutamate and
norepinephrine were decreased in PU rats as compared to healthy rats.
Treatment with Pro alone or in combination with Pre (PU + SynB)
significantly improved the serum levels of neurotransmitters, inflammatory
biomarkers and oxidative stress markers. Conclusion: Several neurological
findings regarding the GBA reveal that the gut microbiota has strong
bidirectional communication with the CNS and control the development and

functions of the CNS, which, in turn, improves gut homeostasis.

Keywords: Gut microbiota, Gut-brain axis, Probiotics, Prebiotics, Synbiotics,

Peptic ulcer, Neurotransmitters
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1. INTRODUCTION

Neurotransmitters are not just hormone variables but also play a role in cell signaling. These are chemical compounds that function
as “messengers” in nerve and synaptic communication. They attach to their matching receptors on the plasma membrane of
peripheral and central cells. The gut-brain axis (GBA) is a complex and bidirectional link between the gut and the central nervous
system (CNS) (Mayer, 2011; Iddrisu et al., 2022). It enables gut sensory visceral impulses to impact the CNS to control reflex and
mood changes. The brain directs the signals to alter gut physiology (Heiss and Olofsson, 2019). Increasing data suggest that gut
microbes have a crucial role on the GBA. As a result, the connection between the microbiota and the brain is commonly referred to
as the microbiota/gut-brain axis (Mayer, 2011). The GBA is important for mediating between health and sickness. Since there is a
bidirectional interaction, changes in the gut’s bacterial nature may alter cerebral processes and vice versa (Cryan et al., 2020).

A peptic ulcer (PU) is one of the most prevalent and dangerous chronic upper gastrointestinal conditions. Despite advances in
anti-ulcer medication, the incidence of recurrence remains high (Arakawa et al., 2012). The ulcer formation develops as a result of
an imbalance between mucosal defense systems and harmful substances at the luminal surface of the stomach (Tarnawski et al.,
2013). Ulcer healing demands different mechanisms to restore the balance between destructive and protective substances in the
stomach. Several studies have shown that probiotics (Pro) may be utilized to heal PUs. When Pro and prebiotics (Pre) are supplied
in sufficient concentrations, they yield health benefits to the host (Ashaolu, 2020).

Pro, Pre and Syn are being increasingly applied in different fields, including medicine and surgery. Pro’s typical positive effects
include rebuilding the gut flora and enhancing the intestinal and immunological balance (Azad et al., 2018). Moreover, Pro have
been shown to have modulatory effects on CNS diseases, including the regulation of anxiety and depression-like symptoms
(Abildgaard et al., 2017). Pre are non-digestible dietary fibers that improve host health by promoting the growth of gut
microorganisms, particularly Lactobacillus and Bifidobacterium (Pandey et al., 2015). Syn are a combination of Pre and Pro. In terms of
medicinal effectiveness, Syn possesses different properties, including antibacterial, anti-carcinogenic and anti-allergic actions. They
also help reduce constipation and diarrhea by counteracting degradation processes in the colon. Syn action is based on the change
of gut microbiota using probiotic bacteria and correctly chosen Pre as substrates. There are two known forms of Syn effect: (1)
Increased survivability of probiotic bacteria; (2) Provision of particular health effects (Manigandan et al., 2012).

2. MATERIALS AND METHODS

Study Design

The study was conducted between August 2022 to January 2023. Fifty male Albino rats (Sprague-Dawely) were classified into five
groups (10 in each), then treated as follows:

Group I (negative control): Healthy rats received basal diet.

Group II (PU): Ulcerated rat group (positive control).

Group III (PU + ProB): Ulcerated rats, fed basal diet and given daily oral probiotics supplementation of 1 mg/ml (200million
CFU/ml).

Group IV (PU + PreB): Ulcerated rats, fed basal diet and given daily oral prebiotics supplementation of 1 mg/ml (200million
CFU/ml).

Group V (PU + SynB): Ulcerated rats, fed basal diet and given daily oral supplementation of prebiotics and probiotics mixture (1
g/ml and 1 mg/ml, respectively).

Probiotics, prebiotics and synbiotics

Probiotics were obtained as natural products from California Gold Nutrition Co., USA, in the form of tablets, each tablet containing
0.5 mg (100million CFU) Lactobacillus acidophilus (LactoBif). Prebiotics were obtained as natural products from PreticXTM Prebiotic
Co., USA, in the powdered form, xylo-Oligosaccharides (XOS) (Bifido Boost). Synbiotic was prepared as a mixture of preiotic and
probiotics (Lactobacillus acidophilus + XOS) (SynB).

Experimental animals and induction of peptic ulcer (PU)

The study used adult male albino rats (Sprague-Dawley) weighing 105.7-113.5 g. Rats were kept in stainless steel cages within an
air-conditioned animal house at 24°C, fed a basal diet and permitted water ad libitum throughout the experimental period (eight
weeks). Peptic ulcer was induced by oral doses of aspirin (200 mg/kg per body weight/week).
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Ethical committee approval
The study obtained the ethical clearance from the ethical committee at King Abdulaziz University No (304-22) before data
collection.

Sample collection and biochemical assessment

After 56 days, following an overnight fast, blood was drawn from the hepatic portal vein of ether-anesthetized rats. Blood tubes
were centrifuged at 5000 x g for 15 minutes at 24°C to separate the serum. Serum samples were collected in sterile plastic tubes and
kept frozen at -20°C for later biochemical testing. Kits for the assessment of dopamine, serotonin, glutamate, norepinephrine, nitric
oxide (NO) and gamma-aminobutyric acid (GABA) were obtained from Bioassay Technology Laboratory (Shanghai, China). These
kits use enzyme-linked immune sorbent assay (ELISA) based on the biotin double antibody sandwich technology. Kits for
measuring superoxide dismutase (SOD), lipid peroxidation (MDA), catalase (CAT) and reduced glutathione (GSH) were purchased
from Bio-vision, Milpitas, CA, USA. Kits for interleukin-6 (IL-6), tumor necrosis factor (TNF-a) and C-reactive protein (CRP) were
purchased from Innova Biotech Co. Ltd, Beijing, China.

Statistical analysis
Data were statistically analyzed using SPSS software program (version 22.0, IBM Corp., Armonk, NY, USA). The results were
shown as mean + standard error (n = 10). The differences between mean values were determined using the one-way analysis of

variance (ANOVA) test. P values less than 0.01 were considered statistically significant.

3. RESULTS

Table 1 shows the effect of Pre, Pro and Syn on the serum levels of the biogenic catecholamine neurotransmitters serotonin,
dopamine and norepinephrine in the different rat groups. Serotonin, dopamine and norepinephrine levels were significantly (p <
0.01) decreased in PU rats compared to healthy rats. Meanwhile, an improvement was observed in Syn treated rats (PU + SynB)
when compared to ulcerative rats. No significant (p < 0.01) changes in serum serotonin, norepinephrine and dopamine levels were

observed among rats supplemented with PU + ProB or PU + PreB.

Table 1 Influence of different treatments on serum levels of biogenic amine neurotransmitters serotonin, dopamine and

norepinephrine
Serotonin Dopamine Norepinephrine
Groups
(ng/mL) | (pg/ml) (pg/ml)
Control (C) | 75.7+5.22 15.3+1.852 355.5+25.32
PU 40.5+2.5P 5.75+0.50P 199.5+6.5P

PU + ProB 55.8+3.5¢ 10.95+0.80¢ | 248.8+12.2¢
PU + PreB 51.3+2.1¢ 10.35+1.05¢ | 239.5+10.3¢
PU + SynB 68.4+3.74 16.88+2.35¢ | 302.8+18.84

PU: Peptic ulcer, PreB: Prebiotics, ProB: Probiotics, SynB: Synbiotics.

There was no significant difference at p <0.01 between means with the same alphabetic superscript (a, b, c and d) in the same column.

As in Table 2, reduced levels of GABA and glutamate were recorded in ulcerative rats (Group II) compared to the other groups.
On the other hand, it was observed that administering SynB induced a significant (p < 0.01) improvement in both neurotransmitter
levels compared to the PU group. No significant (p < 0.01) differences in GABA and glutamate levels were found between Pro
(Group III) and Pre (Group IV) treated rats.

As in Table 3, administration of Pre and Pro significantly (p < 0.01) enhanced the serum levels of inflammatory biomarkers.
Similar results were observed in serum TNF-a and CRP levels in rats administered with Pro in combination with Pre (SynB)

compared with the PU group.
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Table 2 Influence of different treatments on serum levels of amino acid neurotransmitters gamma-aminobutyric acid (GABA) and

glutamate
Groups GABA (pmol/ml) | Glutamate (mmol/L)
Control (C) | 115.7+7.52 11.30+1.12
PU 82.9+4.1° 8.55+0.98>
PU + ProB 95.3+4.7¢ 9.60+0.85P
PU + PreB 89.2+3.64 8.95+0.70P
PU + SynB 102.4+5.7¢ 10.50+0.252

PU: Peptic ulcer, PreB: Prebiotics, ProB: Probiotics, SynB: Synbiotics.

There was no significant difference at p <0.01 between means with the same alphabetic superscript (a, b, c and d) in the same column.

Table 3 Impact of various treatments on inflammatory biomarkers serum levels

Groups TNF-a (pg/ml) | NO (umol/l) | IL-6 (pg/ml) | CRP (ug/ml)
Control (C) | 16.2+1.82 15.7+1.22 222 +1.12 3.5+0.52
PU 39.545.7° 23.5+2.2" 36.1+2.5° 6.2+0.8°
PU+ProB | 22.3+2.5¢ 19.1+1.7¢ 29.8+3.1¢ 5140.5¢
PU + PreB 23.1+2.7¢ 19.5+1.5¢ 32.5+2.84 5.0+0.9¢
PU+SynB | 17.1+3.22 20.3+1.8¢ 24.9+1.82 3.5+0.62

PU: Peptic ulcer, PreB: Prebiotics, ProB: Probiotics, SynB: Synbiotics.

There was no significant difference at p <0.01 between means with the same alphabetic superscript (a, b, c and d) in the same column.

Oxidative stress is a critical pathogenic factor during peptic ulceration. Figure 1 (a-d) represents the effect of different treatments
on serum oxidative stress biomarkers. Treatment with Pro (Group III) alone or in combination with Pre (PU + SynB) significantly (p

<0.01) improved the level of oxidative stress markers.
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Figure 1 (a-d) Represents the oxidative stress biomarkers.
PU: Peptic ulcer, PreB: Prebiotics, ProB: Probiotics, SynB: Synbiotics.

There was no significant difference at p <0.01 between means with the same alphabetic superscript (a, b, c and d).

4. DISCUSSION

The intestines are a complicated system with a dense and diverse micro flora known as gut microbiota. The gastrointestinal tract
(GI) contains 100 trillion microorganisms (bacteria, viruses, fungi and protozoa) of at least 1,000 distinct species (Wang et al., 2017).
These bacteria, as well as the genes linked with them and the environment that controls them, are all part of the “gut microbiome”
(Valdes et al., 2018). The gut microbiota is thought to be a virtual endocrine organ, releasing chemicals capable of interacting with
cells and triggering different reactions (Zhang and Davies, 2016). The intestinal microbiota serves a variety of activities, whose
balance promotes the normal functioning of the body, immunity, metabolism and the creation of several neuroendocrine and
neurotransmitter mediators (Wozniak et al., 2021).

The microbiota and the endocrine system interact bidirectionally, with hormone producing bacteria (e.g., serotonin and
dopamine). Serotonin regulates GI motility and secretion. The results of the current study suggest that the microbiota has a role in
controlling blood serotonin levels (Sjogren et al., 2012). The GBA is a bidirectional communication system that connects the central
nervous system with the gastrointestinal (GI) tract. The majority of previous studies have shown the importance of gut bacteria in
neurotransmitter metabolism and GI illness (Agus et al., 2018). Furthermore, in the intestinal lumen, neurotransmitters seem to
regulate epithelial interactions with bacteria. By acting on the intestinal mucosa, both norepinephrine and dopamine have modified
the mucosal adhesion of bacterial pathogens, such as Escherichia coli (De-Vadder et al., 2018).

Yano et al., (2015) discovered that the gut microbiota increases serotonin production from colonic enteroendocrine cells (ECs). In
addition, gut bacteria are reported to enhance colonic serotonin synthesis through the effect of short-chain fatty acids (SCFAs) on
ECs (Reigstad et al., 2015). As a result, microbiomes may have an impact on serotonin-related GI illness symptoms. Although the
human microbiota does not control norepinephrine or dopamine in vivo, there is mounting evidence that it has a role in host
biosynthesis.

Asano and his team revealed that mice deprived of bacteria had considerably lower levels of norepinephrine in the cecal lumen
and tissue (Asano et al., 2012). This showed that the microbiota has an effect on norepinephrine levels in the lumen, although it is
unclear whether the bacteria created norepinephrine directly or modified host production. Similarly, a work by Tsavkelova et al.,
(2000) showed that numerous microbes, including Bacillus cereus, Bacillus mycoides and Escherichia coli, were capable of generating
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dopamine. This host-microbiota interaction adds to the emerging understanding that the microbiota affects GI physiology and
disease by communicating with the host cells.

Any disruption in host-microbiota communication may affect the incidence and development of disease. Nonsteroidal anti-
inflammatory medicines (NSAIDs), which may produce a variety of adverse outcomes, including gastrointestinal injuries, are one
of the key variables that can alter the makeup of the microbiota (Wang et al., 2021). Serum levels of biogenic catecholamine
neurotransmitters (serotonin, dopamine and norepinephrine) and amino acid neurotransmitters (glutamate and gamma-
aminobutyric acid) were lower in peptic ulcerative rats. Pre, Pro and Syn consumption improves neurotransmitter levels
significantly.

Bottom-up CNS regulation by the microbiota seems to occur predominantly via neuroimmune and neuroendocrine pathways,
often involving the vagus nerve (Singh et al., 2016). Many microbially produced compounds, including SCFAs, secondary bile acids
and tryptophan metabolites, facilitate this communication (Yano et al., 2015). While some of these substances transit the intestinal
barrier, enter systemic circulation and may cross the blood-brain barrier, they primarily interact with enteroendocrine cells (EECs),
enterochromaffin cells (ECs) and the mucosal immune system.

It is unclear if these chemicals reach the brain regions directly or only trigger central reactions through long-distance neural
communication via vagal and/or spinal afferents (Bravo et al., 2011). The microbiota may create or contribute to the creation of a
range of neuroactive chemicals, including gamma-aminobutyric acid (Barrett et al., 2012), serotonin, norepinephrine and dopamine
(Asano et al., 2012). The cells of the gut’s endocrine system are involved in an essential mechanism through which gut bacteria and
their metabolites interact with the brain. There are at least 12 distinct kinds of these cells, with many subtypes appearing as
subgroups throughout the gut and carrying diverse combinations of chemicals (Furness et al., 2013).

EECs are found throughout the gut, interspersed among gut epithelial cells and contain over 20 distinct kinds of signaling
chemicals, many of which are co-localized and co-released. When these molecules are released as a response to chemical or
mechanical stimuli, they are able to enter the systemic circulation and reach the behavior centers in the CNS. In addition, they can
act locally and stimulate the vagal terminals in the gut or liver to produce brain signals. In these cells, different receptors implicated
in controlling satiety and hunger have been discovered, which are triggered by microbial metabolites, such as SCFAs (Martin et al.,
2018).

A persistent change in the composition or function of the microbiota (dysbiosis) may affect visceral sensitivity, intestinal
motility and permeability, as well as the immune response, encouraging a pro-inflammatory state (Arrieta et al., 2014). Such
changes, particularly in the host’s immunological and metabolic systems, may initiate or encourage the emergence of a variety of
illnesses, including diabetes, obesity and neurological disorders (Lynch and Pedersen, 2016).

The present study found that PU induced a strong inflammatory reaction, as shown by a substantial increase in blood IL-6, CRP,
NO and TNF levels. Moreover, aspirin exacerbated oxidative damage and disrupted antioxidant parameter levels, according to the
findings of the levels of MDA, SOD, CAT and GSH, as aspirin increases the production of free radicals, thus disturbing cellular
antioxidant defense systems, the result being gastrointestinal ulcers in the rat stomach (Durak et al., 2001).

In the last decades, functional oligosaccharides were employed as a viable alternative to antibiotics. Xylo-Oligosaccharides
(XOSs) are the best-known functional oligosaccharides. Since XOSs are not digested by digestive enzymes, they reach the distal
sections of the intestines and are absorbed by the GI microbiota, specifically probiotic bacteria that create SCFAs (Patel and Goyal,
2011). Meanwhile, Pre administration (PU + PreB) was shown to be efficient in lowering MDA levels and enhancing GSH content, as
well as SOD and CAT activity, in rat serum.

These findings proposed that dietary supplementation with Pre in the form of XOSs, in combination with Lactobacillus
acidophilus, could reduce the aspirin-induced oxidative stress by modulating the antioxidant defense system and thus benefit human
health. In agreement with the current study results, Le et al., (2020) studied the influence of prebiotic addition to probiotic cultures
and noticed a suppression of Caco-2 cell line growth following addition of XOSs to fermented soymilk by bacterium cultures of L.
rhammnoses.

Pre have critical roles in metabolic processes related to immunomodulation. Gastrointestinal barrier disruption permits
numerous inflammatory mediators to pass from the gut into the bloodstream, a process known as metabolic endotoxemia, which
has been linked to the development of obesity and diabetes in mouse models (Cani et al., 2009). When Pre and subsequent SCFAs
release operate, the gut barrier integrity associated with immunity may be improved. The immunomodulatory impact of prebiotics
is controlled by the variety of microbiota in the human intestine.

Anaerobic prebiotic fermentation generates mostly SCFAs, which may affect the expression of genes involved in the synthesis of

anti-inflammatory cytokines in epithelial tissue (Pretorius et al., 2018). The generation of SCFAs by the HGM from prebiotic
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fermentation is critical for maintaining gut health, shape and function (Raman et al., 2013). The present research found that XOS
prebiotics decreased TNF, IL-6 and CRP production in peptic ulcer pre-supplemented rats (PU + PreB). These results may explain
XOSs’” immunomodulatory properties, given that the use of XOSs may boost immunity and protect against inflammatory disorders.

The present investigation found that supplementing with Pro (PU + ProB) substantially decreased the levels of oxidative stress
indicators. Lactobacilli strains from the human or mouse GI tracts were used in vitro research on their antioxidative capabilities, as it
displayed the capacity to degrade H202, which required CAT enzyme activity (Zanoni et al., 2008). According to Wang et al.,
(2018), compared to ulcerative animals, Pro supplementation dramatically enhanced total serum SOD and GSH levels while
decreasing serum MDA concentration. Many reasons have been proposed for probiotics’ antioxidative activity. Treatment with
Bacillus subtilis has been found to reduce the expression of antioxidative genes, such as glutathione reductase and xanthine oxidase
(Lei et al.,, 2015). Additional approaches have included decreasing inflammatory enzymes and regulating mitochondria-mediated
apoptotic pathways (Esposito et al., 2009).

Certain Pro has been shown to improve the activities of some antioxidative enzymes or modulate circulatory oxidative stress,
hence protecting cells against carcinogen-induced damage (Kumar et al., 2010). Similar findings indicating the protection of Pro
against oxidative stress were published by Nardone et al., (2010). Similarly, Saide and Gilliland, (2005) showed that most Lactobacilli
species have oxygen free radical scavenging mechanisms that may reduce the danger of ROS generation during meal digestion.
Furthermore, the metabolic activity of probiotic bacteria may show an antioxidative impact by scavenging oxidant chemicals or
preventing their production in the gut (Azcarate-Peril et al., 2011). Certain Lactobacilli have antioxidative activity and may reduce
the danger of ROS formation during meal digestion (Kapila et al., 2006).

Given that a Pro is mainly active in the small and large intestines and the activity of a Pre is primarily detected in the large
intestine, the combination of Pre and Pro (Syn) yields a collaborative outcome (Hamasalim, 2016). Pre are primarily employed as a
selective medium for Pro strain development, fermentation and intestinal transit. Meanwhile, Pre and Pro microbes develop greater
tolerance to environmental factors, such as pH and temperature in a specific organism’s gut (Sekhon and Jairath, 2010). This
combination (Syn) produces a viable microbiological dietary supplement, thus maintaining a suitable environment that has a good
influence on the host’s health. In addition, it preserves the intestinal bio structure, forms beneficial microbiota and suppresses the
possible pathogens present in the GI tract (Scavuzzi et al., 2014). Moreover, Syn lowers the quantities of unwanted metabolites and
inactivates nitrosamines and cancer-causing chemicals. Also, their usage increases the amounts of ketones, SCFAs, methyl acetates,
and carbon disulfides, which are similarly beneficial for the host’s health (Manigandan et al., 2012).

The present research found that Pro substantially decreased the release of TNF and IL-6. The benefits of Lactobacillus acidophilus
Pro were connected with epithelial barrier modulation and normalization. As compared to the PU group, Lactobacillus acidophilus
supplementation resulted in a slight but considerable improvement in stomach function. Pro (Bifidobacterium bifidum and
Lactobacillus acidophilus) treatment reduced plasma IL-6 and TNF levels in elderly rats (Yang et al., 2020).

Pro has also been linked to better brain function and the prevention of neurological illnesses (Kinney et al., 2018; Li et al., 2020).
Moreover, they greatly boost the beta microbiota diversity in the gut, Bifidobacterium proliferation and other anti-inflammatory
bacteria in rats, indicating that Pre may have an influence on brain function via the GBA. On the other hand, Syn supplementation,
which is a combination of selected Pro bacteria and Pre (with potentially synergistic effects), has been demonstrated to have health
benefits, such as immune system regulation and anti-inflammatory (Kazemi et al., 2020), anti-depressant (Vaghef-Mehrabany et al.,
2016) and antioxidant effects (Zheng et al., 2019).

The present research discovered that using Syn for eight weeks may reduce oxidative stress markers such as CRP, IL-6 and NO.
The findings confirm the previously established relationship between Syn supplementation and reduced oxidative stress in
cardiovascular illness (Vasquez et al., 2019) and neurological disease (Ton et al., 2020). Syn was also used to promote the growth of
particular endogenous bacterial strains found in the gastrointestinal system (Gourbeyre et al., 2011; De-Vrese and Schrezenmeir,
2008). Given the vast number of conceivable mixtures, the use of Syn to modulate gut microbiota in humans appears to have great

potential.

5. CONCLUSION

The results of the current study indicate that probiotics may be effective in the treatment of peptic ulcer and other digestive
disorders. Prebiotics might be used as a substitute for probiotics or as supplementary assistance. The production of bio therapeutic
formulations comprising both proper bacteria strains and synergistic prebiotic appears to boost the probiotics effect in the small

intestine. The enhanced probiotics may be significantly more effective, with a stronger protecting and stimulatory effect than their
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individual components. Future research is required to understand the mechanisms of action of these components, which may
benefit human health.
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