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Preface

The term “gut microbiota” has been used in the scientific literature for over 50 years, 
and, according to the PubMed database, more than 100,000 articles have been 
published on this subject. However, more than 95% of articles on this topic have been 
published over the past 10 years, reflecting the explosive growth of interest in the 
role of the microbiota in human pathology. The title of the book highlights the crucial 
role of the microbiota in various pathological processes; however, this aspect of the 
microbiota is still rarely considered in clinical practice. Over the past decade, signifi-
cant advancements have been made in our understanding of the problem’s complexity. 
Several chapters in this book discuss new concepts and previously unknown mecha-
nisms of the relationship between the gut microbiota and human pathologies.

Today, the gut microbiota should be considered a full-fledged, multifunctional organ 
whose cells (prokaryotic microorganisms) differ from the eukaryotic cells of the host 
human, but work in harmony and synergy in symbiosis with it. In the first chapters 
of the book, based on experimental and clinical studies, the detailed mechanisms of 
interaction between the microbiota and the macroorganism are shown to be disrupted, 
contributing to the development of life-threatening infectious complications, such as 
those occurring during high-risk surgical operations.

It is essential to consider the risk of microbiota disruption resulting from the exces-
sive use of anti-anaerobic antibiotics, which can lead to the transformation of the 
microbiota into a pathobiota, causing severe metabolic disorders, organ dysfunction, 
and sepsis. On the other hand, the authors demonstrate how well-founded measures 
aimed at preserving the beneficial microbiota offer new perspectives in the treatment 
of life-threatening conditions.

The gut microbiota has a significant impact on both physical and mental health. The 
book discusses the relationship between the microbiota and various age-related cog-
nitive disorders, including Alzheimer’s and Parkinson’s diseases. The authors explore 
how gut-targeted therapies can be a promising approach for improving cognitive 
health and optimizing memory function. The book also discusses bidirectional regu-
lation in the microbiota-brain system, where signals from the brain regulate nutrient 
intake, gut motility, and secretory activity to maintain the microbiota’s balance, while 
hormones, cytokines, and other signals from the gut contribute to the synthesis of 
neurotransmitters, manage stress responses, mood, behavior, and more.

The book’s chapters analyze data on the composition of the microbiota in various 
patient groups, as well as the results of monitoring using classical microbiological 
methods, polymerase chain reaction, and sequencing. Gas or liquid chromatography-
mass spectrometry, as well as other modern technologies, are used to determine the 
metabolic products of bacteria and archaea.

XII
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The book devotes considerable attention to the treatment and correction of the 
 microbiota, including options for traditional, complementary, and alternative 
therapies. It presents the results of the effectiveness of the selective decontamina-
tion strategy using certain oral antibiotics, as well as objective data from studies on 
probiotics and metabiotics, including fundamentally new ones, for the correction 
of microbiota metabolism.

The main conclusion of this book can be summarized by the phrase “A person’s full 
health can only be achieved when they are in harmony with their microbiota”. There 
is still much work to be done to find ways to achieve this harmony, and despite the 
discoveries and advancements of recent years, we seem to be just at the beginning of 
this journey.

People from different professions and countries were involved in the creative process 
of creating the book. I would like to thank everyone who generously shared interesting 
results and new knowledge on the pages of this book, as well as all the IntechOpen 
employees who were involved in this project.

Natalia Beloborodova
Professor,

Federal Research and Clinical Center of Intensive Care Medicine  
and Rehabilitology,

Moscow, Russian Federation
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Chapter 1

Destruction of the Anaerobic Gut 
Microbiota in Hospitalized Patients 
Increases the Risk of Sepsis
Natalia Beloborodova

Abstract

The anaerobic gut microbiota is considered as a kind of multifunctional organ, 
providing, among other things, protection against infectious complications and 
sepsis in hospitalized patients. At the same time, the use of some broad-spectrum 
antibiotics leads to the destruction of gut anaerobes, which correlates with the 
negative treatment outcomes. Since the 1980s, the selective decontamination (SD) 
strategy has been known for preserving anaerobes. The preventive use of SD dem-
onstrates a reduction in infectious complications and mortality in high-risk patients, 
so SD remains relevant today. Sepsis, a life-threatening condition, is often referred 
to as mysterious because it can develop in any critically ill patient, regardless of the 
underlying disease. According to the current statistics, sepsis is the leading cause of 
one in five deaths worldwide and still holds a leading position in the mortality rate of 
patients in intensive care units (ICUs). A promising way to understand the mecha-
nisms of multiple organ dysfunction and sepsis is through a metabolomic approach. 
Objective monitoring of clinically relevant microbial metabolites in patient blood has 
shown that the risk of developing and progressing sepsis is associated with microbiota 
dysfunction. The authors see the solution to the problem in the preferred choice of 
antibiotics that do not damage anaerobes and, moreover. create conditions for restor-
ing the metabolism of beneficial anaerobic bacteria in the gut.

Keywords: gut microbiota, sepsis, anti-anaerobic antibiotics, critically ill patients, 
infection prevention, mortality, intestinal anaerobes, selective decontamination, 
microbial metabolites, new strategy of antimicrobial therapy

1.  Introduction

Currently, according to the SEPSIS-3 concept, adopted by the world community 
in 2016, sepsis is considered as an organ dysfunction, caused by a dysregulated host 
response to infection [1]. It is important that recommendations for the diagnosis 
and treatment of sepsis traditionally assess the functional state of organs such as the 
heart, lungs, brain, liver, and kidneys, but the role of the microbiota as a complex, 
multifunctional organ has been left out of consideration. I would like to express my 
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hope and confidence that in the near future, when developing the next conceptual 
document on sepsis (for example, SEPSIS-4), the microbiota as an organ will be 
included in the recommendations for monitoring and correction.

During the same period, 2016–2017, numerous studies have been published that 
convincingly demonstrate the great importance of the gut microbiota in the course 
and prognosis of critical conditions [2–4]. The researchers call the discovered phe-
nomenon “extreme dysbiosis of the microbiome” in critically ill patients [5].

The research results demonstrate profound violations, a sharp suppression of the 
species composition and diversity of the microbiota, which in critically ill patients 
receiving massive antibiotic therapy is often represented by only a few types of 
hospital antibiotic-resistant strains, when the term “ultra-low-diversity pathogen 
communities” can be used to describe the gut microbiota [6, 7].

2.  Impact of antibiotics on gut microbiota

In the same years, an article by Haak et al. suggested the need for microbiota-
targeted therapies in the intensive care unit [8]. The authors noted that the composi-
tion of the microbiota undergoes rapid and extreme changes during critical illnesses, 
losing its ability to perform protective functions for the host body. Moreover, in 
conditions of elimination of obligate anaerobic bacteria, the gut of patients can be 
freely populated by hospital bacteria and turn into an additional source of pathogens, 
such as Klebsiella pneumonia, Pseudomonas aeruginosa, Acinetobacter baumannii, etc., 
contributing to the recurrent course of infections and sepsis.

The authors searched for answers to the following questions: “how our microbi-
ome is functionally changing over the course of critical illness, and how these path-
ways could be modified to promote recovery from disease.” The effects of probiotics 
(e.g., Lactobacillus plantarum) and fecal microbiota transplant (FMT) were studied, 
and the capabilities of live bacteria Clostridium scindens and Bacteroides thetaiotaomi-
cron to perform a protective function against infections caused by antibiotic-resistant 
bacterial strains were evaluated in experimental models. In mechanically ventilated 
patients, the effectiveness of chlorhexidine for oropharyngeal decontamination and 
other approaches was studied [9].

By this time, an increasing number of clinicians realized that antibiotics pre-
scribed to combat a specific pathogen in the treatment of patients with sepsis could 
simultaneously cause concomitant harm and exacerbate disorders of the species 
composition and function of the gut microbiota. It is not without reason that the 
suspicion has arisen that antibacterial therapy itself, by eliminating natural defenses 
of gut microbiota, can contribute to the excessive growth of resistant microorgan-
isms, the development of subsequent infections and the generalization of the septic 
process. The search for a differentiated approach to antimicrobial therapy to pre-
serve the obligate anaerobic microbiota formed the basis of the strategy of selective 
decontamination.

3.  Selective decontamination (SDD) strategy

Selective decontamination strategy originated in the 1960s and 1970s based on 
the concept of colonization resistance of the gastrointestinal tract. Antimicrobial 
drugs for SD were selected taking into account their high activity against the main 
endogenous opportunistic microorganisms, but they did not suppress the normal 
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anaerobic gut microflora. We managed to find one of the first publications in the 
archives (Figure 1). In the literature, one can find such a definition of the term SD: 
“Selective decontamination of the digestive tract (SDD)—the use of (nonabsorbable) 
antimicrobials that are applied daily in the gastrointestinal tract.”

In the 1980s and 1990s, an intensive study of the possibilities of SDD began 
directly in surgical departments and intensive care units; its clinical effectiveness was 
evaluated [10]. The preventive effect of SDD was also associated, among other things, 
with a reduction in the risk of translocation of the gut microflora through mucous 
membranes, which is extremely important for intensive care patients. A combination 
of polymyxin (B or E), tobramycin, and amphotericin B was chosen as the first SDD 
regimen [11].

Experience has shown that the use of only nonabsorbable antibiotics for the pre-
vention of infectious complications is less effective than with mixed SDD regimens, 
meaning in combination with a parenteral antibiotic [12, 13]. In patients at high risk 
of developing a gram-negative infection, polymyxin + tobramycin + amphotericin 
was used enterally simultaneously with intravenous administration of ceftriaxone or 
cefotaxime. Other regimens have been proposed and investigated, including enteral 
administration of vancomycin.

SDD has become widely used in the Netherlands for patients suffering from mechan-
ical injury [14]. Then the scope and geography of the method were expanded. The 
results of many randomized clinical trials (RCTs) on the efficacy of SDD have been pub-
lished. They have shown the ability of this method to significantly reduce the incidence 
of infectious complications in patients in the intensive care unit [15]. The results of 
hundreds of clinical studies and dozens of meta-analyses have demonstrated the advan-
tages of the preventive and curative effect of selective decontamination compared with 
traditional antibiotic therapy in patients at risk of infectious complications and sepsis, as 
well as the safety of SDD in terms of the spread of antibiotic resistance [16–18].

Convincing evidence has been obtained for a reduction in mortality in intensive 
care unit when using SDD in a wide variety of diseases and pathological conditions, for 

Figure 1. 
From the first publications about SDD.



Gut Microbiota – A Key Player in Overall Human Pathologies

6

Figure 2. 
Three points on CDD: “pro,” “con,” “not sure.”

example: during surgical interventions on the organs of the gastrointestinal tract [19, 20], 
in cardiovascular surgery [21], during liver transplantation, cytostatic therapy, etc. [22].

Today, in 2025, there is every reason to confidently list the proven benefits of SDD, 
briefly summarizing the accumulated results [18, 23], such as:

• SDD does not interfere with the standard treatment of a patient for a particular 
disease

• SDD is not inferior to traditional approaches in the quality of medical care

• SDD strategy includes the use of nonabsorbable antibiotics enterally

• SDD reduces colonization of the gut by potentially pathogenic bacteria and fungi

• SDD does not increase the number of antibiotic-resistant microorganisms in 
patients

• SDD does not contribute to the development and spread of antibiotic resistance

• SDD does not increase the systemic use of antibiotics

• The use of SDD reduces the incidence of nosocomial infections

• The use of SDD reduces hospital mortality.

It is logical that from an economic point of view, the use of SDD is beneficial. For 
such a conclusion, the last two facts are sufficient—a decrease in nosocomial infec-
tions and hospital mortality [18, 23].

Based on the results of a number of large randomized controlled trials involv-
ing intensive care unit (ICU) patients. In the Netherlands, most intensive care units 
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have switched to SDD, but in other countries, intensive care physicians are reluctant 
to follow this approach. Some scientists object or still doubt, which is illustrated by 
the figure with links to three articles that detail all modern points of view on SDD 
(Figure 2).

There are several reasons to explain why there is so much controversy around 
SDD, which will be discussed below.

4.  Anti-anaerobic antibiotics and sepsis risk

4.1 Different antibiotics have different effects on human microbiota

In the coming years, management of the composition and functions of the micro-
biota in critical patients may be included in the list of life-saving treatment strate-
gies. There are still questions about how to do this to the maximum benefit for the 
patient. Returning to the issue of the reasons for the disagreement regarding selective 
decontamination, the most important of them is the choice of the “right” parenteral 
antibiotic, but this choice is not regulated and is not discussed in the studies listed 
above. When administering parenteral antibiotics, it is not taken into account that 
any systemic antibiotic can have a serious effect not only on bacteria circulating in 
the blood, but also on the intestines. This can have negative consequences, such as the 
suppression of obligate anaerobic microflora, thereby contributing to the progression 
of sepsis.

Thus, the effectiveness of SDD in the use of the above-mentioned nonabsorbable 
antibiotics in a number of patients may be reduced or even completely absent if an 
antibiotic suppressing anaerobes was used parenterally at the same time. Therefore, 
treatment results may vary. Unfortunately, it is often impossible to obtain information 
from the publications about which antibacterial drugs patients received parenterally 
during and/or after SDD. Hence, the results of treatment may vary.

The effect of intravenous administration of antibiotics on the gut microbiota in 
cardiac surgery patients was studied. A total of 388 fecal samples from 154 cardiac 
surgery patients were collected. Various groups of antibiotics were used parenterally, 
including cefuroxime, ceftazidime, cefoperazone-sulbactam (sulperazone), imi-
penem cilastatin (tienam), meropenem, levofloxacin, moxifloxacin, ciprofloxacin, 
vancomycin, teicoplanin, tigecycline, ticarcillin-clavulanate, piperacillin-tazobactam, 
and penicillin. Thus, using the example of cardiac surgical patients, the authors 
showed that the intravenous method of administering antibiotics does not protect the 
microbiota: the results confirmed significant changes in the composition of the gut 
microbiota [24].

There are studies where the authors analyze the frequency of deaths in the ICU 
and find a reliable relationship with the frequency of antibiotic use, which can inhibit 
gut microbiota anaerobes. In a cohort study of 3032 critically ill patients in the Unites 
States, it was found that systemic anti-anaerobic antibiotics led to decreased gut 
bacterial diversity and an expansion of Enterobacteriaceae spp. For a retrospective 
analysis, the authors divided all patients into two groups, and analyzed in detail the 
course and outcome of the disease in the comparison groups. The main criterion for 
distinguishing the groups was the sign of treatment with antibiotics that suppress 
anaerobes. In terms of diagnoses and basic clinical and laboratory characteristics, 
the two groups did not differ in principle. During ICU treatment, patients of the first 
group (n = 1942), along with other drugs, used such anti-anaerobic antibiotics as 
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piperacillin-tazobactam, metronidazole, meropenem, clindamycin, ampicilline-sul-
bactam, ceftriaxone; in the second group of patients (n = 1090) these antibiotics were 
not used. In other words, in this study, in the first group, antibiotics had a negative 
effect on the patients’ anaerobic microbiota, while in the second group the condi-
tions for the preservation and restoration of the microbiota were more favorable. As 
a result, the length of hospitalization and the survival rate of patients in the second 
group were significantly higher. The study has convincingly proved that anti-anaer-
obic antibiotic therapy is independently associated with decreased ventilator-associ-
ated pneumonia (VAP)-free survival, infection-free survival and overall survival. The 
data obtained has been published as a result of a retrospective analysis [25].

It would be possible to assume with a certain degree of certainty that abstinence 
from taking anti-anaerobic spectrum antibiotics in combination with SDD can 
actually improve patient outcomes in the intensive care units. We can only hope, this 
will soon become known from the results of future research. Currently, clinicians 
do not have the opportunity to assess whether antibiotics prescribed to a patient will 
have a negative impact on the gut microbiota. The susceptibility testing of anaerobic 
bacteria recovered from selected cases, which is used for choice of antimicrobial 
therapy for infections caused by anaerobes, is not suitable for assessing the effects 
of an antibiotic on intestinal anaerobes. The composition of the gut microbiota is 
dominated by anaerobes, there are hundreds of species, the final number has not yet 
been established.

Of the works of previous years, the most famous is a study performed in the 
1970s (“at the dawn” of SD) using methods of anaerobic cultivation in test tubes for 
the purpose of quantitative and qualitative research of the fecal flora of 20 clinically 
healthy Japanese-Hawaiian men. Were isolated 113 different types of organisms from 
1147 isolates, which accounted for 94% of viable cells in feces. This study shows the 
predominance in gut of the genera Bacteroides, Bifidobacterium, Fusobacterium and 
Eubacterium [26]. Since 2012, a new technique for isolating and cultivating bacteria 
has been introduced, called “culturomics” [27]. In 2023, it was reported (Wan et al.) 
that with the help of culturomics technology, the number of bacterial species found in 
the human intestine reached 3253 [28].

In total, the analysis of more than 2000 samples in six studies of the gut micro-
biome revealed more than 22 million unique genes in the gut. It has also been found 
that different groups of microorganisms have functional features, with some of 
them involved in a wide range of different metabolic processes, including amino acid 
biosynthesis, while others are involved in degradation processes [29].

4.2 Excessive use of anti-anaerobic antibiotics is not justified

Anaerobes, more often such as Bacteroides fragilis group, Clostridium spp., 
Prevotella spp., Peptostreptococcus spp., Peptococcus spp. are involved in the etiology of 
a number of severe infections. Methods for determining the sensitivity of pathogens 
of anaerobic infections to antibiotics are well developed and well-known, they are 
used in specially equipped research and reference laboratories. In clinical settings, 
if there are indications (abdominal infections, peritonitis, gangrene, abscess, etc.), 
doctors use recommendations on the choice of antibiotics. The article Brook provides 
data on 12 antibiotics with a high degree of activity against anaerobic pathogens, 
among which carbapenems, beta-lactams, combinations of beta-lactams and beta-
lactamase inhibitors, metronidazole, and chloramphenicol stand out [30].
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In real clinical practice, doctors often exaggerate the need to use anti-anaerobic 
antibiotics, expand the indications for their use, and use unreasonable combinations 
of two or more drugs, which can only harm the microbiota, with all the consequences 
for the patient’s body.

There is a growing understanding of the great importance of gut anaerobes for the 
human body, and more and more scientists are wondering whether we are harming 
our patients by using antibiotics with an anti-anaerobic spectrum. The researchers 
are trying to conduct an objective analysis of parenteral antimicrobial therapy, which 
is prescribed to the vast majority of patients in the intensive care unit. The work 
evaluates the risk of negative effects of parenteral antibiotics on the gut microbiota, 
the risk of worsening the prognosis and outcome of critical conditions, in order to 
determine the optimal treatment strategy in the future.

In one of the articles on this topic, the authors report a single-center observational 
study that included 192 patients admitted to the intensive care unit with aspira-
tion pneumonia (AsP), community-acquired pneumonia (CAP), and nosocomial 
pneumonia (HAP). During the study period, the following recommendations for 
antibacterial therapy were given: both vancomycin and cefepime for HAP, ceftriaxone 
and azithromycin for CAP, and the addition of metronidazole or clindamycin when 
anaerobic coverage was desired (AsP). Broader-spectrum antibiotics, which covered 
both aerobic and anaerobic microbes (i.e., piperacillin/tazobactam or ampicillin/
sulbactam), were excluded from the study as there would be difficulty in ascertaining 
whether the rationale for these antibiotics included treating anaerobic organisms. The 
results showed that a significant proportion (one in four of these patients) received 
antibiotics with anti-anaerobic effects, although they did not meet the criteria for 
receiving them. Inadequate (i.e., excessive) use of anti-anaerobic antibiotics was 
detected in 12/20 (60%) patients with AsP, 27/107 (25%) with HAP, and 9/65 (14%) 
with CAP. It turned out that patients admitted to the intensive care unit with pneu-
monia, who were additionally prescribed anti-anaerobic antibiotics without explicit 
indications, as a result stayed longer in the ICU [31].

Another larger study (enrolled 2606 patients) also showed that the majority of 
patients in the hospital, regardless of the presence or absence of aspiration data, 
received broad-spectrum antibiotics against anaerobic bacteria [32].

Of particular concern are high-risk patients on ventilators in the ICU, in whom 
antibiotics are prescribed in almost 100% of cases, and not only for treatment, 
but often for the prevention of hospital-acquired pneumonia. It was shown that in 
patients treated with anti-anaerobic antibiotics, the survival rate of patients with 
pneumonia and overall survival were significantly lower. Thus, if there is no attention 
to the microbiota and in the absence of strategies for preserving anaerobes in the gut, 
the treatment results of critical patients are worse than they could be in a modern 
clinic today [25].

It should be noted that in cases of severe pneumonia in hospitalized patients, anti-
biotic therapy determines the outcome of the patient’s treatment. An intensive care 
physician should be aware of the dangers of anaerobic antibiotics for the microbiota, 
avoid prescribing them, and use them only when there are clear signs of aspiration 
pneumonia, as prescribed in official guidelines. Moreover, targeted studies of the 
respiratory tract did not reveal significant differences in the frequency of detection 
of anaerobes. When comparing patients with aspiration risk factors and common 
community-acquired pneumonia (CAP), aspiration community-acquired pneumonia 
(ACAP) and community-acquired pneumonia in patients with aspiration risk factors 
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(CAP with AspRFs) are infections associated with anaerobes, but limited evidence 
suggests their pathogenic role [31, 32].

4.3 Carbapenems are the most dangerous for the gut microbiota

In any case, to preserve the microbiota and prevent sepsis, it should be remem-
bered that anti-anaerobic antibiotics vary significantly in terms of coverage of the 
spectrum of anaerobic bacteria (Figure 3).

Antibiotics kill both “good” and “bad” bacteria; this disrupts the natural balance 
of the gut microbiome, which plays an important role not only for health but also for 
the survival of seriously ill patients in the hospital. It is preferable to adhere to a policy 
limiting the spectrum and duration of use of anti-anaerobic antibiotics. Realizing 
the potential danger of gross damage to the microbiota, it is advisable to refrain from 
carbapenems and choose “less aggressive” antibiotics for the gut microbiota. This is 
especially true for carbapenems.

Research confirms this negative relationship. Back in 1991, more than 30 years ago, 
when ultra-wide spectrum antibiotics from the carbapenem group first appeared, the 
authors of this article warned about the negative effects of intravenous antibiotics on 
the gut microbiota and reported that meropenem is more active than imipenem [33]. 
The other “signal” about the adverse effects of meropenem on the human microbiota 
was received by the publishing house in 1992 from Japan in the form of a communica-
tion article, but was published only 17 years later [34].

The objections of some authors are based on the fact that in a number of clinical 
situations, these anti-anaerobic drugs are absolutely necessary, refusal of them can 
endanger the patient’s life, especially since mortality from anaerobic infections is high and 
reaches 30%. For example, infections such as wound gangrene, perforated peritonitis, 
deep abscesses (pelvis, brain, abdominal cavity, etc.) are always polymicrobial with the 
active participation of anaerobes, most often such as Bacteroides fragilis group, the share 
of which, according to the data Park et al., accounted for 41.8% of anaerobic infections, 
which accounted for 41.8% of anaerobic infections, Clostridium spp. (11.8%), Prevotella 

Figure 3. 
Anti-anaerobic antibiotics vary in their coverage of anaerobes.
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spp. (9.4%), Peptostreptococcus spp. (8.4%), etc. [35]. Usually, etiologically significant 
anaerobes are quite aggressive. Of course, in such patients, along with surgery, there are 
direct indications for the immediate use of anti-anaerobic antibiotics. At the same time, 
the duration of use of anti-anaerobic antibiotics should be reasonably limited, under the 
control of purulent focus sanitation, since prolonged use of anti-anaerobic antibiotics can 
cause irreversible disorders of the gut microbiota and lead to the development of sepsis.

It is important to take into account that anti-anaerobic antibiotics differ signifi-
cantly in the “richness” of the spectrum of antimicrobial activity. Figure 3 is based 
on data from the reference literature. It contains a list of the main genera/species of 
anaerobic bacteria that fall under the action of four antibiotics—for visual compari-
son. A priori, it can be assumed that when treated with carbapenems, the gut micro-
biota will experience the most negative effects. The consequence may be not only an 
increase in antibiotic resistance, but also an increase in the frequency of sepsis, which, 
unfortunately, is happening today in ICUs in different countries.

As a result of “fascination” with the excessive use of ultra-wide-spectrum antibiot-
ics of the carbapenem group, in just the last 10–15 years, the world has found itself in 
a situation of total antibiotic resistance, which is now characteristic of the so-called 
hospital pathogens. Numerous facts of an increase in hospital deaths in recent years 
require little evidence, as evidenced by the titles of articles, for example, “Mortality 
Attributable to Bloodstream Infections Caused by Different Carbapenem-Resistant 
Gram-Negative Bacilli.” Predictors of mortality in bloodstream infections caused by 
Klebsiella pneumoniae, etc. [36, 37].

The authors note that an increase in the number of carbapenem prescriptions has 
led to an increase in the number of carbapenem-resistant bacterial pathogens. The 
prevalence of extended-spectrum β-lactamase-producing and carbapenem-resistant 
Enterobacterales (CRE) has become a global public health problem. Colonization of 
patients’ gut and spread in the surrounding hospital environment increases the risk 
of infection in patients and leads to poor disease prognosis. The review analyzes 25 
studies in which attempts were made to apply various decolonization strategies to 
eliminate the presence of enterobacteria producing ESBL or resistant to carbapenems, 
but the results showed only a temporary and unstable effect [38].

The situation is most dangerous for the weakened categories of patients in the ICU, 
especially newborns. Due to the fact that in the first days of life, their gut microbiota 
has not yet been formed, the rapid spread of gram-negative bacteria resistant to car-
bapenems among newborns is concerning on a global scale. In the article Sisay et al. 
[39], 36 studies were included in the meta-analysis and systematic review. The study 
aimed to determine the combined prevalence of gram-negative bacteria resistant to 
carbapenem in African newborns who were suspected of having sepsis. The meta-
analysis and systematic review included 36 studies. In total, among all gram-negative 
bacteria, resistance to imipenem was 35.57%, and to meropenem, 34.35%. The highest 
rates of resistance to carbapenems were in Acinetobacter baumannii—45.9%, and 
Pseudomonas spp.—43.0%. The authors point to the need to take urgent measures to 
regulate the strategy of control and use of antimicrobial therapy [39].

Another article also deals with neonatal sepsis, where Pseudomonas aeruginosa 
with multidrug resistance, expressing several carbapenemases, including NDM-1 and 
VIM-2, acts as an etiological agent. The authors express serious concern that there is 
simply nothing to treat such infections in the neonatal intensive care unit [40].

The situation in the adult ICU is no less alarming. The authors directly indicate 
in the titles of the articles the conclusion about the results of their research as an 
absolute fact, namely, “in critically ill patients, anti-anaerobic antibiotics increase risk of 
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adverse clinical outcomes” [25]. Due to the progressive growth of carbapenem-resistant 
enterobacteria, especially carbapenemase-producing Klebsiella pneumonia, combina-
tion therapy with three or even four antibiotics is already being discussed [41, 42].

4.4 Increased sepsis and mortality

Large-scale studies conducted using systematic review and meta-analysis 
methods in Europe, North America, and Australia show high mortality rates for 
sepsis and shock septic [43]. There is every reason to assert that the increase in the 
incidence of sepsis and mortality is the result of ignoring the consequences of the 
destruction of the anaerobic gut microbiota by ultra-broad-spectrum antibiotics 
[37, 38, 44]. Global threat of the spread of carbapenem-resistant gram-negative 
bacteria has become uncontrollable, and doctors in ICU departments remain 
virtually unarmed [37, 38, 44].

Clinicians do not take into account the effect of such antibiotics on the patient’s 
microbiota, and do not take into account the unforeseen consequences of such 
treatment. Numerous studies have shown that the destruction of anaerobic microor-
ganisms in the gut using anti-anaerobic antibiotics affects systemic immunity and is 
associated with increased mortality in patients with sepsis. However, this knowledge 
has not yet been widely applied in clinical practice. A large retrospective cohort study 
involving nearly 16,000 emergency department patients showed that the widespread 
empirical use of anti-anaerobic antibiotics leads to a decrease in survival rates. It is 
important to note that there was a decrease in survival, including in the cohort of 
patients in whom infection was only suspected, but not confirmed [45]. In other 
words, some patients did not survive due to excessive stress on their microbiota with 
drugs that belong to the group of anti-anaerobic antibiotics.

The next study obtained results on changes in the composition of the rectal 
microbiota, which persisted in some recovered patients even a month after antibiotic 
treatment. These changes in the microbiota were associated with individual differ-
ences in reactions to cytokines, which allows us to build new ideas about the existence 
of mechanisms of “incomplete recovery.” Thus, microbiota disorders during antibiotic 
therapy potentially contribute to the recurrence of infections and re-hospitalization 
after pneumonia. Unfortunately, this article does not provide information on which 
specific antibiotics were prescribed to patients hospitalized with pneumonia. Rectal 
microbiota are coupled with altered cytokine production capacity following commu-
nity-acquired pneumonia hospitalization [46].

It is clear that measures for the prudent use of antimicrobials can lead to a minimi-
zation of unnecessary use of anti-anaerobic antibiotics, especially carbapenems, and 
will ensure the transition from carbapenems to alternative drugs. Despite this, doc-
tors may be concerned that alternative treatments may have negative consequences, 
especially given that official treatment guidelines for patients do not yet contain such 
recommendations. In one of the recent reviews (2025) on сarbapenem de-escalation 
as an antimicrobial stewardship strategy, 15 studies were selected that examined 
the replacement of carbapenems with alternative drugs that are not carbapenems. 
Almost all of these studies involved adult patients who were not in critical condition; 
in all cases, carbapenems were prescribed for the treatment of urinary tract infec-
tions, pneumonia, and skin and soft tissue infections. In 12 of the 15 studies, it was 
reported that the withdrawal of carbapenems and the transition to alternative drugs 
occurred 2–5 days after the start of treatment as part of the initiatives of the antibiotic 
stewardship program (ASP). Overall, carbapenem de-escalation was not associated 
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with negative outcomes, higher rates of clinical failure, or mortality compared with 
other treatment-continuing groups [47]. However, it is unlikely that the data from 
this article can be useful to understand the future experience of applying microbiota 
conservation strategies.

In the context of the increasing resistance of hospital bacteria to carbapenems, 
pharmaceutical companies have proposed another method of “prolonging the life 
of carbapenems.” A double-blind randomized clinical trial (31 ICU units in 4 coun-
tries) international randomized trial was organized and conducted, which included 
607 patients with sepsis. The first group (n = 303) received meropenem continuous 
(3 g over 24 h), the second group (n = 304)—intermittent (1 g every 8 h) [48]. As 
expected, mortality in both groups did not differ; moreover, it was equally high (47% 
and 49%), meaning that patients who received meropenem in this study died more 
often from sepsis than from any other antibiotics.

5.  Microbial metabolites and systemic impact

Discussing why treatment with anti-anaerobic antibiotics is associated with 
increased mortality, the authors of one study provide a forward-thinking com-
mentary that “the increase in mortality is not entirely due to infections alone” [25] 
as if calling for a search for specific mechanisms related to the microbiota and its 
role in survival. Indeed, deep disturbances in the composition of the microbiota are 
manifested not only in the appearance of new inflammatory foci of infection and the 
development of sepsis caused by resistant bacteria. The suppression of obligate anaer-
obes and a sharp decrease in biodiversity lead to a disruption of microbiota metabo-
lism. This phenomenon has not been studied much yet, but disorders of the metabolic 
pathways associated with the microbiota are inevitable in critically ill patients, and 
even more so under the pressure of certain antibiotics.

Along with the growing understanding of the importance of the microbiota, 
questions naturally arise about how bacteria living in the human gut can interact 
with a macroorganism and send signals of well-being or distress. An assumption was 
made about the existence of low molecular weight metabolites of microbial origin, 
which are the normal end products of the metabolic “conveyor” of the microbiota 
entering the blood from the gut. If the microbiota is damaged or suppressed, that is, 
it represents a “pathobiota” [6]. The metabolic pathways cannot be completed, and 
intermediate metabolic products enter the bloodstream, which, upon entering the 
systemic circulation, can have an adverse effect on the organs and systems of the host 
body (Figure 4). This hypothesis about small molecules originating from microbes 
(SMOM) was first published in an article by Beloborodova and Osipov in 2000 [49].

The hypothesis about SMOM is that the inflammatory process is triggered by 
disorders at the low molecular weight level involving small (signaling) microbial 
molecules. It follows that the development of a complex multifactorial process called 
sepsis is associated with a deep decompensation of SMOM homeostasis. This hypoth-
esis is logically justified by understanding the expediency of creating a system of sig-
naling molecules in ontogenesis that would serve as intermediaries for the exchange 
of information between the microbiota and host cells. Various types of fatty acids 
(hydroxy acids, branched, unsaturated, and cyclopropane acids), aldehydes, alco-
hols, and phenylcarboxylic substances, which are rare in healthy people but increase 
several times in severe diseases, have been detected using gas chromatography-mass 
spectrometry.
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Further studies have shown that microbial metabolites of aromatic structure, 
so-called aromatic microbial metabolites (AMM), have the greatest diagnostic and 
pathogenetic significance for assessing the state of the microbiota and the degree of 
its involvement in the development of the septic process. The three most clinically 
significant aromatic metabolites of tyrosine and phenylalanine, such as 4-hydroxy-
phenyl lactic acid (HPhLA), 4-hydroxyphenylacetic acid (HPhAA), and phenyl lactic 
acid (PhAA), have been conventionally referred to as “sepsis-associated metabolites” 
(Figure 5) [50].

The metabolic pathways leading to the accumulation or removal of AMM are 
closely interrelated in the human body with the metabolism of the gut microbiota. 
A decrease in biological diversity, including during treatment with anti-anaerobic 
antibiotics, is manifested by a violation of the metabolic functions of the microbiota, 
which leads to an excess of AMM in the blood. Our experimental studies in vitro have 
confirmed the ability of human microbiota bacteria to produce and consume the 
above-mentioned clinically significant microbial substances.

AMM can be used to assess the severity of patients’ condition and the risk of death 
in critically ill patients, to predict complications in cardiac and abdominal surgery, 
neurosurgery, etc., as well as to monitor the effect of treatment in ICUs. An article 
published in the journal Shock describes the mechanism of participation of aromatic 
microbial metabolites in the development of septic shock (Figure 6) [51].

To date, methods with GC-MS and HPLC-MS equipment have been validated 
and used for clinical research to accurately measure the concentration of AMM in 
the blood. Based on a large volume of clinical and laboratory data, models have been 
developed to predict an unfavorable outcome for patients admitted to the intensive 
care unit in critical condition with various inflammatory and infectious foci, using 
methods of modern mathematical analysis. It has been proven that the concentra-
tion of eight microbial metabolites circulating in the blood can predict the risk of 
mortality for a particular patient. The ROC analysis confirmed that the reliability 

Figure 4. 
The conveyor of microbial metabolism in the gut normally supplies the host’s body with beneficial small 
molecules—microbial metabolites.
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of the prognosis for microbial metabolites is not inferior to the generally accepted 
international multiparametric scales (e.g., APACHE II), which indirectly indicates 
the enormous pathogenetic significance of the dysfunction of the microbiota and the 
products of its pathological metabolism in the development of the systemic inflam-
matory process [52]. A clinical study has confirmed the important role of initial and 
acquired disorders of microbiota metabolism in the development of postoperative 
complications in patients with aortic aneurysm by monitoring the level of aromatic 
metabolites circulating in the blood before surgery and in the early postoperative 
period [53] Detailed data on aromatic microbial metabolites are presented in one of 
the latest books published by Springer on modern biomarkers for intensive care [54].

On the other hand, in a “healthy” microbiota, metabolites with a different chemi-
cal structure may be important for triggering the chain of immunological mecha-
nisms of an adequate immune system response to the introduction of an infectious 
agent. For example, indole propionic acid (IPA), a metabolite of the aromatic amino 
acid tryptophan, has the property of “turning on” macrophages by activating aryl 
hydrocarbon receptor (AHR) [55]. Other positive clinical effects were also identified, 
for example, associated with IPA in the blood of patients when the postoperative 
period proceeded without signs of delirium [56].

Among the large group of short-chain fatty acids SCFA, microbial metabolites of 
the gut microbiota, butyrate has been of particular interest in recent years. Butyrate is 
produced by butyrogenic bacteria of the large intestine and, along with other SCFA, 
participates in maintaining the integrity of the intestinal barrier. The interest in this 
metabolite is not accidental, since the destruction of the intestinal barrier is an impor-
tant mechanism in the development of sepsis. The translocation of bacteria from the 
gut in critically ill patients is associated, among other things, with the destruction of 
the normal microbiota by anti-anaerobic antibiotics. In addition, Clostridium difficile 
infection and nosocomial diarrhea are also associated with a deficiency of butyrate-
producing bacteria [57].

Figure 5. 
The end products of microbial biotransformation of aromatic amino acids are useful, while the intermediate ones 
are harmful.
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An interesting paper Kullberg et al. [45], presents the results from two observa-
tional, population-based microbiome studies. A more favorable course of infections 
and a reduced risk of hospitalization were noted in those patients whose microbiota 
had a sufficiently high relative content of butyrate-producing bacteria. In this study, 
the 16S rRNA gene sequencing method was used to evaluate the gut microbiota. The 
composition of the microbiota was analyzed in a fairly large number (more than 
10,500 participants) of the study. The authors found that those participants whose 
microbiota was rich in butyrate-producing bacteria had a significantly lower risk of 
developing infections. On the contrary, the number of infections, hospitalizations, 
and even deaths was significantly higher in the group with the altered microbiota 
(which does not produce butyrate). The results were verified and proved to be com-
parable in two independent cohorts of two European countries, the Netherlands and 
Finland, as part of the HELIUS study. One of the results of this study is an important 
suggestion that modulation of the human microbiota can reduce the risk of severe 
infections [58].

6.  Clinical implications and future directions

Under conditions of suppression of the anaerobic microbiota in the gut of patients, 
a non-competitive environment is created for the appearance and accumulation 
of “problematic” multiplicity-resistant strains of gram-negative enterobacteria 
(primarily Klebsiella pneumonia), non-fermenting bacteria (Pseudomonas spp. and 
Acinetobacter spp.), as well as gram-positive methicillin-resistant staphylococci 
(MRS) and vancomycin-resistant enterococci (VRE).

In recent years, several retrospective analyses have been published comparing 
the benefits and harms of two different treatment strategies for hospitalized patients 
using a relatively narrow range of antibiotics that do not suppress anaerobic bacteria, 

Figure 6. 
The products of microbial metabolism of aromatic amino acids may be involved in the genesis of septic shock.



17

Destruction of the Anaerobic Gut Microbiota in Hospitalized Patients Increases the Risk of Sepsis
DOI: http://dx.doi.org/10.5772/intechopen.1012483

or broader-spectrum antibiotics with anti-anaerobic activity. For short, the first 
group is called “non-anaerobic” and the second “anaerobic.” Thus, the expected side 
effect of antibiotics of the first group on the obligate anaerobic gut microbiota is 
neutral (preservation), and antibiotics of the second group are negative (suppres-
sion). By dividing patients into groups depending on treatment and comparing the 
results in a retrospective analysis, the authors identify certain anti-anaerobic antibiot-
ics that are more often used in patients of a particular ICU. The lists of anti-anaerobic 
antibiotics in clinical trials by different authors may vary slightly, as shown in Table 1. 
These are the results of randomized cohort studies conducted in hospitalized patients 
from different countries.

The negative impact on the results of treatment with anti-anaerobic antibiotics was 
found in randomized cohort studies conducted among hospitalized patients in different 
years. It is logical to assume that it would be beneficial to limit or avoid the empirical use 
of the anti-anaerobic antibiotics listed in this table in order to preserve the microbiota.

Clinical studies are emerging that even partial restrictions on the use of anti-
anaerobic antibiotics give positive results. For example, the study involved 34 patients 
in the neurological intensive care unit, who were treated with either “non-anaerobic” 
narrow-spectrum antibiotics or broad-spectrum antibiotics meropenem or piper-
acillin/tazobactam upon admission according to clinical indications. To assess the 
microbiota dynamics, a rectal smear was taken from each patient before the start 
of antibiotic therapy and 5–7 days after it. The study found that most antibiotic 
resistance genes were significantly more likely to occur after treatment with broad-
spectrum drugs (meropenem or piperacillin/tazobactam) [61].

Of great interest is the article by Chanderraj et al. [25], which revealed a link 
between treatment with anti-anaerobic antibiotics and adverse clinical outcomes in 
3032 patients with mechanical ventilation. After analyzing the gut microbiota of 116 
patients and conducting animal experiments, the authors found evidence of a causal 
effect of anti-anaerobic antibiotics on infectious and non-infectious outcomes [25].

Antibiotics play a key role in the treatment of ICU patients with pneumonia, 
intra-abdominal infection, postoperative complications and sepsis. When prescribing 
empirical antibiotic therapy, doctors often try to be safe by choosing an antibiotic or a 

“Anti-anaerobic” parenteral 
antibiotics

Author The consequences Ref.

Ampicillin, carbenicilline, 
clindamycine, linkomycine

Van der Waaij 
[59, 60]

Colonization of the gut Figure 1

Meropenem piperacillin/
tazobactam

Nielsen et al. 
[61]

Growth of antibiotic 
resistance genes

doi:10.3390/
microorganisms9122542

Piperacillin-tazobactam, 
metronidazole, ampicilline-
sulbactam, ceftriaxone, 
meropenem

Chanderraj 
et al. [25]

Decreased ventilator-
associated pneumonia 
(VAP)-free survival

doi:10.1183/13993003.00910-2022

Piperacillin-tazobactam, 
meropenem, metronidazole, 
clindamycin, amoxicillin—
clavulanic acid

Kullberg [45] Decrease in survival of 
critically ill patients

doi:10.1183/13993003.00413-2023

Table 1. 
The use of anti-anaerobic antibiotics was associated with negative consequences of the treatment in randomized 
cohort clinical studies.
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combination of 2 or 3 drugs with a wider range of antibacterial activity than is really 
necessary in a given clinical situation. The authors of a large study are convinced that 
anaerobes are rarely the causative agents of sepsis, at the same time, anti-anaerobic anti-
biotics are used very often in the ICU, of course, “for the best of reasons” or “just in case.”

The authors of one of the latest studies on this topic, Chanderraj et al. managed to 
implement the design of a comparative study in which large groups of sepsis patients 
receiving combined antibiotic therapy differed fundamentally based on the use or 
non-use of an anti-anaerobic antibiotic [62]. This study included 7569 patients with 
sepsis, compared the treatment results in two groups that met the study criteria and 
were comparable in key indicators. In the first group, patients (n = 4523) received 
vancomycin and piperacillin-tazobactam, and in the second group (n = 3046)—van-
comycin and cefepime. The results of the instrumental analysis showed that the use of 
piperacillin and tazobactam was associated with an absolute 5.0% increase in mortal-
ity within 90 days, an increase in the duration of organ failure, mechanical ventila-
tion, and the use of vasopressors compared to cefepime. Based on the data obtained, 
the authors draw an important reasoned conclusion that anti-anaerobic antibiotics 
(in this case, piperac) should not be prescribed to patients with sepsis unless there are 
clear indications for anti-anaerobic therapy.

7.  Conclusion

Global statistics show that the problem of sepsis remains extremely relevant, and, 
despite significant efforts, the mortality rate from sepsis remains high. In this regard, 
interest in scientific research on the human gut microbiota has increased significantly 
in recent years. A strategy known since the 1980s as “selective decontamination of the 
digestive tract” (SDD) experienced a “rebirth” in the 2000s. Enteral administration 
of nonabsorbable antibiotics, whose spectrum of action is aimed at suppressing only 
aerobic bacteria in the gut, allows for the preservation of gut anaerobes. The positive 
clinical effect of SDD has been proven in numerous clinical studies. It is noteworthy 
that positive results in clinical studies of SDD are achieved by eliminating bacte-
rial competition in the gut in favor of obligate anaerobes, that is, by “restoring” the 
functioning of the human microbiome. SDD is particularly effective for preventive 
purposes in high-risk patients, as it helps to reduce the infectious complications and 
risk of sepsis.

Patients admitted to the clinic with an infection (pneumonia, peritonitis, abdomi-
nal infections, high-risk of sepsis, etc.) always require parenteral administration of 
antibiotics. Recent studies have shown that certain antibiotics (e.g., carbapenems 
or modern penicillin-based drugs, including those combined with beta-lactamase 
inhibitors), when administered for empirical therapy intravenously/intramuscularly, 
can eliminate anaerobic bacteria in the gut of hospitalized patients. Due to depletion 
of intestinal anaerobic bacteria, the mucous membranes of the digestive tract may be 
colonized with hospital-acquired pathogens with multiple drug resistance, which can 
lead to decreased immunoreactivity, increased risk of bacteria entering the blood-
stream, and an increased risk of secondary infectious complications and mortality. 
Large-scale clinical observation studies demonstrate that the use of anti-anaerobic 
antibiotics significantly increases the risk of developing sepsis.

Published results on the benefits of limiting/avoiding the use of anti-anaerobic 
antibiotics to preserve the microbiota in hospitalized patients deserve serious atten-
tion. However, it should be noted that at the time of writing, there are no randomized 
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controlled studies available to confirm the validity of the results. The results of 
retrospective studies have their limitations and cannot serve as a basis for direct 
clinical recommendations. For example, a retrospective study compares the outcomes 
of treatment in two groups, one of which includes all patients who received anti-
anaerobic antibiotics. However, it cannot be ruled out that anti-anaerobic antibiotics 
(such as carbapenems) were used more frequently in the most severe patients in 
life-threatening emergencies, and the initial severity of these patients’ conditions 
may have led to more adverse outcomes and influenced the results of the retrospective 
analysis.

There is no doubt that randomized controlled trials are needed in the near future 
to help select optimal antimicrobial therapy strategies that take into account the 
impact on the gut microbiota to reduce the incidence of sepsis and improve patients’ 
survival.

These two phrases from scientific articles published in 2024–2025 could serve as 
an epigraph for this chapter. In summary, the review presented in this chapter reflects 
promising trends in antimicrobial therapy strategies that take into account the impor-
tant role of microbiota, and today they should be considered as a basis for developing 
protocols and conducting prospective clinical trials.

• “Evidence suggests that the widespread use of empirical anti-anaerobic antibiotics in sepsis may be 
harmful” Chanderraj et al. [62].

• “Empirical antibiotic therapy for sepsis: save the anaerobic microbiota” Kullberg et al. [63].

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Enhancing Survival Following 
High-Risk Surgery by Modulating 
Actionable Items within the 
Pathobiome
Olga Zaborina, Alexander Zaborin, Robert Keskey 
and John Alverdy

Abstract

Infection-related complications are common among surgical patients and result 
in morbidity and mortality. Despite the use of antibiotics, infection-related compli-
cations continue to occur. While the main sources of postoperative infections have 
been assumed to be due to some types of perioperative external contamination, an 
increasing number of studies have suggested an endogenous source when intestinal 
pathogens disseminate to cause the syndrome of “gut-origin sepsis.” In this context, 
the composition and function of the intestinal microbiome appear to play a crucial 
role. Patients are at increased risk for these complications when the microbiome 
shifts to a pathobiome and becomes predominated by pathogenic organisms instead 
of the usual beneficial organisms. It is important to note that the pathobiome may 
manifest its most aggressive form when conditions are such that the host experiences 
significant physiological stress (i.e., surgical stress) which often involves long periods 
of inanition, surgical injury and antibiotic exposure. In this review, pathobiomes will 
be defined and compared to microbiomes and incorporate the mechanisms by which 
virulence activation of opportunistic pathogens within pathobiomes emerge over 
the course of surgical injury. We will define the physiologic context associated with 
surgical stress as well as the suppression of host defense mechanisms that can occur 
by abnormally functioning pathobiomes. Along with this line of reasoning, there are 
several possible strategies for preventing postoperative infection-related complica-
tions by improving the composition and function of the intestinal microbiota and 
suppressing the virulence of the pathobiome thereby mitigating the impact of surgical 
stress factors on the activation of pathogen virulence expression.

Keywords: microbiome, pathobiome, post-operative infection, surgical stress signals, 
nutrient scarcity, FMT, DietPreHab, Pi-PEG
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1.  Introduction

Postoperative infection-related complications continue to occur despite mandated 
antisepsis protocols, including skin decontamination, changing of gloves during 
surgery, environmental sterility and the liberal use of prophylactic antibiotics. 
Postoperative infection related complications include the development of wound 
infections, deep organ-space infections, anastomotic leaks, and systemic infections 
leading to organ failure and death (i.e., pneumonias, bacteremias, sepsis). Although it 
is presumed that most infections originate from contamination by an environmental 
pathogen, emerging evidence suggests that the patient’s own endogenous microbiome 
could be the site of origin of many postoperative infections that arise from the stress 
of the surgery itself, the use of antibiotics that select for pathogenic microbes and 
long periods of poor or artificial nutrition.

In order to enhance the field of surgery and improve patient care, we should set 
the bar at achieving zero postoperative infections which will require us to go beyond 
the utilization of antibiotics and sterilization.

This chapter outlines the various predisposing factors leading to a pathogenic 
microbiome, its negative role during surgical stress, and the actionable items that may 
mitigate this process.

2.  Definition of pathobiomes versus microbiomes

2.1 The main characteristics of healthy intestinal microbiomes

2.1.1 Domination of Firmicutes and Bacteroidetes and high diversity

A healthy intestinal microbiome is characterized by a high degree of micro-
bial diversity and consists of various species and genera. While, on the phylum 
level, Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria are the 
most prevalent phyla, there are two primary dominating phyla, Firmicutes and 
Bacteroidetes, which encompass numerous diverse genera of anaerobic bacteria 
[1–3]. Most of the diversity and species belonging to these phyla reside in the 
colon as it has a higher bacterial density and greater diversity as compared to the 
small intestine [4, 5].

2.1.2 Stability/resilience of the microbiome to recover from a perturbation

Another important characteristic of a healthy intestinal microbiome is their resil-
ience and stability. This is reflected by the state of dynamic equilibrium that exists 
between beneficial bacteria and their capacity to compete with opportunistic patho-
gens. Furthermore, healthy microbiomes often can recover and return to a stable state 
after various disturbances, including dietary changes, infections, and antibiotic use 
(i.e., resilience) [6, 7]. For example, it has been shown that individuals on a low-fiber 
diet can experience a decline in the diversity of their gut microbiota [8]. However, 
when they switch to a fiber-rich diet, studies indicate that the microbiome can recover 
its diversity within days, resulting in an increase in beneficial bacterial groups such 
as Firmicutes and Bacteroidetes that ferment dietary fiber into short-chain fatty acids 
(SCFAs), which are necessary for gut health [9].
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Post-Antibiotic Recovery: Antibiotic exposure is common and increasing world-
wide and has repeatedly been shown to negatively impact the gut microbiome [10]. 
After a course of antibiotics, such as amoxicillin or clindamycin, the gut microbiome 
often experiences a significant shift in its composition and function [11, 12]. In 
many cases, a healthy individual’s microbiome can start to recover to its initial state 
within weeks to months after antibiotic cessation [13, 14]. Beneficial bacteria such 
as Lactobacillus and Bifidobacterium may gradually re-establish their populations as 
microbiome diversity increases and the overall core community stabilizes [13, 15]. 
Although some probiotics have been demonstrated to reduce some of the side effects 
of antibiotics (diarrhea), their ability to restore the gut microbiota is limited [16]. 
The best agent to restore the microbiota has been the provision of an autologous 
FMT (obtained from preAbx exposure). This latter observation assumes that the 
refaunation actually occurs from the native communities of bacteria specific to that 
individual person. Therefore, from an ecological perspective, in some cases, simply 
providing competing species or communities may actually be detrimental [16]. It may 
be for this reason that many probiotic formulations, when rigorously tested, cannot 
live up to their purported claims.

Infectious Recovery: During an infectious stress, the gut microbiome can diminish 
in diversity and experience a temporary increase in pathogen predominance [17, 18]. 
However, once the infection resolves, a healthy host returns to a stable microbiome 
state within weeks, re-establishing beneficial bacteria like Faecalibacterium prausnitzii 
that produce SCFAs and contribute to gut health [19]. Probiotics may help restore the 
microbiome to a more stable and healthy state and accelerate recovery in microbial 
diversity and function [20–23]. These examples highlight the resilience of healthy 
microbiomes and their ability to recover to stable states after various disturbances, 
including dietary changes, infections, and antibiotic use. Many factors are in play, 
including the original state of microbial diversity, the extent to which beneficial 
bacteria are present and the host’s overall dietary and environmental lifestyle.

2.1.3 Production of healthy metabolites, that is, short-chain fatty acids and indoles

As a reflection of its compositional state, the functional capacity of the microbi-
ome is its most important characteristic and encompasses a wide range of metabolic 
functions including, but not limited to, fermentation of dietary fiber, synthesis of 
vitamins, and metabolism of amino acids, etc. [1]. The microbiome breaks down 
complex carbohydrates that are not digestible by the human gastrointestinal tract, 
commonly referred to as microbiota accessible carbohydrates [24]. This fermentation 
process leads to the production of SCFAs such as acetate, propionate, and butyrate, 
which not only provide energy to colon cells but also contribute to overall gut health 
[25, 26]. SCFAs also maintain the integrity of the intestinal barrier and prevent exces-
sive inflammatory responses [27–29].

Certain gut bacteria synthesize essential vitamins, including vitamin K and several 
B vitamins (B12, B2, and folate) [30–32], which are crucial cofactors for various meta-
bolic functions in the body and, in some cases, have been tied to SCFA production by 
the gut microbiota [33–36].

The metabolism of amino acids is a vital aspect of gut function and overall health 
[37, 38]. Amino acids serve as building blocks for proteins, precursors for neurotrans-
mitters and other biomolecules, and have various roles in metabolic pathways [39, 
40]. Certain amino acid metabolites are primarily or exclusively produced by gut 
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microbes. Key amino acid-derived metabolites that are exclusively generated by 
microbial activity include indoles, metabolites derived from tryptophan by various 
gut bacteria, particularly from the Firmicutes and Bacteroidetes phyla, the indole-
3-propionic acid (IPA), indole-3-acetic acid (IAA), and indole-3-aldehyde (IAld) 
[41–44]. Indoles are the signaling molecules that play a crucial role by binding to and 
activating the aryl hydrocarbon receptor (AhR), an intracellular host cell receptor 
that can serve as a transcription factor that mediates the effects of environmental and 
dietary ligands [42, 45, 46]. The binding of gut microbiota-derived metabolites to 
AhR initiates a signaling cascade that results in the translocation of the receptor to the 
nucleus, where it influences gene expression [47, 48]. The activation of AhR by indole 
derivatives, for example, modulates immune responses such as a differentiation of 
regulatory T cells (Tregs) and production of anti-inflammatory cytokines [48, 49]. It 
also activates the transition of macrophages from pro-inflammatory M1-like pheno-
type to anti-inflammatory M2-like phenotype with increased phagocytic activity [42]. 
The interaction between indoles and AhR promotes the growth of beneficial micro-
organisms and suppresses harmful bacteria, supporting a balanced microbiome [49, 
50]. Indoles are known for their potential roles in cancer prevention [51]. Through 
AhR activation, they can induce the expression of genes involved in detoxification 
and apoptosis, providing protective effects against cancer development [52]. Indole 
signaling through AhR may have implications for neurodevelopment and neurological 
diseases [53, 54]. Finally, indoles possess antimicrobial properties and can inhibit the 
growth of various pathogens, potentially contributing to the host’s defense mecha-
nisms [50, 55, 56].

2.2 Key characteristics of pathobiomes

2.2.1 Domination by opportunistic pathogens and reduced diversity of microbiota

Many factors can contribute to the disruption of a healthy microbiome and its 
transition to a pathobiome and are associated with the life-history of the host. These 
include exposure to: antibiotics, high-fat/high-sugar/low-fiber diets, acute infections, 
psychological and physiological stressors, modern lifestyle reduced contact with soil 
and animals, advanced age, exposure to medications (i.e., proton pump inhibitors 
(PPIs), non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids), chronic 
diseases such as obesity, diabetes, inflammatory bowel diseases (IBD), major surgery, 
a lack of physical activity, smoking, and excessive alcohol consumption [57–69].

The transition from a healthy microbiome to a pathobiome is characterized by 
specific changes in the composition and diversity of microbial communities that may 
be associated with certain diseases and severity of illness [57, 70]. Here we will outline 
how common medical co-morbidities and diseases are associated with changes in 
the gut microbiota. In IBD such as Crohn’s disease and ulcerative colitis, there is an 
association of the disease state with a decrease in bacterial diversity [71, 72]. Specific 
groups, such as Firmicutes (notably the family Ruminococcaceae), may be decreased, 
while the abundance of pathogenic bacteria such as Escherichia coli and other cer-
tain members of the Proteobacteria phylum increase [73–75]. Obesity is a common 
medical comorbidity in the western world and has been associated with a higher ratio 
of Firmicutes to Bacteroidetes in the gut microbiota [76]. One popular hypothesis is 
that this increased ratio is associated with a higher capacity for energy harvest from 
the diet due to increased Firmicutes [77]. This indicates that certain microbiota may 
extract more calories from the same amount of food, thereby contributing to excess 



29

Enhancing Survival Following High-Risk Surgery by Modulating Actionable Items…
DOI: http://dx.doi.org/10.5772/intechopen.1010335

energy consumption and potential weight gain [78]. Type 2 diabetes has also been 
linked to changes in the gut microbiome, including increased levels of E. coli, and 
decreased levels of beneficial bacteria, including some Lactobacillus species [79]. 
An altered gut microbiome may contribute to insulin resistance and inflammation 
[80]. In cardiovascular diseases, an increased abundance of Trimethylamine-
producing bacteria (i.e., Escherichia, Prevotella) is associated with elevated levels of 
trimethylamine-N-oxide (TMAO), which is linked to atherosclerosis [81]. In condi-
tions such as depression and anxiety, research suggests an alteration in gut microbiota 
composition, including reduced diversity and an increase in inflammatory bacteria. 
For instance, certain strains of Prevotella may be elevated, which could influence 
gut-brain communication [82, 83]. Individuals with allergic diseases or asthma may 
exhibit a reduced diversity in their gut microbiomes [84]. The presence of beneficial 
microbes (e.g., Bifidobacteria and Lactobacilli) may be decreased, while bacteria 
associated with inflammation increase [85]. However, association does not necessarily 
translate to causation and further work is needed in this field.

While reduced diversity is a common feature of a pathobiome, ultra-low diversity 
has been observed in the gut microbiota of critically ill patients [86]. An increase of 
opportunistic pathogens at the expense of beneficial microbes, reflecting a shift in the 
balance of the microbial community, sometimes yields to the domination of only one 
to three species of bacterial pathogens such as Enterococcus faecalis, Klebsiella pneu-
moniae, Enterobacter sp., etc. [86–88]. These pathogenic communities often include 
Candida spp. [86]. To conclude, reduced diversity and a predominance of opportunis-
tic pathogens are among the many features of a pathobiome [89]. The extent to which 
this observation is causative to poor outcome following critical illness remains to be 
confirmed.

2.2.2 Corresponding genotype and phenotype analyses

Culture-based microbiological analysis of stool samples collected from critically 
ill patients often corresponds to their genetic analysis. For example, in an analysis 
of stool in critically ill patients, a predominance of Enterococcus determined by 16S 
rRNA gene sequencing corresponded to E. faecalis determined by culture analysis, or 
in the case of another patient’s stool, Enterobacteriaceae detected by genetic analysis 
corresponded to its presence via culture analysis [86]. This degree of concordance 
between genetic and culture analysis has not been previously observed in healthy 
microbiomes [86].

2.2.3 Failure of pathobiomes to return to their initial state following a perturbation

The stability of pathobiomes refers to the ability of a pathogenic microbial 
community to maintain its composition and functionality in the context of disease 
[90]. Pathobiomes often display a certain degree of stability, allowing them to resist 
disturbances and maintain their pathogenic characteristics. This stability can be due 
to the presence of specific microbial taxa that thrive in the dysbiotic environment and 
possess mechanisms that enable them to predominate over beneficial microbes. The 
interactions among microorganisms within a pathobiome can contribute to its stabil-
ity [90]. For example, pathogenic microbes may produce metabolites that inhibit the 
growth of competing beneficial bacteria, thereby reinforcing their own dominance 
and stability in the community [91]. Pathobiomes are often associated with chronic 
inflammation, which can create an environment conducive to the stability, and thus, 
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retention of pathogenic microbes [92]. Specific environmental conditions are needed 
to establish certain pathobiomes and thus support their stability [57, 67]. These condi-
tions include altered levels of oxygen, decreased health promoting metabolites (i.e., 
SCFAs), and the absence of healthy bacteria that typically outcompete for resources.

A change of environmental factors can impact the stability of pathobiomes 
during which time they may become challenged to recover to a baseline stable 
state after various disturbances. For instance, it has shown that certain patho-
biomes do not return to their initial state after major surgery [93]. NOTE: major 
surgery involves a general anesthetic, exposure to antibiotics, a major opera-
tive intervention, postoperative pain and the use of opioids, disordered sleep, 
and a significant period of inanition [94]. In comparison, a normal baseline 
gut microbiome has been observed to return to its original composition after 
7 days of a major surgical intervention [93]. This highlights that changes in the 
environmental factors affecting the pathobiome—such as antibiotic exposure, 
dietary changes, physiological stress—do not always lead to a return to its initial 
state. Instead, such changes may result in a new stable state of equilibrium among 
pathobiomes that can persist life-long and may have later health implications.

The above observations may explain, in part, the occasional inefficiency and 
unpredictability of fecal microbial transplants (FMT) to restore the microbiome 
[95, 96]. An FMT might lose its capacity to propagate and dominate when entering 
an environment that favors emergence and stability of a pathobiome. While such 
“replacement therapies” might be conceptually attractive, understanding the durable 
ecological impact of one’s overall life-history may make simple replacement of a 
“healthy” microbiome challenging.

Several examples demonstrate how new pathogenic communities may be durably 
embedded in one’s gut ecosystem after antibiotic treatments or diet changes. In 
patients with Clostridium difficile infection (CDI), the initial pathobiome character-
ized by high levels of Clostridium difficile can change significantly after antibiotic 
treatment [97]. However, several studies show that the pathobiome—dominated 
by pathogenic C. difficile—often does not revert to its original state. Instead, a new 
composition may stabilize, with C. difficile persisting along with reduced diversity 
and abundance of protective commensal bacteria that could prevent recurrence, 
thus leading to a higher risk of further infection [98]. Antibiotic treatment may be 
intended to remove pathogenic bacteria but may unintentionally select for other 
pathogens, like opportunistic bacteria (e.g., E. faecalis), leading to a new stable 
pathobiome profile that defends the presence and persistence of the ongoing dys-
biosis and inflammation without full return of the original infecting pathogen [86]. 
Aggressive antibiotic therapy in critically ill patients directed at remove pathogens 
detected in blood and other organs has been shown to replace one pathogenic com-
munity (e.g., E. faecium + C. albicans) with another (E. faecalis + Serratia marces-
cens + Klebsiella oxytoca + C. albicans); strains that have proven to be aggressive and 
virulent [86].

In patients with IBD, the initial pathobiome might be characterized by specific 
inflammatory microbes such as certain E. coli strains [99]. After treatment (such as 
immunosuppressants or biological therapies), the pathobiome does not necessarily 
revert to its original state, retaining pathogenic characteristics or harboring new 
inflammatory species that contribute to chronic inflammation and ongoing disease 
activity. In the context of obesity, a pathobiome may include specific strains of 
Firmicutes that contribute to energy harvest [77]. Following weight loss interventions, 
such as dietary restriction or bariatric surgery, the pathobiome does not fully revert to 
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its pre-obesity composition [100, 101]. Instead, new persister states may form and can 
be characterized by different pathogenic traits or by a persistent imbalance associated 
with a pro-inflammatory condition, thus demonstrating the importance of anteced-
ent patho-environmental conditions that allow for the predominance of pathogenic 
strains [102].

2.2.4 Shift from beneficial metabolic processes to those that may promote disease

The metabolic output of pathobiomes may be characterized by a shift from 
beneficial metabolic processes to those that may promote disease [103]. Here are some 
key characteristics of the metabolic patterns of pathobiomes:

1. Decreased production of SCFAs. In healthy microbiomes, beneficial bacteria 
ferment dietary fibers to produce SCFAs like acetate, propionate, and butyrate, 
which play important roles in maintaining gut health and regulating immune 
function [104]. When pathobiomes persist, the production of SCFAs may be 
reduced due to decreased populations of fiber-fermenting bacteria, leading to 
increased gut permeability and inflammation [105]. An acute decrease of SCFAs 
in stool has been observed immediately after trauma or surgical stress [106–110]. 
The use of antibiotics, particularly broad-spectrum antibiotics, which signifi-
cantly disrupts the gut microbiota, can lead to a decrease in SCFA-producing 
bacteria such as F. prausnitzii and Roseburia and a consequent decrease of SCFAs 
production [111]. Psychological stress, such as that caused by anxiety or depres-
sion, can alter the gut microbiota in both composition and function [112, 113]. 
This situation can lead to reduced levels of SCFAs. Acute inflammation, such as 
following infection or a bout of IBD can lead to a decrease in SCFA levels [114]. 
For instance, during an episode of acute colitis, the diversity of SCFA-producing 
bacteria may decline, leading to reduced production of SCFAs like butyrate; sud-
den changes in diet such as a rapid shift away from fiber-rich foods to a low-fiber 
or high-fat diet intended to lessen the inflammatory process [115]. When dietary 
fibers are eliminated, in addition to the obvious loss of the main source of SCFAs, 
the microbial populations that ferment these fibers tend to decline, leading to 
an overall decrease in SCFAs. SCFAs play critical roles in maintaining intestinal 
barrier integrity, regulating inflammation, and influencing energy metabolism 
[27, 116]. As such, their precipitous reduction can have significant health impli-
cations.

2. Indoles are primarily produced by specific gut microbes that utilize fermentation 
pathways to metabolize the dietary substrate tryptophan [43, 117–119]. Microbial 
species produce different tryptophan catabolites such as via conversion to trypt-
amine, indolelactic acid, and indolepropionic acid by Clostridium spp., [120, 121], 
and to indoleacrylic acid and indolepropionic acid by Peptostreptococcus spp. [122]. 
Furthermore, Lactobacillus spp. metabolize tryptophan to indolealdehyde and in-
dolelactic acid [118, 123], and Ruminococcus converts it to tryptamine by a tryp-
tophan decarboxylase [120]. Several Bacteroides species produce indolelactic acid 
and indoleacetic acid, and Bifidobacterium spp. produce indolelactic acid [124]. 
Indole formation occurs via the action of the enzyme tryptophanase (TnaA), 
which is expressed in many Gram-negative, as well as Gram-positive bacterial spe-
cies, including E. coli, Clostridium spp. and Bacteroides spp. [118]. The production 
of indoles from the amino acid tryptophan by various gut bacteria typically occurs 
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in environments where oxygen levels are low, such as in the intestines [125]. Even 
Bacteroides, certain strains of Clostridium, and Lactobacillus mainly contribute 
to indole production, there are some representatives of Proteobacteria, includ-
ing E. coli, Serratia marcescens, Enterobacter aerogenes, Proteus vulgaris, Salmonella 
enterica, K. pneumoniae that can produce indole derivative indole-3 acetic acid 
from tryptophan through various pathways, including the indole-3-acetamide 
pathway, the indole-3-pyruvic acid pathway, the indole-3-acetonitrile pathway, 
the tryptamine pathway, and the tryptophan side-chain oxidase pathway [126]. 
In Proteobacteria, bacteria producing indoe-3-acetic acid (I3AA), are mainly 
plant-associated since I3AA belongs to the family of auxin indole derivatives [126]. 
Some bacteria can use an oxidative pathway of tryptophan metabolism through 
the action of bacterial tryptophan 2,3-dioxygenase (TDO) to produce kynurenine 
instead [127, 128]. Although this pathway is mainly attributed to mammal cells, 
predicted bacterial tryptophan 2,3-dioxygenases (InterPro IRP017485) were 
confirmed by experimental characterizations and by conserved operon structure 
for many bacterial members (https://www.ebi.ac.uk/interpro/entry/InterPro/
IPR017485/).

The kynurenine pathway is also implicated for its immunosuppressive functions. 
Abnormal or inappropriate activation of this pathway can lead to accumulation of 
kynurenine—a metabolite associated with various disease states [129]. Elevated 
levels of kynurenine and its metabolites have been implicated in psychiatric disorders 
such as depression and schizophrenia [130–132]. Increased tryptophan catabolism 
through the kynurenine pathway, particularly under inflammatory conditions, may 
influence mood-regulating pathways and contribute to depressive symptoms [133]. 
Kynurenine is associated with neuroinflammation and neurodegeneration [134]. 
In conditions like Alzheimer’s disease and Parkinson’s disease, altered kynurenine 
metabolism may exacerbate neuroinflammatory processes and lead to neurotoxic 
effects, contributing to the progression of these diseases [135]. Kynurenine levels can 
be increased in response to inflammatory cytokines (e.g., interferon-gamma) dur-
ing chronic inflammatory diseases [136]. Additionally, an imbalance in kynurenine 
metabolism can promote chronic inflammation and has been linked to conditions 
such as rheumatoid arthritis [137] and IBD [138]. Kynurenine is produced in higher 
quantities in some types of cancer. It is often overactive in cancer and linked to tumor 
growth and metastasis [139–141]. Tumors can exploit the kynurenine pathway to 
suppress immune responses, enabling tumor growth and survival [142]. Elevated 
levels of kynurenine have been correlated with poorer prognosis in certain cancers. 
Kynurenine has been associated with cardiovascular diseases, as increased kynuren-
ine levels may correlate with endothelial dysfunction and systemic inflammation, risk 
factors for atherosclerosis and other cardiovascular complications [143]. In summary, 
kynurenine is considered a metabolite associated with disease due to its involvement 
in various pathological processes, including neuroinflammation, immune modula-
tion, and metabolic dysregulation.

Given that the intestinal environment, especially the colon, is in general a site in 
which there is little to no oxygen, the involvement of the aerobic kynurenine pathway 
of tryptophan metabolism by bacterial species is questionable. However, research-
ers have recently demonstrated that physiological stress, such as occurs following 
major surgery (i.e., a partial hepatectomy in the mouse), can lead to an elevation of 
the oxygen concentration at the upper crypt levels in cecum— a site in that is typi-
cally characterized by strict anaerobic conditions [144]. Yet, these circumstances 
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can be associated with compositional changes in the microbiota when the upper 
crypt becomes colonized with facultative anaerobes, including Proteobacteria species 
accompanied by an acute decrease of anaerobic bacteria [144]. As such, elevated 
oxygen in such sites may result in a change in the composition and function of the 
microbiota [125]. It is possible, therefore, that under such environmental circum-
stances (i.e., in which microenvironmental zones of elevated oxygen exist), a shift in 
microbial tryptophan metabolism from indoles to kynurenine may occur.

It is important to note that pathogens can actively inhibit AhR activation through 
the production of AhR-antagonists (i.e., enterobactin) [42]. From another site, 
pathogens like uropathogenic E. coli are able to induce kynurenine production in 
mammalian cells [145]. Interestingly, both indoles and kynurenine are AhR ligands 
[146, 147], but the context in which they are produced may dictate whether they are 
associated with health versus disease. When indole activates AhR, it generally pro-
motes beneficial pathways associated with gut health, anti-inflammatory effects, and 
support of host defenses [42, 148, 149]. This is in contrast to the immunosuppressive 
and potentially harmful effects associated with increased kynurenine production.

The domination of opportunistic pathogens in pathobiomes may lead to the accu-
mulation of a variety of toxins that contribute to their pathogenic potential, causing 
direct cellular damage, disrupted host immune responses, or systemic sequelae. As 
an example, an imbalance of gut microbiota after antibiotic treatment may allow C. 
difficile to overgrow and produce its primary toxins: toxin A (enterotoxin) and toxin 
B (cytotoxin). These toxins disrupt intestinal epithelial function and activate inflam-
mation, causing diarrhea and colitis [150, 151].

Staphylococcus aureus can produce various toxins, including Alpha-toxin, a pore-
forming toxin that damages cell membranes and leads to cell lysis [152], enterotoxins 
that cause food poisoning and can act as superantigens, leading to systemic inflam-
matory responses [153], Toxic Shock Syndrome Toxin (TSST-1) associated with toxic 
shock syndrome and can lead to severe systemic effects [154, 155].

Certain pathogenic strains of E. coli (i.e., enterohemorrhagic E. coli (EHEC) 
produce Shiga toxin: that can cause severe gastrointestinal disease and may lead to 
hemolytic uremic syndrome [156]. Enterotoxigenic E. coli (ETEC) produce Heat-
Labile and Heat-Stable Toxins, causes of diarrhea [157].

Pseudomonas aeruginosa produces several toxins including Exotoxin A, which 
inhibits protein synthesis in host cells by ADP-ribosylation, contributing to tissue 
damage and inflammation [158]; Elastase, which breaks down elastin and other tissue 
components (i.e., collagens) facilitating tissue invasion and promoting inflammation 
[159, 160]; pyocyanin, which is a potent redox-active compound capable of generat-
ing reactive oxygen species (ROS) within host cells. This leads to oxidative stress, 
damaging cellular components such as lipids, proteins, and DNA, which can impair 
cell function and promote cell death [161]. By interfering with mitochondrial respira-
tion, pyocyanin can disrupt ATP production in host cells. This inhibition can reduce 
energy availability for essential cellular processes, contributing to cell dysfunction 
and death, impair phagocytic activity, reduce chemotactic responses, and modulate 
cytokine production, diminishing the host’s ability to combat infections, induce apop-
tosis in various cell types, including respiratory epithelial cells [162]. The induction 
of programmed cell death can contribute to tissue damage and facilitate bacterial 
colonization and infection [163]. Similarly, certain strains of E. faecalis can produce 
cytolysin, a toxin that can cause hemolysis and damage host tissues, potentially con-
tributing to infections [164, 165]. Based on the above conclusions, the characteristics 
of a microbiome versus a pathobiome are displayed in Table 1.
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3.  Pathogens within pathobiomes activate a program of virulence in 
response to surgical stress signals

Domination of opportunistic pathogens within a pathobiome imposes a risk for 
increasing their pathogenicity as opportunistic pathogens can activate their virulence 
in response to surgical stress signals via the release of host immune elements, cyto-
kines, physico-chemical cues within the environment, microbiome signals and direct 
regulatory mechanisms with the host-pathogen interface.

3.1 Changes in hormone, opioids and cytokine levels

Aseptic surgical trauma can induce a state of inflammation via the release of 
inflammatory cytokines, opioids and hormones [166–168]. These host stress-derived 
signals can be “sensed” by opportunistic pathogens, following which they “respond” 
accordingly. Responses can include activating their own quorum sensing signaling mol-
ecules, which leads to multiple downstream virulence circuits. As a reminder, quorum 
sensing (QS) is a regulatory mechanism that allows bacteria to communicate with each 
other in a density-dependent manner [169]. This process enables bacterial populations 
to coordinate their behavior and gene expression based on their cell density, facilitating 
assemblage behavior, including the expression of various virulence genes.

3.1.1  Interferon-γ as a signal for activating the virulence system in Pseudomonas 
aeruginosa

During surgical injury, the body experiences physical stress and tissue injury 
resulting in activation of the immune and inflammatory system. This stress can 

Microbiome Pathobiome

Microbiota 
composition at the 
Phylum level

Dominance of Firmicutes and 
Bacteroidetes

Dominance of one type of Phylum and/or 
Significant dominance of Proteobacteria

Microbiota 
composition at the 
Genus level

High level of diversity, no 
significant dominance of any one 
genus

Dominance of one or more genera, usually 
opportunistic pathogens, often resistant to 
multiple antibiotics

Culture analysis Microbiological cultures do not 
correspond to genetic analysis

Opportunistic pathogens are cultured 
according to the genetic analysis

Impact on outcome 
after surgery in 
model experiments

Supports the barrier function 
of the intestinal epithelium, 
preventing systemic infection, and 
stabilizes the immune system

Reduces the barrier function of the intestinal 
epithelium, leads to systemic infection, 
imbalances the immune system, high rate of 
postoperative mortality

The metabolic 
pattern

Beneficial metabolic processes to 
host and entire microbiota

The metabolic pattern is characterized by a 
shift from beneficial metabolic processes to 
those that may promote disease.

Toxins accumulation No toxins accumulation The accumulation of variety of toxins 
that contribute to pathogenic potential of 
pathobiomes, causing direct cellular damage, 
disrupt host immune responses, and/or lead to 
systemic effects.

Table 1. 
Characteristics of a microbiome versus a pathobiome.
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trigger the release of pro-inflammatory cytokines, including IFN-γ [170]. IFN-γ can 
bind to OprF receptor on P. aeruginosa (Figure 1) [171]. OprF (Outer membrane 
protein F) is a porin protein, it forms channels in the outer membrane that allow 
the passage of small molecules and ions [175]. OprF has been shown to interact with 
C4-HSL [176]. The presence of OprF on the outer membrane helps facilitate the 
binding and uptake of C4-HSL [176]. When IFN-γ binds to OprF, the accumulation 
of C4-HSL reaches the threshold concentration required for activation of the quorum 
sensing machinery to occur at a lower cell density [171]. It is possible that binding 
of IFN-γ modifies OprF, thus increasing its interaction with C4-HSL. Accordingly, 
all pathways regulated by C4-HSL’s interaction with RhlR lead to the production of 
virulence factors, including pyocyanin and the outer membrane adhesion the PA-I 
lectin, all of which are induced by IFN-γ at an earlier cell density [171].

3.1.2 Opioids as a signal for activating the virulence of Pseudomonas aeruginosa

The gastrointestinal tract is one of the most common sources of endogenous opioids 
in the body due to the presence of the complex enteric nervous system, often termed 
the “second brain” [177]. During surgical stress, opioids (beta-endorphin, dynorphin, 
enkephalins) are released into the bloodstream in high concentrations and can have mul-
tiple effects on the physiology of the gastrointestinal tract and immune function [178]. 

Figure 1. 
Summarized effect of host stress derived signals on virulence activation in P. aeruginosa. This figure is created 
based on the findings described in Refs. Wu et al. [171], Zaborina et al. [172], Patel et al. [173], and Zaborin 
et al. [174]. During tissue injury/inflammation the released IFN-gamma binds to P. aeruginosa receptor protein 
OprF that leads to the activation of RhlRI pathway of quorum sensing system followed by the expression of 
virulence factors such as PA-I lectin that disrupts the tight junctions (i.e., loss of occludin) in epithelial cells 
and modulating innate immunity via DAF-16/FoxO pathway. Opioid dynorphin through MvfR-dependent 
Pseudomonas quinolone signaling activation induces overproduction of PQS and 2-heptyl-4-hydroxyquinoline 
N-oxide (HQNO) leading to increased production of PA-I lectin and rhamnolipids causing apoptosis of epithelial 
cells, while HQNO is involved in the killing of intestine epithelium-protective Lactobacilli. Adenosine release 
during hypoxia to protect intestinal epithelium is converted to inosine by P. aeruginosa adenosine deaminase. 
Phosphate limitation in environment of gut in stressed host induces a global virulence in P. aeruginosa via PstS-
PhoB system and activation of MvfR-PQS pathway of quorum sensing.
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Opioids are primarily known for their role in pain modulation and their effects on the 
central nervous system; however, their potential influence on bacterial quorum sensing 
(QS) has been an area of interest in research. Opioids can be classified based on their 
affinity for the three primary types of opioid receptors: mu (μ), kappa (κ), and delta (δ) 
receptors [179]. Among the different classes of opioids, the greatest virulence response by 
the opportunistic pathogen P. aeruginosa has been observed with exposure to kappa-opi-
oids, including an endogenous opioid peptide dynorphin and synthetic ligand U-50,488 
[172]. Dynorphin is primarily synthesized and released by neurons of the enteric nervous 
system (ENS), which governs the function of the gastrointestinal tract [180]. The release 
of dynorphin in response to inflammatory signals such as cytokines or immune activation 
is an important aspect of its physiological role [181]. During conditions like IBD or infec-
tion, inflammatory mediators can lead to increased dynorphin release, which influences 
pain perception and other gut processes [182]. The mechanism of activation of quorum 
sensing in P. aeruginosa by dynorphin and U-50,488 includes MvfR-PQS pathway. PQS 
triggers the synthesis of many virulence factors; PA-I lectin, which increases the perme-
ability of the cellular epithelium; cyanide hydroxide; pyocyanin, which suppresses the 
host immune system; biofilm; etc. [172]. The precursor of PQS, 2-heptyl-4-quinolone, 
actively suppresses the growth of probiotic bacteria, helping to expand the population 
niche of P. aeruginosa in the intestine (Figure 1) [172].

A less pronounced but still significant effect on pyocyanin production by P. 
aeruginosa has been demonstrated for morphine [183]. Morphine is primarily known 
as a selective ligand for the mu-opioid receptor (MOR), but it also has effects on other 
opioid receptors, including the kappa-opioid receptor (KOR), although its affinity for 
KOR is significantly lower than for MOR [184]. The mechanism of activation was not 
elucidated in details; however, it was demonstrated that morphine attracts P. aerugi-
nosa that creates high density local concentrations of bacteria at morphine spots with 
increased production of virulent factor PA-I lectin [183].

3.1.3 Stress hormones as a signal for activating the virulence system

Surgical stress triggers the release of stress hormones such as cortisol and cat-
echolamines (e.g., epinephrine and norepinephrine), which can both modulate the 
immune response as well as enhance the virulence of opportunistic pathogens [185]. 
Norepinephrine is part of the stress response in the host, and bacteria can “sense” 
stress-related signals from the host and “respond” accordingly [186]. This sense-and-
respond circuitry allows pathogens to adapt their strategies to exploit the host envi-
ronment effectively. Some bacteria possess receptors that can sense catecholamines 
like norepinephrine [187]. These adrenergic receptors can initiate intracellular signal-
ing pathways that promote virulence factor expression. For example, P. aeruginosa has 
been shown to have a receptor RetS that binds norepinephrine, leading to enhanced 
expression of virulence genes [188, 189]. In response to norepinephrine, certain 
bacteria may enhance the production of QS signals such as acyl-homoserine lactones 
(AHLs), leading to the expression of virulence factors such as toxins, adhesins, and 
enzymes that promote bacterial survival and pathogenicity [190–193]. In S. aureus, 
for instance, norepinephrine can stimulate the production of toxins [194].

3.1.4 Intestinal hypoxia is recognized by pathogens as an inducing virulence signal

Hypoxia, which occurs when cellular oxygen demand exceeds supply, is a common 
feature associated with bacterial infection [195–197]. Pathogens can recognize and 
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respond to extracellular end products of intestinal hypoxia that are released after 
activation of HIF-1-alpha [173, 198]. It has been shown that the ability of P. aeruginosa 
to metabolize adenosine to inosine may represent a subversive microbial virulence 
strategy that deprives the epithelium of the cytoprotective actions of adenosine 
(Figure 1) [173].

4.  The effect of nutrient availability on the virulence of pathobiomes

Surgical stress changes nutrient availability to microbial communities resulting 
in the rise of pathogenic bacteria capable of accessing intracellular nutrients for 
growth and survival [199, 200]. The release of physico-chemical “cues” such as when 
a scarcity of extracellular nutrients such as iron and phosphate occur in gut, itself can 
enhance the virulence of certain bacteria [201–203].

4.1 Iron limitation during surgical stress

Iron limitation in the gut during surgical stress is an important physiological 
response that can affect both the host and microbial communities [204]. Iron is an 
essential nutrient required for various biological processes, including hemoglobin 
formation, cellular respiration, and DNA synthesis [205]. However, its availability is 
tightly regulated in the body to prevent oxidative damage to organs and cells as well as 
to limit the pathogenesis of infections [206, 207]. The gut is the primary site for iron 
absorption, and normal iron status relies on dietary intake and homeostatic mecha-
nisms that control absorption and storage [208]. Surgical stress induces an acute 
inflammatory response characterized by the release of cytokines and other immune 
mediators. This inflammatory response can lead to changes in iron metabolism [209]. 
During inflammation, the liver produces hepcidin, a hormone that regulates iron 
homeostasis [210]. Hepcidin inhibits iron absorption from the gut and sequesters iron 
in macrophages and hepatocytes, thereby reducing iron availability in the blood-
stream and elsewhere [211]. This can lead to functional iron deficiency even if total 
body iron stores are adequate. As hepcidin levels increase in response to surgical stress 
and inflammation, intestinal absorption of iron decreases due to reduced expression 
of the iron transporter ferroportin, a transmembrane protein that acts as a channel 
for iron export from cells, particularly in the intestine, liver, and macrophages [212]. 
It is the only known iron exporter, facilitating the transport of ferrous iron (Fe2+) 
across the cell membrane and plays a critical role in iron transport from inside cells to 
the extracellular space. Ferroportin’s activity is regulated by the hormone hepcidin, 
which is produced by the liver in response to iron concentrations and the extent of 
inflammation [212]. When hepcidin binds to ferroportin, it triggers internalization 
and degradation of the protein, thus reducing iron export from cells [212]. Reduced 
expression of ferroportin leads to lower availability of dietary iron in the gut. Iron 
limitation can have a profound influence on the gut microbiome, given that many, if 
not most, bacteria require iron for growth and metabolism.

Other key iron-related proteins, such as transferrin and ferritin, also play sig-
nificant roles in iron transport and storage, while lactoferrin and soluble transferrin 
receptor serve as additional components in the complex regulation of iron metabolism 
[213]. During surgical stress, the regulation of transferrin, ferritin, lactoferrin, and 
the soluble transferrin receptor are influenced by the acute inflammatory response, 
changes in iron metabolism, and iron demand.
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Pathogenic bacteria adapt to low-iron conditions through the expression of 
siderophores—secreted molecules that bind iron more effectively than host pro-
teins—allowing them to sequester iron from the host and enhance their own growth, 
survival and virulence [214, 215]. Pathogens such as P. aeruginosa can secrete pyover-
dine and pyochelin [216], members of the Enterobacteriaceae such as K. pneumoniae, 
E. coli, S. enterica, Enterobacter cloacae, S. marcescens, Proteus mirabilis, Citrobacter 
freundii as well as Strepromyces spp. secret a common siderophore enterobactin [217], 
S. aureus produces staphyloferrin A and B [218], Vibrio cholerae – vibriobactin [219], 
Bacillus subtilis – bacillibactin [220], B. anthracis – bacillibactin and petrobactin 
[221], Mycobacterium tuberculosis – mycobactin [222], and S. marcescens – serratio-
chelin [223]. The ability to produce these various siderophores reflects the sense 
and response circuitry of bacteria as they adapt to varying ecological niches. Under 
normal conditions, bacteria maintain intracellular iron levels through iron acquisi-
tion mechanisms, including uptake through permeases and transporters [224]. 
When environmental iron is limited, bacteria “sense” this deficiency and “respond” 
by increasing siderophore production. In many bacteria, including E. coli and P. 
aeruginosa, the Fur protein acts as a repressor of siderophore production when iron is 
present in sufficient quantities [225]. When iron is depleted, Fur undergoes a con-
formational change, releasing its repression, and allowing siderophore biosynthesis 
genes to be expressed. Certain Gram-positive bacteria may use alternative systems 
or proteins like iron-dependent transcription factors that respond directly to iron 
availability [226]. Once released, siderophores bind tightly to ferric ions, forming 
stable siderophore-iron complexes. The affinity of iron to siderophores is generally 
higher (300-fold) than that of iron to host proteins involved in iron transport, such 
as transferrin and ferritin [227]. This high affinity is a key aspect of how siderophores 
function effectively in iron acquisition, especially in environments where iron is 
scarce. Bacteria utilize specific receptors to recognize and transport the siderophore-
iron complex back into the cell [214]. The recognition of the complex can trigger the 
internalization of iron through active transport mechanisms. Upon uptake, the metal 
ion can be released from the siderophore inside the cell, allowing it to be utilized for 
various metabolic processes, including enzyme function and energy production. 
The intracellular presence of iron subsequently downregulates the expression of 
siderophore biosynthesis genes via the Fur regulatory system or other mechanisms, 
completing the feedback loop.

Although delivering iron into the gut may mitigate iron limitation-induced 
virulence in various pathogens and thus may theoretically reduce the virulence of 
some bacteria, it can be a double-edged sword if it also causes oxidative stress [228]. 
Alternative strategies focusing on enhancing the host’s iron regulatory mechanisms or 
using antibacterial therapies may be considered without the associated risks of iron 
supplementation.

In summary, opposing forces of iron regulation between pathogenic bacteria’s 
need for iron and the host’s response to deprive them of this critical growth factor 
during a major perturbation, are an example of the challenges of maintaining molec-
ular equipoise in the host-pathogen interaction during major physiologic stress.

4.2 Phosphate limitation during surgical stress

Phosphate limitation in the gut during surgical stress can significantly impact vari-
ous physiological processes and microbial dynamics [201]. Surgical stress triggers an 
inflammatory response that can elevate the body’s demand for phosphate. Phosphate 
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is a crucial component of adenosine triphosphate (ATP), nucleic acids, and cell 
membranes. The physiologic stress associated with the process of surgery can lead to 
increased cellular activities that utilize phosphate, such as tissue repair and immune 
activation. Patients undergoing surgery may experience fluid shifts and changes in 
nutritional intake that can adversely affect their phosphate levels. These changes 
can limit the availability of dietary phosphate, especially if oral intake is restricted 
preoperatively or if there is inadequate nutrient absorption postoperatively [201]. 
Phosphate metabolism is closely related to iron metabolism in the gut [174]. Both 
nutrients have interconnected regulatory mechanisms that can influence each other. 
For instance, the presence of hepcidin, a key regulator of iron, can also affect phos-
phate transport and homeostasis [229]. Hormones like parathyroid hormone (PTH) 
and fibroblast growth factor 23 (FGF23) regulate phosphate metabolism and may be 
altered during surgical stress. An increase in PTH can lead to changes in kidney func-
tion that impact phosphate excretion and homeostasis [230, 231].

Phosphate is essential for many microbial processes in the gut. Phosphate limita-
tion can affect the growth and metabolic activity of gut bacteria. Some beneficial 
microbes may struggle to thrive under low phosphate conditions, leading to dysbiosis, 
a degree of microbial disruption that itself can promote the growth of pathogenic 
organisms [201]. Under conditions of phosphate limitation opportunistic pathogens 
may gain a competitive advantage. Some pathogens possess specialized mechanisms 
to obtain and utilize phosphate more efficiently, allowing them to thrive in the gut 
even when essential nutrients are scarce.

Many bacteria, especially pathogenic strains, have evolved various mechanisms 
to acquire phosphate from organic and inorganic sources in their environment. As 
mentioned, phosphate is an essential nutrient for many cellular processes, includ-
ing energy metabolism, nucleic acid synthesis, and signaling pathways. Some 
bacteria can utilize organic compounds such as phosphonates that contain a carbon-
phosphorus (C-P) bond to acquire phosphorus [232]. This is particularly important 
in environments where free inorganic phosphate is limited. Enzymatic hydrolysis is 
a process that typically involves enzymes such as phosphonatases that cleave the C-P 
bond, releasing inorganic phosphate (Pi) that can then be taken up by the bacte-
rial cell [232]. One of the most effective mechanisms is expression of extracellular 
enzymes known as phosphatases belonging to the group of exto-nucleotidases that 
hydrolyze different specific substrates including organic phosphate esters, such as 
nucleotides (e.g., ATP, ADP) and phospholipids, releasing inorganic phosphate for 
its uptake [233]. Different types of phosphatases such as alkaline phosphatases, acid 
phosphatases, or specific enzymes for particular organic compounds target different 
substrates. Upon secretion, these phosphatases act on organic phosphate substrates, 
converting them into free phosphate ions that can then be assimilated by the bacterial 
cells. In some cases, certain bacteria prefer to consume organic phosphates, where 
they break them down with phosphatases.

Bacteria have also evolved several regulatory mechanisms that sense phosphate 
availability in their environment. Systems such as the PstS- dependent expression of 
Pho regulon upregulate the expression of genes involved in phosphate uptake and 
utilization when phosphate is scarce [174, 234] and are tightly connected to the global 
virulence activation [174, 235]. Some clinical strains of pathogens (i.e., P. aeruginosa) 
have been shown to develop systems for extra-scavenging environmental phosphate 
concentrations by developing PstS-containing appendages [236, 237].

Despite the tightly regulated and common response to phosphate limitation in 
the microbial world, there is significant variability in the timing and concentration 
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at which the bacterial response to phosphate is activated. For example, some strains 
respond earlier due to higher threshold of recognition of decreasing extracellular 
phosphate. Generally, phosphate concentrations in the range of 0.5 to 1 mM are 
considered sufficient for many bacterial species to grow and survive under normal 
conditions. Within this range, bacteria can carry out normal metabolic functions, 
including growth, replication, and biosynthesis. However, for P. aeruginosa, even at 
these physiologic levels, PstS expression is already induced. While optimal phosphate 
concentrations generally range from 0.5 to 1 mM, levels below 0.1 mM are often 
recognized as low by many bacterial species, triggering adaptive responses to enhance 
phosphate acquisition. Some bacteria can experience significant stress or metabolic 
slowdown when phosphate concentrations fall to the level of 4 mkM [238]. The ability 
to “sense and respond” to phosphate levels is vital for bacterial survival, especially 
in environments where this nutrient is limited. Variability in the threshold at which 
phosphate responses are triggered among bacterial species can significantly influence 
their ability to expand when present in the gut during stress. For example, in response 
to phosphate limitation, opportunistic pathogens such as P. aeruginosa express their 
global virulence machinery including to acquire organic phosphate, siderophores, 
quorum sensing MvfR-PQS, and efflux pumps [174]. This ability to thrive under phos-
phate limitation allows these pathogens to exploit available resources that commensal 
bacteria cannot utilize effectively; this situation inhibits growth of the commensal 
microflora via secreted virulence factors by pathogenic strains that include the precur-
sors of PQS and that can directly suppress the immune response (Figure 1) [174].

In summary, situations in which prolonged illness and its treatment involve surgi-
cal stress or inflammatory conditions, can lead to the diminished availability of key 
nutrients that some bacteria use for growth and survival, while other use to express 
virulence with the goal of obtaining phosphate in deeper tissues. This process involves 
systemic phosphate regulatory mechanisms such as the release of phosphatonins, 
which shift the availability of phosphate away from the gut to more vital organs of 
survival such as the heart and brain. Opportunistic pathogens can better exploit these 
changing conditions due to their adaptive mechanisms and metabolic versatility. The 
regulation of virulence factors in response to these stressors can also affect phosphate 
levels such that circumstances favor opportunistic pathogens with a greater prob-
ability of survival and pathogenicity. Differences in threshold phosphate levels can 
benefit opportunistic pathogens by enhancing their ability to acquire iron, utilize 
organic phosphates, and adapt their gene expression in response to changing environ-
ments. Their capacity to outcompete commensal bacteria and form protective bio-
films allows them to expand their niche colonization in the gut resulting in enhanced 
survival and pathogenicity, especially during stress conditions when the disease state 
and its treatment are intensified.

5.  Basic strategies for preventing postoperative infection-related 
complications by targeting the intestinal microbiota

Based on the above discussion highlighting the main characteristics of pathobiomes 
and their behaviors during stress conditions, two main strategies could be developed 
to prevent and/or protect a host during stress conditions such as those that occur in 
postoperative infection-related complications. These include: (1) a strategy targeting 
the composition and function of the gut microbiota, and (2) prevention of virulence 
activation by opportunistic pathogens in response to conditions of host stress.
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5.1 Strategy targeting composition and function of gut microbiota

Preventing postoperative infection-related complications by targeting the com-
position and function of gut microbiota is an innovative approach that recognizes 
the key role of the gut’s microbiome composition and function to maintain immune 
homeostasis and to enhance recovery following major surgery.

5.1.1  Direct restoration of microbiota composition via fecal microbial transplant 
(FMT)

Fecal microbial transplantation (FMT) that involves transferring fecal matter 
from a healthy donor to a recipient to restore a balanced microbiome, has a long and 
somewhat varied history. The concept of using fecal matter to promote host health 
can be traced back to traditional practices in various cultures, including ancient 
China. Historical records suggest that the use of fecal material for therapeutic pur-
poses dates back to at least the fourth century in China, where it was referred to as 
“yellow soup” (or “huang tang” in Mandarin). This mixture was used to treat severe 
gastrointestinal diseases, particularly diarrhea and dysentery [239]. Over the years, 
FMT has gained acceptance in clinical settings, with various protocols established for 
donor screening, preparation of fecal samples, and methods of administration (such 
as colonoscopy, enema, or oral capsules) [240–245]. In many countries, FMT is now 
considered a standard treatment for recurrent CDI, and various clinical trials are 
exploring its use in other conditions linked to dysbiosis, such as IBD, irritable bowel 
syndrome (IBS), and metabolic disorders [246–248].

In animal models involving major surgery, such as partial hepatectomy in which 
some mice survive while others succumb to infection, administration of an FMT 
demonstrated a high degree of efficacy enhancing the survival of mice in association 
with an improvement in the immune response, a clearing of systemic infection and 
recovery of the microbiota within the colon and cecal crypts [144, 249, 250].

Compared to other systemic biologic-based therapies, FMT seems to be relatively 
simple and can be performed using methods like colonoscopy, enemas, or oral 
capsules. Additionally, FMT is a cost-effective treatment compared to prolonged 
antibiotic therapies or other systemic treatment options. By restoring the gut flora, an 
FMT is intended to enhance immune responses, and enhance the competitive exclu-
sion of pathogenic strains thus providing a potential benefit to immunocompromised 
patients. However, there are some challenges that make the use of FMT logistically 
difficult such as delivering via colonoscopy is not easy, what makes an effective donor 
for FMT, and gut microbiota environment that may not be favored for the FMT.

Furthermore, there are serious disadvantages to FMT such as a risk of transmitting 
highly pathogenic infectious agents from the donor to the recipient [251]. Although 
screening methods are intended to exclude donor FMTs that harbor pathogenic strains, 
the perceived “innocuous” donor sample may not be as innocent as originally understood. 
A healthy donor FMT can shift its composition and/or phenotype to an unfavorable state 
resulting in a fully adapted pathobiome that can cause inadvertent harm to its recipient.

As such the FMT strategy needs further development. Developing FMT strategies 
that focus on a prior analysis and modification of the gut environment, including 
metabolites, vitamins, and minerals, can enhance its effectiveness and potentially 
reduce its adverse effects. A comprehensive understanding of the individual patient’s 
microbiome and nutritional needs can lead to more personalized and successful 
interventions.
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A program in which gut microbiota is fully screened and banked from young indi-
viduals (5–6 years) whose exposures to antibiotics and other perturbing agents should 
be considered. Were a donor FMT to be screened, curated and biobanked and deter-
mined to be safe and efficacious, it could provide an important source for personalized 
support of the gut microbiota during conditions in which its recovery is impaired.

5.1.2 Resource strategy: Improving microbiota composition via dietary modification

Recent experiments in animal models have demonstrated that a preoperative course 
of dietary preparation (DietPreHab) can lead to improved postoperative conditions 
and perhaps limit postoperative infection-related complications [252–254]. The wide-
spread intake of a so-called Western diet (WD), high in fat, high in sugar, low in fiber, 
may be a major unrecognized risk factor for postoperative complications [255–257]. Its 
chronic exposure, common in Westernized societies, can shift the microbiome toward 
a pathobiome characterized, in part, by a sharp decrease in butyrate levels [115, 258]. 
For example, following 6 weeks on a Western diet, mice become more susceptible 
to surgical stress in the form of worse survival compared to their littermate chow 
fed mice. However, a short course of preoperative switching to a healthy high-fiber 
standard rodent chow-based diet restores their stability and increases survival after a 
partial liver resection, even when accompanied by antibiotic treatment [257].

The concept of DietPreHab refers to nutritional optimization and dietary prepara-
tion of patients before undergoing surgery beyond the usual systemic markers of 
visceral protein status such as albumin and total protein [259, 260]. This approach 
aims to improve postoperative outcomes by ensuring that patients are in the best 
possible nutritional status inclusive of markers that enhance the nutritional profile 
of their microbiome. Increasing fiber, protein, vitamin and minerals intake prior to 
surgery improves the composition and function of gut microbiota which plays a vital 
role in metabolic health and immune responses, and reduce systemic inflammation, 
leading to less postoperative infection-related complications. Enhancing the composi-
tion and function (i.e., immune-stimulating metabolites) of the microbiota such 
that proteins, vitamins, and minerals are optimized is an essential target of efficacy 
to ensure microbiota “readiness” for surgery [260]. In addition, in order to facilitate 
healing of any operative wound, it is essential that collagen breakdown and synthesis 
remains balanced. Therefore, minimizing the appearance of collagenolytic pathogens 
such as E. faecalis, S. marcescens, P. mirabilis is important as their mere presence can 
lead to impaired wound healing post-surgery [93].

This protective approach can significantly contribute to a patient’s overall surgical 
outcome, highlighting the importance of holistic-based nutrition in the perioperative 
setting to not only target host cellular systems but also its microbiota. However, the 
effective communication and individualized approaches are essential for the success-
ful implementation of dietary prehabilitation programs.

An important component of pre- operative program is a pre-operative dental care 
that needs to be performed to prevent oral pathogen-based postoperative infection 
and inflammation [261].

5.1.3  Resource strategy: Providing metabolites of healthy microbiota or their 
precursors

Providing metabolites from the healthy microbiota or their precursors is an emerg-
ing strategy to improve postoperative outcomes. Key metabolites and precursors 
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that can be beneficial in the context of postsurgical recovery are SCFAs, especially 
butyrate [262–264], and indoles including its dietary precursor tryptophan [41, 265]. 
Importantly both are exclusively produced by the gut microbiota.

Butyrate is produced primarily through the fermentation of dietary fibers by benefi-
cial gut bacteria. It is a primary energy source for colonic epithelial cells and plays a vital 
role in maintaining gut barrier integrity [266]. It also reduces inflammation by promot-
ing the production of anti-inflammatory cytokines and regulating immune cell function 
[267]. Butyrate is known as a potent inhibitor of histone deacetylases (HDACs) [268, 
269]. This inhibition leads to an increase in histone acetylation, which can alter gene 
expression patterns by making DNA more accessible for transcription. The modulation 
of HDAC activity can influence the expression of various genes involved in immune 
responses, including cytokines, chemokines, and surface receptors, enhancing anti-
inflammatory pathways and promoting regulatory T-cell (Treg) development [270].

Butyrate strengthens the gut barrier by enhancing the function and proliferation 
of colonic epithelial cells [271]. By maintaining tight junction integrity, butyrate 
helps prevent alterations in the permselectivity of the gut which can lead to systemic 
infection [272].

However, direct administration of butyrate to the gut is not a common practice 
and faces many challenges [273]. Not only is it metabolized by neighboring bacteria, 
gut epithelial cells and the liver, but depending on how it is administered, can lead 
to localized irritation, inflammation, or even ulceration if the local concentration 
administered is excessive. Alternative routes of butyrate administration such as intra-
rectal delivery are often complicated for patients with chronic disorders. Butyrate 
supplements, such as sodium butyrate or calcium magnesium butyrate, are available 
in forms that are designed to release butyrate slowly in the gut, reducing the risk of 
irritation. Yet, despite its many benefits, while it seems axiomatic that if a nutrient 
is low and is associated with a poor outcome, its supplementation must somehow be 
considered beneficial, with butyrate, this type of syllogistic reasoning is not clear.

The delivery and consumption of dietary tryptophan may be another important 
consideration to rehabilitate the gut microbiota prior to surgery [42]. In a mouse 
model, oral tryptophan delivery was shown as effective strategy to prevent mortal-
ity from a systemic infection [42]. Adding tryptophan to the drinking water a week 
before a systemic infection in mice enhanced survival via mechanisms mediated by 
an increase in the production of indoles. The microbial metabolites of tryptophan, 
(i.e., indole-3-acetic acid, tryptophol, indole-3-propionic acid, etc.) can bind to the 
AhR receptor and trigger a phenotypic shift in macrophages to become more M2-like 
and exhibit anti-inflammatory activity with increased phagocytic activity leading 
to the clearance of systemic infections. Further, clinical analyses of stool and serum 
of patients demonstrated a correlation of decreased concentrations of indoles with a 
negative outcome [42].

If one were to consider the enrichment of tryptophan concentration in gut with 
the goal of enhancing the “readiness” of the microbiota for surgery, then dietary 
sources such as food enriched with tryptophan (turkey, chicken fish, cheese, nuts, 
seeds, eggs, soybeans) might be demonstrated to be beneficial. Tryptophan supple-
ments can help individuals who may not get enough tryptophan from their diet. 
Targeted delivery such as a microencapsulation techniques can be used to effectively 
deliver tryptophan through the gastrointestinal tract [274]. However, it is important 
to note that only certain bacteria convert tryptophan into indoles, therefore, the 
composition of the gut microbiota itself can determine the efficacy of tryptophan 
supplementation. Providing tryptophan-metabolizing bacteria to the gut in high-risk 
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patients requiring major surgery (Bacteroides, Lactobacillus, and Bifidobacterium) may 
be a complementary option to tryptophan delivery. We noted, similar to butyrate that 
oral delivery of indoles is not effective in animal models of systemic infection and 
again may be due to its degradation in the gastrointestinal tract by neighboring bac-
teria [42] and many other factors. Although medicinal pharmacology is often based 
on identifying a deficiency and restoring that deficiency with supplementation of 
various forms of the identified agent, this process of reasoning may not be applicable 
to those factors identified in the microbiome.

Finally, it is important to note the potential synergism between tryptophan and 
butyrate [119]. Tryptophan and butyrate can collectively influence the composition 
of the gut microbiota. A diet rich in tryptophan may promote the growth of specific 
bacteria that are also capable of producing butyrate, leading to enhanced SCFA 
levels in the gut [119]. The presence of butyrate and other SCFAs can modulate the 
metabolism of tryptophan in the gut, promoting beneficial microbial interactions 
and enhancing the production of metabolites linked to gut health. For example, 
by the inhibition of indoleamine 2,3-dioxygenase activity, butyrate suppresses 
kynurenine production from tryptophan [275]. Furthermore, carbohydrates such as 
resistant starch, facilitates the carbohydrate metabolism, leading to increased SCFA 
production while reducing the rate of tryptophan degradation and indoles [276]. 
Butyrate is a source of energy for colonocytes (the epithelial cells of the colon) and 
plays a vital role in maintaining gut barrier integrity. Tryptophan supports cellular 
health and may work synergistically with butyrate to enhance epithelial function. 
Both tryptophan and butyrate contribute to maintaining tight junctions between 
epithelial cells — a critical process by which intestinal permeability is maintained 
[266, 277]. Taken together, these findings support the consumption of fiber-rich 
and tryptophan-rich diets as methods to modulate the gut microbiome in the pre-
surgical period.

In summary, the above discussion to develop strategies targeting both the compo-
sition and function of the gut microbiota, such as with an FMT and/or pre-operative 
dietary modifications, is gaining attention in improving health outcomes. This may 
be particularly useful in the context of surgery and recovery. Strategies such as fecal 
microbiota transplantation (FMT) and pre-operative diet modifications are promis-
ing approaches that have not yet been tested for their efficacy in the standard care 
of a patient anticipating a major surgical intervention. Such an approach may have 
many benefits over the expanded use of antibiotics that justify their overuse with the 
reasoning that “if some is good, more must be better.”

6.  Strategies focused on the suppression of negative effect of gut 
pathobiome during surgical stress

It is important to note that gut microbiome-related strategies focused on cor-
rections of their composition and function, may require an extended period to 
adequately modify and stabilize a healthy gut microbiome prior to surgery. Given 
that most surgery is elective and is often delayed due to intercurrent therapies such as 
neoadjuvant chemotherapy or cardiac rehabilitation, sufficient time may be allowed 
to render the gut microbiota “ready” for surgery. In the case of emergency surgery, 
how the gut microbiota is treated as the patient recovers may need redirection. Two 
main tasks should be considered: (1) protection of erosion of gut epithelial barrier, 
a function dependent on an intact and healthy microbiome and (2) prevention of 
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virulence activation by pathogenic species that are selected for as a result of antibiotic 
use and the feeding of chemically define, fiber free, sterile diets.

6.1 Protection of epithelial barrier during surgery

The effects of surgery on the gut epithelial barrier are profound, leading to increased 
permeability, inflammation, and changes in gut microbiota that complicate postopera-
tive recovery. Increased permeability of the gut barrier is purported to allow the poten-
tial translocation of pathogens and endotoxins into the bloodstream, leading to systemic 
infections, which are a risk factor for an endogenous bacteremia or toxemia what many 
have termed “gut-derived sepsis” [278–281]. Many have argued that if the tight junctions 
of the lining gut epithelium could be rendered “tighter” such that bacteria and toxins 
from the gut do not activate inflammation, the outcome can be improved [282].

An innovative approach has been suggested to prevent this occurrence by creating 
an artificial mucus-like layer that could cover gut intestinal epithelium preventing 
adsorption of intestinal pathogens and their toxins [283–285]. Among different types 
of mucus-like layers, one represents a specific triblock structure of high molecular 
weight polyethylene glycol consisting of short hydrophobic region linked to long 
hydrophilic chains PEG15-20 (Sigma) [286]. PEG15-20 creates a “repulsive” effect 
between the epithelium and microbial pathogens [286]. Mechanism of repulsive 
effect was revealed by the synchrotron small-angle X-ray scattering analysis that 
demonstrated that PEG15-20 binds to the lipid bilayer in such a way that it directs two 
symmetrical hydrophilic blocks of PEG15-20 laterally across the membrane-water 
interface, forming a polymer coating on the lipid bilayer (Figure 2) [287].  

Figure 2. 
ABA-PEG20k-Pi20 possesses a dual protective effect of ABA-PEG and bound phosphate groups. This figure is created 
based on the findings described in Refs. Valuckaite et al. [287], and Mao et al. [288]. (A). Model based on Synchrotron 
small-angle X-ray scattering analysis that demonstrated that PEG15-20 binds to the lipid bilayer in such a way that 
it directs two symmetrical hydrophilic blocks of PEG15-20 laterally across the membrane-water interface, forming 
a polymer coating on the lipid bilayer. (B). Atomic force microscopy (AFM) of the surface of intestinal segments in 
mice where PEG15-20 is included in drinking water demonstrated that PEG15-20 increases the protective layer on the 
intestinal muco-epithelial surface. (C). The repellant effect of P. aeruginosa from monolayers of intestinal epithelial 
cells. P. aeruginosa cells are no longer unable to attach onto the intestinal cells. P. aeruginosa constitutively expressing 
green fluorescent protein EGFP was used in these experiments. (D). Pi-PEG (ABA-PEG20k-Pi20) but not a parent 
non-phosphorylated compound (PEG) is able to suppress the activation of PstS similar to that by inorganic phosphate 
at 25 mM. Panels A-C are reprinted in part with permission from Valuckaite et al. [287]. Copyright 2019. American 
Journal of Physioliology Gastrointestinal Liver Physioliology. Panel D is reprinted in part with permission from Mao 
et al. [288]. Copyright 2017. American Chemical Society.
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The hydrophobic block can anchor below the lipid headgroup region and thus can 
anchor the polymer to the membrane (Figure 2) [287]. This creates an ideal confor-
mational state for PEG15-20 to form a barrier and protect the epithelium.

Atomic force microscopy (AFM) of the surface of intestinal segments in mice 
where PEG15-20 was included in drinking water demonstrated that PEG15-20 
may form an additional protective layer on the intestinal muco-epithelial surface 
(Figure 2) [287]. The AFM analysis of bacterial cells also revealed a layer of PEG15-20 
surrounding bacterial cells [286]. This may explain its repellant effect as bacterial 
cells are unable to attach onto the intestinal epithelium and transduce signals leading 
to altered permselectivity.

Furthermore, PEG15-20 and similar molecules may preserve the integrity of the 
intestinal epithelium following exposure to barrier disrupting factors such as the 
effect of secondary bile acids or irradiation [287, 289, 290]. The inclusion of PEG15-20 
in the preservative solution for organ transplantation protects the integrity of the 
epithelial layer and preserves the vascular system of organs [291].

To find out if orally delivered PEG15-20 could reach distal colon, a fluorescein-
labeled PEG15-20 compound was created. Findings in a rat model demonstrated 
that this compound was able to remain durably embedded to cover the intestinal 
epithelium all the way down to colon, and was gradually extracted with feces without 
penetrating into the systemic compartment [287]. In addition, rodents drinking 
PEG solution were protected against lethal gut-derived sepsis in a model in which P. 
aeruginosa was introduced in in mice subjected to partial hepatectomy [286].

6.2  Phosphorylated triblock high-molecular-weight polymer that exploits the 
known properties of phosphate (Pi) and polyethylene glycol to suppress 
microbial virulence and protect the integrity of the intestinal epithelium

As discussed above, limitations in extracellular iron and phosphate are critical 
nutrients in the host-microbiota-pathogen interface. Providing iron and phosphate as 
direct oral solutions during surgical stress while seemingly beneficial, are challenged 
by issues of absorption, tolerance, and disruptions in metabolic regulation. Therefore, 
PEG15-20 was chosen as a carrier of phosphate bound to the PEG backbone via its 
hydroxyl groups on its hydrophilic chains (Figure 2).

The de novo synthesized compound ABA-PEG20k-Pi20 possesses a dual protective 
effect in the host-microbiome-pathogen interaction whereby the PEG is cytoprotec-
tive to the intestinal epithelium and its covalent bonding to phosphate provides 
bacteria with a much needed nutrient that can suppress multiple virulence pathways 
that are triggered by phosphate limitation, iron limitation and host stress signals that 
induce conserved quorum sensing circuits across a variety of pathogens relevant to 
several host species [288]. Furthermore, delivering phosphate on the phosphorylated 
molecule similar to the delivery on inorganic phosphate suppresses the activation of 
both siderophore induction even at the low concentration of iron and quorum sensing 
activation induced by host stress signals such as opioids [174, 288, 292, 293].

Pi-PEG has demonstrated efficacy in multiple animal models of postoperative 
infection-related complications. For example, ABA-PEG20k-Pi20 suppresses col-
lagenase production in several collagenolytic pathogens, including E. faecalis, S. 
marcescens and P. aeruginosa, and prevents colonic anastomotic leak in mice [294]. By 
suppressing the collagenolytic activity of pathogens, ABA-PEG20k-Pi20 also prevents 
colon cancer recurrence in mice [256]. Importantly, suppression of collagenase 
production may be a more evolutionarily stable approach compared to expanded 
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application of antibiotics, which carry the risk of antibiotic resistance. For example, 
antibiotic treatment focused on eliminating one strain of bacteria selected for the 
colonization of anastomotic tissues by another collagenolytic pathogen, while an 
expanded multi-drug antibiotic combination directed against both gram-positive 
and gram-negative pathogens led to the colonization of anastomotic tissue by col-
lagenolytic fungi [256]. As such, replacement by, or selection for, renegade pathogens 
when treating tissues with antibiotics may not be efficacious in the long run. Oral 
ABA-PEG20k-Pi20 can prevent surgical site infections [295]. However, before this 
approach can be considered clinically efficacious and safe, clinical trials are needed.

7.  Conclusion

In conclusion, strategies aimed at suppressing the negative effects of an emerging 
gut pathobiome over the course of surgical injury and during its recovery phase may 
need be considered in addition to the current utilization of antibiotics. FMT, dietary 
modifications, anti-inflammatory management, and metabolite supplementation 
may be future strategies to pursue before, during, and after a major surgical injury. 
Given that patients often present for elective surgery with major medical co-
morbidities, an opportunity to pre-emptively intervene, such as imposing a period of 
dietary pre-habilitation, should be considered. Protection of epithelial barrier during 

Figure 3. 
Pre- and post-operative therapy to improve post-operative output. Current strategies to reduce postoperative 
infectious complications have successfully reduced their occurrence, but newer strategies need to be undertaken 
to completely eliminate all infectious complication to zero. I. Dietary pre-habilitation begins at 3-10 days 
prior to surgical operation. It includes plant-based diet enriched by tryptophan source and containing low fat. 
Additionally, pre-operative dental care is needed to prevent oral pathogens-based post-operative infection and 
inflammation. II. Microbiome “readiness” is determined by both the presence of health-promoting species and 
their production of health relevant metabolites (i.e., SCFAs, bile acids, and indole metabolites). III. Treatment 
strategies that alter gut nutrients (i.e., PiPEG) create a gut environment that maintains the mucus barrier, 
protects intestinal epithelial cells, reduces pathogen virulence and their response to host stress, and promotes 
homeostasis of essential bacterial communities. By utilizing novel, microbiota directed strategies we may avoid 
the current antimicrobial approaches that are not only having diminishing returns, but resulting in antimicrobial 
resistance that have the potential to undo the impact antibiotics have had on reducing infectious complications.
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surgery and suppression of the virulence signaling platform during host stress with 
compounds like ABA-PEG20k-Pi20 is yet another/an additional strategy to pursue 
that silence opportunistic pathogens within pathobiomes and blocks their penetration 
into systemic compartment (Figure 3).
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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder with growing 
evidence implicating gut microbiota dysbiosis in its pathogenesis. Recent research 
highlights the gut-brain axis as a crucial therapeutic target, with interventions such 
as phytotherapy, pharmacotherapy, and precision medicine emerging as promising 
approaches. Phytotherapy, including plant-derived compounds like curcumin and 
dioscin, has demonstrated neuroprotective effects by modulating gut microbiota, 
reducing neuroinflammation, and enhancing short-chain fatty acid production. 
Pharmacotherapy, particularly levodopa, remains the primary treatment for PD 
motor symptoms, but its interactions with gut microbiota can affect drug metabo-
lism, necessitating microbiota-targeted strategies such as enzyme inhibitors and 
antibiotic co-administration. Precision interventions, including probiotics, prebiot-
ics, synbiotics, dietary modifications, and fecal microbiota transplantation, aim to 
restore microbial balance and improve gut-brain axis function. This chapter explores 
the mechanisms, clinical outcomes, and limitations of these interventions, emphasiz-
ing the need for integrative and personalized therapeutic approaches. By targeting gut 
microbiota, these strategies hold potential for optimizing PD management, enhanc-
ing treatment efficacy, and improving patient quality of life.

Keywords: Parkinson’s disease, gut microbiota, microbiota-gut-brain axis, 
phytotherapy, pharmacotherapy, precision medicine, levodopa, probiotics, synbiotics, 
fecal microbiota transplantation

1.  Introduction

Parkinson’s disease (PD) is a prevalent chronic neurodegenerative disorder resulting 
from significant damage to dopamine-producing neurons, leading to dopamine deficits 
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in the midbrain and subsequent alterations in various neurotransmitters, including 
glutamate, GABA, and serotonin [1]. Globally, disability and mortality rates associated 
with PD have surged, surpassing those of other neurological disorders. In 2019 alone, 
PD caused 5.8 million disability-adjusted life years and 329,000 deaths, marking an 
81% increase in disability and over 100% rise in mortality since 2000 [2, 3]. This neural 
degeneration manifests not only in typical motor symptoms such as resting tremor, 
bradykinesia, and muscle stiffness but also encompasses a wide array of non-motor 
symptoms, including constipation, olfactory impairments, sleep disturbances, auto-
nomic nervous dysfunction, and cognitive and psychiatric disorders [4].

Despite its clinical complexity, current therapeutic interventions for PD primarily 
focus on managing motor symptoms through dopaminergic medications. Current 
therapeutic strategies for PD focus primarily on managing motor symptoms through 
pharmacotherapy. Levodopa remains the cornerstone of PD treatment, serving as a 
dopamine precursor that replenishes striatal dopamine. However, its long-term use 
is associated with complications, including peripheral conversion-related complica-
tions and long-term adverse events [1]. The gut microbiota, a diverse community of 
microorganisms residing in the gastrointestinal tract, has been implicated in several 
diseases, including Parkinson’s disease (PD), due to its critical role in immune regula-
tion, metabolism, and the gut-brain axis [5–7].

Emerging research suggests that targeting the gut microbiota may open new 
therapeutic avenues for Parkinson’s disease (PD) treatment [8–10]. Recent studies 
have highlighted the bidirectional relationship between gut microbiota and PD, 
emphasizing the potential of microbiome-targeted interventions to alleviate symp-
toms and modify disease progression [11, 12]. This chapter seeks to examine how 
phytotherapy, pharmacotherapy, and precision medicine target the gut microbiome to 
treat PD, focusing on their mechanisms of action, therapeutic potential, and clinical 
implications. By incorporating these interventions, researchers hope to revolution-
ize PD management by enhancing treatment efficacy, reducing complications, and 
addressing disease mechanisms at the microbiome level.

2.  Pathophysiology of Parkinson’s disease

Recent research has provided significant insights into the multifaceted patho-
physiology of PD, underscoring its complex and progressive nature. Central to PD 
is the degeneration of dopamine-producing neurons in the substantia nigra pars 
compacta, a critical component of the basal ganglia. This neuronal loss leads to a 
marked reduction in dopamine levels, crucial for regulating motor functions, result-
ing in the hallmark motor symptoms of PD such as tremors, rigidity, and bradykinesia 
[13]. A defining pathological feature of PD is the presence of Lewy bodies and Lewy 
neurites, which are abnormal aggregates of the alpha-synuclein protein. These inclu-
sions interfere with normal cellular functions and contribute significantly to neuronal 
death and disease progression [14].

Oxidative stress plays a crucial role in the pathophysiology of PD. It contributes to 
mitochondrial dysfunction and the formation of abnormal protein aggregates, which 
are central to PD progression. Studies have demonstrated that interventions like 
melatonin can mitigate oxidative stress, suggesting potential therapeutic benefits. For 
example, melatonin administration has been shown to significantly reduce oxidative 
stress markers and improve mitochondrial activity in PD patients, highlighting its 
neuroprotective effects [15]. Additionally, oxidative stress-related abnormalities, such 
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as elevated plasma NfL levels, have been linked to brain volume loss and neuropsy-
chiatric deficits in PD, underscoring the importance of targeting oxidative stress in 
therapeutic strategies [16].

Additionally, other novel aspects of PD pathophysiology have been explored, 
including cerebral microbleeds (CMB), axial postural abnormalities (APAs), and 
immune activation. CMBs are associated with hypertension in PD, distinct from 
the amyloid-β burden seen in Alzheimer’s disease, suggesting different underlying 
mechanisms [17]. APAs, such as camptocormia and Pisa syndrome, significantly 
impair quality of life, with botulinum toxin treatments combined with rehabilitation 
showing promise in management [18]. Peripheral immune activation, evidenced by 
elevated proinflammatory cytokines, underscores the role of neuroinflammation in 
PD, although the specific contributions of cytokines like IL-17 remain under investi-
gation [19]. These findings collectively underscore the intricate pathophysiology of 
PD, necessitating a multidisciplinary approach for effective diagnosis and treatment.

Beyond the traditional understanding, recent studies have shed light on additional 
neurodegenerative mechanisms and contributing factors. For instance, alpha-
synuclein seed amplification assays (α-syn SAAs) have been developed as highly 
sensitive and specific diagnostic tools, capable of detecting misfolded alpha-synuclein 
in cerebrospinal fluid and other tissues, thus distinguishing PD from other neuro-
degenerative disorders [20]. Genetic mutations, particularly in genes such as SNCA, 
LRRK2, and PARK2, are implicated in familial forms of PD, while environmental 
factors, such as exposure to pesticides, are more commonly associated with sporadic 
cases [14]. Emerging evidence also points to the gut-brain axis playing a pivotal role 
in PD pathophysiology. Dysbiosis of the gut microbiota and resulting gut-brain axis 
disturbances are believed to contribute to disease progression, with interventions like 
fecal microbiota transplantation showing potential in modifying motor and non-
motor symptoms [21, 22].

3.  Exploring phytotherapy, pharmacotherapy, and precision interventions 
in Parkinson’s disease management

The gut-brain axis, a bidirectional communication network between the central 
nervous system and the gastrointestinal tract, has emerged as a key factor in the 
pathology of Parkinson’s disease (PD). Increasing evidence suggests that gut dysbio-
sis, neuroinflammation, and microbial metabolite imbalances play a critical role in 
disease progression. As a result, novel therapeutic strategies are being developed to 
target gut microbiota as a means of modulating PD pathology. For the purpose of this 
chapter, these strategies can be categorized into three primary approaches: phyto-
therapy, which utilizes plant-derived bioactive compounds; pharmacotherapy, which 
includes conventional drug-based treatments such as levodopa; and precision medi-
cine, which focuses on personalized interventions such as dietary modifications, pro-
biotics, and fecal microbiota transplantation (FMT). Each of these approaches offers 
unique mechanisms of action and therapeutic implications for PD management.

3.1 Phytotherapies in the management of Parkinson’s disease

Plant-based therapies have gained significant attention for their potential to 
modulate gut microbiota, reduce neuroinflammation, and enhance neuroprotec-
tion in PD. Many plant-derived compounds, including polyphenols, alkaloids, and 
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flavonoids, possess antioxidant and anti-inflammatory properties that may influence 
the gut-brain axis [23, 24]. Curcumin, for example, has been shown to enhance ben-
eficial gut bacteria while reducing pathogenic species, leading to improved dopamine 
synthesis and decreased α-synuclein aggregation [25]. Also, given the critical role of 
oxidative stress and neuroinflammation in PD progression, there is a strong rationale 
for exploring botanical sources as therapeutic options. Botanical compounds, known 
for their antioxidant, anti-inflammatory, and neuroprotective properties, offer prom-
ising avenues for counteracting the mechanisms driving PD. As such, the integration 
of botanical treatments may not only alleviate symptoms but also target the disease’s 
underlying causes, underscoring the potential for natural compounds to contribute 
significantly to PD management and therapy (Table 1).

Prebiotic supplementation has also demonstrated potential in influencing gut 
microbiota composition and promoting short-chain fatty acid (SCFA) production, 
particularly butyrate, which possesses anti-inflammatory properties. Hall et al. [26] 
showed that prebiotic fiber intervention increased SCFA levels, enhanced gut micro-
bial diversity, and reduced neurofilament light chain (NfL), a marker of neurode-
generation, in PD patients. However, the study was limited by its short intervention 
period, making it difficult to assess long-term effects. A similar prebiotic-based 
strategy was explored by Liu et al. [32], who investigated polymannuronic acid 
(PM) in combination with Lacticaseibacillus rhamnosus GG probiotics. Their study 

Treatment Mechanism Positive outcome(s) Limitation(s) References

Prebiotic 
fiber

SCFA production Reduced inflammation, 
improved microbial 
diversity

Short study 
duration

[26]

Curcumin Microbiota 
reprogramming, 
dopamine synthesis

Improved motor function, 
reduced α-synuclein 
aggregation

Bioavailability 
issues

[25]

Berberine Tyrosine hydroxylase 
activation in gut 
bacteria

Increased dopamine 
levels, improved motor 
function

Microbial 
resistance 
concerns

[27]

Nardosinone Gut microbiota 
modulation, levodopa 
bioavailability

Increased 
neurotransmitter levels, 
improved motor function

Human 
validation 
needed

[28]

Trehalose Autophagy induction, 
gut microbiota 
restoration

Reduced α-synuclein 
aggregation, 
neuroprotection

Lacks human 
trials

[5]

Dioscin Bile acid regulation, 
GLP-1 activation

Improved motor 
function, reduced 
neuroinflammation

No human 
studies

[29]

Perilla Seed 
Oil

SCFA enhancement, 
anti-inflammatory

Reduced 
neuroinflammation, 
improved gut diversity

Requires long-
term adherence

[30]

Maslinic 
Acid

Microbiota 
modulation, 
neurotransmitter 
increase

Enhanced motor function Dose-dependent 
effects unclear

[31]

Table 1. 
Plant-based therapies in Parkinson’s disease management: targeting gut microbiota.
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demonstrated improvements in gut barrier integrity, enhanced SCFA-mediated 
anti-inflammatory effects, and increased levels of neurotrophic factors such as 
brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic 
factor (GDNF). These findings highlight the potential of prebiotics and probiotics 
as neuroprotective agents, but further human studies are required to confirm their 
clinical efficacy.

Traditional herbal medicine, particularly formulations within Traditional Chinese 
Medicine (TCM), has also been investigated for its role in gut microbiota modula-
tion and neuroprotection. Zhu et al. [33] reported that TCM formulations reduced 
intestinal permeability, mitigated gut dysbiosis, and enhanced dopamine metabolism, 
suggesting their potential to restore gut-brain axis homeostasis. However, the lack 
of standardization and regulatory oversight remains a major challenge in translating 
TCM therapies into clinical practice. Nardosinone, a bioactive compound derived 
from Nardostachys jatamansi, has also been studied for its potential to enhance 
levodopa bioavailability via gut microbiota modulation. Liu et al. [28] found that 
nardosinone increased beneficial gut microbial populations, leading to improved 
neurotransmitter levels (dopamine, serotonin) in the striatum, plasma, and feces 
of rotenone-induced PD rats. The compound also exhibited antioxidant and anti-
inflammatory properties, reducing neuronal damage and improving motor function. 
However, its efficacy in human PD patients remains unverified, and the exact micro-
biota pathways involved require further investigation.

Additionally, dioscin, a bioactive steroidal saponin, has been shown to influence 
gut microbiota composition and bile acid metabolism in PD models. Mao et al. [29] 
found that dioscin reduced the Firmicutes-to-Bacteroidetes ratio and decreased bile 
salt hydrolase (BSH) activity, thereby increasing neuroprotective bile acids such as 
ursodeoxycholic acid and tauroursodeoxycholic acid. Activation of the glucagon-like 
peptide-1 (GLP-1) pathway further enhanced anti-inflammatory effects, contribut-
ing to improved motor function and reduced neuroinflammation. However, human 
studies are still needed to determine whether dioscin could serve as a viable PD 
treatment.

3.2 Pharmacotherapy in the management of Parkinson’s disease

Pharmacotherapy remains the cornerstone of Parkinson’s disease (PD) treat-
ment, primarily aimed at dopamine replacement and symptomatic relief (Table 2). 
Levodopa, often co-administered with carbidopa to enhance bioavailability, remains 
the gold standard for managing motor symptoms. However, recent studies have 
revealed complex interactions between levodopa metabolism and gut microbiota. 
Certain bacterial species, such as Enterococcus faecalis, metabolize levodopa into 
dopamine before it reaches the brain, thereby reducing its therapeutic efficacy [34]. 
Strategies to optimize levodopa absorption, such as gut-directed antibiotics (e.g., 
vancomycin) and probiotic co-administration, have been explored, yet concerns 
about antibiotic resistance persist [39].

Beyond levodopa, other pharmacological approaches have been investigated for 
their effects on gut microbiota and neuroinflammation. Rifaximin and ceftriaxone, 
both antibiotics, have shown potential in modifying gut microbiota composition and 
reducing inflammation in PD models [37, 40]. However, while these interventions 
may offer short-term benefits, long-term microbiome alterations raise concerns 
about dysbiosis and microbial resistance. Another advancement, levodopa-carbidopa 
intestinal gel (LCIG), was introduced to bypass gastrointestinal metabolism and 
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provide continuous drug delivery. However, a study indicate that LCIG therapy 
alters gut microbial composition, increasing pro-inflammatory Proteobacteria, 
Enterobacteriaceae, and a reduction of Firmicutes, Lachnospiraceae, and Blautia, 
which may exacerbate gut inflammation over time [41].

3.2.1 Microbiota-targeted strategies to optimize levodopa therapy

Levodopa metabolism is also affected by specific bacterial enzymes. Cheng et al. 
[34] highlighted that Enterococcus faecalis metabolizes levodopa before it reaches 
the brain, reducing its availability for therapeutic effects. Their study identified 
Mito-ortho-HNK, a compound that inhibits E. faecalis, as a potential solution to 
enhance levodopa absorption and improve motor symptoms. While promising, 
interindividual differences in gut microbiota composition complicate the generaliz-
ability of these microbiota-targeted levodopa modifications, and their long-term 
consequences remain uncertain. Another critical factor influencing levodopa 
metabolism is the microbial enzyme tyrosine decarboxylase (tyrDC). Zhang et al. 
[42] identified that higher tyrDC gene abundance in E. faecalis correlated with 
reduced levodopa efficacy in PD patients. Their study emphasized that microbial 
metabolism of levodopa is a more significant factor in drug response than bile acid 
composition, as He et al. [43] found no significant association between fecal bile 
acids and levodopa metabolism.

3.2.2 Antibiotics in PD management: Potential and limitations

Beyond levodopa, antibiotic therapies have been explored for their potential in 
modifying gut microbiota and reducing neuroinflammation. Hong et al. [37] inves-
tigated the impact of rifaximin on gut microbiota modulation, demonstrating that 
it reduced Prevotellaceae while increasing Bacteroides, which led to lower systemic 
inflammation and enhanced blood-brain barrier (BBB) integrity. Their study also 
found that rifaximin improved motor and memory function in transgenic PD mice 
while decreasing pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α. 
However, the long-term effects of rifaximin on gut microbiota remain unclear, and 
human studies have shown limited microbiota changes after short-term treatment.

Baizabal-Carvallo et al. [44] evaluated intestinal decontamination therapy 
using rifaximin and polyethylene glycol, showing that this approach reduced 

Levodopa Gut microbial 
metabolism of levodopa

Increased dopamine 
levels, symptom relief

Gut dysbiosis, variability 
in response

[34].

Levodopa + 
FMT

Microbiota restoration Improved levodopa 
absorption

Individual variability, 
speculative impact

[35, 36]

Rifaximin Microbiota modulation, 
inflammation reduction

Improved motor 
function, BBB integrity

Limited microbiota 
changes in human trials

[37]

Vancomycin TLR4/NF-κB inhibition, 
dopamine metabolism

Reduced 
neuroinflammation, 
improved motor function

Risk of antibiotic 
resistance

[38]

Bacteriophage 
Therapy

Elimination of E. faecalis Improved levodopa 
efficacy

Requires further 
validation

[8]

Table 2. 
Pharmacotherapies in Parkinson’s disease management: targeting gut microbiota.
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levodopa-degrading bacteria and improved levodopa-induced dyskinesia and motor 
fluctuations. Although 80% of patients reported moderate to robust improvement, 
the study’s small sample size and lack of long-term safety data require further 
validation.

Vancomycin has also been investigated for its effects on neuroinflammation and 
gut microbiota composition. Cui et al. [38] demonstrated that vancomycin suppressed 
inflammation through the TLR4/MyD88/NF-κB/TNF-α signaling pathway, while also 
increasing Akkermansia and Blautia levels, both associated with gut homeostasis and 
neuroprotection. Additionally, vancomycin modified dopamine metabolism by sup-
pressing monoamine oxidase B (MAO-B) expression, leading to reduced dopamine 
degradation and improved motor function in MPTP-induced PD mice. Despite these 
benefits, concerns persist regarding vancomycin’s long-term impact on gut micro-
biota stability and the risk of antibiotic resistance. Zhou et al. [40] further explored 
ceftriaxone’s effects on gut inflammation and dopaminergic neuron survival, finding 
that it increased beneficial Akkermansia while reducing pathogenic Proteus. Their 
study suggests that ceftriaxone could serve as a potential PD-modifying therapy, but 
its long-term effects require further investigation.

3.3 Precision therapies in the management of Parkinson’s disease

Precision medicine in Parkinson’s disease (PD) aims to tailor interventions 
based on individual patient profiles, considering factors such as gut microbiota 
composition, metabolic markers, and genetic predisposition. Unlike conventional 
pharmacotherapy, which follows a standardized treatment model, precision medicine 
seeks to optimize therapeutic outcomes by addressing patient-specific variables. This 
approach includes dietary modifications, probiotics, synbiotics, and fecal microbiota 
transplantation (FMT) (Table 3).

3.3.1 Dietary interventions in Parkinson’s disease management: Targeting gut microbiota

Dietary interventions, including the ketogenic diet (KD), Mediterranean diet 
(MediDiet), and low-protein, high-carbohydrate (LPHC) diets, have shown promise 
in modulating gut microbiota and alleviating PD symptoms. Jiang et al. [45, 47] dem-
onstrated that KD reversed MPTP-induced gut dysbiosis by reducing pro-inflamma-
tory Desulfovibrio while increasing beneficial Dubosiella, leading to improved motor 
function and reduced neuroinflammation. However, long-term adherence to KD 
remains a challenge, and its sustained impact on PD progression is unclear. In con-
trast, Rusch et al. [46] found that the MediDiet increased Roseburia, an anti-inflam-
matory bacterium, while decreasing Bilophila, thereby reducing constipation and 
gut inflammation. Schmit et al. [57] further emphasized the importance of dietary 
fiber, showing that fiber deprivation worsened PD symptoms by favoring pathogenic 
microbiota that promote α-synuclein aggregation. While MediDiet appears to be a 
more sustainable dietary intervention than KD, its direct effects on motor symptoms 
require further investigation.

Beyond general dietary modifications, specific metabolic factors such as 
branched-chain amino acids (BCAAs) and α-ketoglutarate (AKG) have been studied 
for their neuroprotective potential. Yan et al. [48] found that BCAA supplementation 
mitigated neuroinflammation, improved motor function, and preserved dopaminer-
gic neurons in PD mouse models by reducing pro-inflammatory cytokines (IL-1β, 
TNF-α). However, while these preclinical findings are encouraging, their metabolic 
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effects in humans remain largely untested, and excessive BCAA intake may have 
unintended consequences. Similarly, Zhang et al. [49] demonstrated that AKG 
supplementation modified gut microbiota by increasing Lachnospiraceae, enhancing 
SCFA production, and reducing α-synuclein aggregation. Despite these promising 
findings, human clinical trials are needed to determine the therapeutic potential of 
AKG supplementation.

3.3.2  Fecal microbiota transplantation in Parkinson’s disease management: Targeting 
gut microbiota

FMT has gained increasing attention as a potential strategy for restoring gut 
microbial balance in PD. Zhao et al. [36] demonstrated that FMT corrected gut 
dysbiosis in rotenone-induced PD mice, reducing neuroinflammation via modulation 
of the LPS-TLR4/MyD88/NF-κB signaling pathway and promoting dopaminergic 
neuron survival. Cheng et al. [35] extended these findings to human trials, show-
ing that oral FMT improved PD-related autonomic symptoms and gastrointestinal 
disorders while enhancing microbial diversity. Despite these promising results, the 
long-term efficacy and optimal delivery method for FMT remain uncertain.

However, not all FMT interventions have yielded positive outcomes. Yang et al. 
[58] reported that transplanting gut microbiota from PD patients into healthy mice 
exacerbated neurodegeneration by activating the TLR4/NF-κB/NLRP3 inflamma-
tory pathway, leading to increased α-synuclein aggregation and motor deficits. This 
finding highlights the importance of donor selection in FMT, as microbiota from PD 
patients may worsen disease pathology rather than alleviate it. Similarly, Scheperjans 
et al. [59] conducted a randomized controlled trial (RCT) in PD patients and found 
that colonoscopy-delivered FMT failed to produce significant motor improvements. 
Furthermore, FMT-treated patients experienced higher rates of gastrointestinal 
adverse effects compared to the placebo group, raising concerns about safety and the 
need for standardization.

3.3.3 Probiotics in Parkinson’s disease management: Targeting gut microbiota

Probiotics are increasingly recognized for their potential role in managing 
Parkinson’s disease (PD) by modulating gut microbiota and mitigating inflammation 
along the gut-brain axis. The gut microbiome in PD patients often exhibits dysbiosis, 
characterized by decreased beneficial bacterial populations and increased pro-
inflammatory taxa. This imbalance is linked to oxidative stress, neuroinflammation, 
and gastrointestinal dysfunction, all of which contribute to PD progression.

Lactobacillus salivarius AP-32 has been shown to enhance antioxidant enzyme 
activity (superoxide dismutase, glutathione peroxidase, and catalase), thereby reduc-
ing oxidative stress and protecting dopaminergic neurons [51]. Additionally, probiotic 
treatment can restore gut microbiota balance by increasing beneficial bacteria like 
Christensenella, while reducing pathogenic taxa such as Eubacterium oxidoreducens 
and Eubacterium hallii, improving constipation symptoms in PD patients [52].

Beyond gastrointestinal improvements, probiotics exhibit immunomodulatory 
effects. Probiotic Clostridium butyricum has been found to enhance GLP-1 signaling, 
which reduces neuroinflammation and improves motor deficits in a mouse model of 
PD [54]. Similarly, the Microbiot® probiotic (Bifidobacterium animalis ssp. lactis Bb12 
and Lactobacillus rhamnosus GG) has demonstrated anti-inflammatory properties by 
reducing microglial activation, a key contributor to neurodegeneration in PD [53].
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While probiotics offer a promising, gut-targeted approach to PD management, 
limitations remain. The long-term effects and optimal probiotic strains are still under 
investigation, and clinical trials have yielded variable results due to differences in 
patient microbiomes, disease progression, and treatment duration. Larger, well-
controlled human studies are required to fully elucidate the therapeutic potential of 
probiotics in PD.

3.3.4 Synbiotics in Parkinson’s disease management: Targeting gut microbiota

Synbiotics, a combination of probiotics (beneficial bacteria) and prebiotics (nour-
ishing fibers that support probiotic growth), have emerged as a promising interven-
tion for modulating gut microbiota in Parkinson’s disease (PD). Given the increasing 
recognition of the gut-brain axis in PD pathology, synbiotic supplementation aims to 
restore gut microbial balance, reduce inflammation, and enhance neuroprotection.

The Enterolactis Duo synbiotic, which contains Lacticaseibacillus paracasei DG 
and the prebiotic inulin, has been shown to improve non-motor symptoms in PD 
patients, including mood disturbances, gastrointestinal dysfunction, and cognitive 
performance. A clinical study found that synbiotic treatment increased beneficial 
gut bacteria such as Faecalibacterium prausnitzii and Oscillospirales while improving 
autonomic function and constipation [56].

In a PD mouse model, the combination of polymannuronic acid (PM) prebiotic 
and Lacticaseibacillus rhamnosus GG probiotic demonstrated stronger neuroprotec-
tive effects compared to individual treatments. PM promoted short-chain fatty acid 
(SCFA) production, leading to anti-inflammatory and anti-apoptotic effects, while 
L. rhamnosus GG enhanced glial cell-derived neurotrophic factor (GDNF) expres-
sion, which supports dopaminergic neuron survival. Together, these effects improved 
motor function and blood-brain barrier (BBB) integrity [32].

Despite these promising results, challenges remain. Variability in gut microbiota 
composition among PD patients, differences in individual responses to synbiotic formu-
lations, and the lack of large-scale, long-term clinical trials limit the widespread adoption 
of synbiotics as a PD treatment. Future research should focus on optimizing strain selec-
tion, determining the ideal dosage, and assessing long-term neuroprotective benefits.

4.  Comparison of phytotherapy, pharmacotherapy, and precision 
medicine in Parkinson’s disease treatment

Phytotherapy, pharmacotherapy, and precision medicine each offer unique 
approaches to addressing gut microbiota imbalances and neurodegeneration in 
Parkinson’s disease (PD). While pharmacotherapy, particularly levodopa-based treat-
ments, remains the mainstay of symptom management, emerging evidence suggests 
that microbiome-modulating interventions may enhance therapeutic efficacy and 
reduce side effects.

4.1 Phytotherapy vs. pharmacotherapy

A key advantage of phytotherapy over pharmacotherapy is its dual action in 
targeting gut dysbiosis and providing neuroprotective benefits. Unlike levodopa, 
which undergoes gut metabolism and is often degraded by gut bacteria, plant-based 
compounds such as curcumin and berberine interact with gut microbiota to either 
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enhance dopamine synthesis or improve levodopa bioavailability. Conversely, 
levodopa therapy provides immediate symptom relief but contributes to gut dysbiosis 
and increased inflammation over time. Additionally, levodopa metabolism is affected 
by gut microbiota composition, which may reduce its bioavailability and effective-
ness. While pharmacological interventions like levodopa-carbidopa therapy remain 
critical for managing PD symptoms, plant-based therapies offer a promising strategy 
by addressing both neuroinflammation and gut microbiota imbalances. However, 
phytotherapy faces challenges such as poor bioavailability, necessitating higher doses 
or novel delivery methods for optimal efficacy.

4.2 Pharmacotherapy vs. precision medicine

Pharmacotherapy and precision medicine differ significantly in their approach to 
PD treatment. Levodopa and antibiotics primarily focus on dopamine replacement 
and microbial modulation, but they often introduce unintended disruptions to gut 
microbial composition. Antibiotic interventions, such as vancomycin, have been 
explored for their ability to reduce neuroinflammation by modifying gut microbiota, 
but concerns about antibiotic resistance limit their long-term viability. In contrast, 
precision medicine strategies, such as probiotic supplementation, have shown poten-
tial in optimizing gut microbiota composition and improving levodopa absorption.

4.3 Precision medicine vs. phytotherapy

While phytotherapy primarily relies on plant-derived bioactive compounds 
to modulate gut microbiota, precision medicine employs more targeted interven-
tions, including dietary modifications, probiotics, prebiotics, and fecal microbiota 
transplantation (FMT). Dietary interventions, such as the Mediterranean diet 
(MediDiet), promote short-chain fatty acid (SCFA)-producing bacteria, including 
Faecalibacterium, thereby supporting gut health and neuroprotection. FMT rep-
resents another precision medicine approach that directly restores gut microbiota 
composition. However, concerns about donor variability and long-term efficacy per-
sist. Unlike FMT, plant-based interventions such as curcumin and berberine promote 
beneficial microbial growth while exerting anti-inflammatory effects. The challenge 
with phytotherapy, however, lies in poor bioavailability, whereas precision strategies 
such as bacteriophage therapy and FMT offer more immediate microbiota restoration.

5.  Conclusion

Emerging research highlights the critical role of gut microbiota in Parkinson’s 
disease (PD) pathology and treatment. It is important to note that phytotherapy, phar-
macotherapy, and precision medicine offer distinct yet complementary approaches 
to modulating the gut-brain axis for improved PD management. While phytotherapy 
provides neuroprotective and anti-inflammatory benefits, challenges in bioavail-
ability persist. Pharmacotherapy, particularly levodopa, remains the gold standard for 
symptom relief but negatively impacts gut microbiota and has limitations in long-term 
efficacy. Precision medicine, including probiotics, prebiotics, and FMT, enables per-
sonalized interventions that enhance treatment response while reducing side effects. 
Future research should prioritize integrating these strategies, exploring synergistic 
effects, and developing advanced delivery systems to optimize therapeutic outcomes.
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Abstract

This chapter focuses on the activation and modulating function of the gut-brain 
axis in relation to memory and other cognitive functions. The gut-brain axis is a 
two-way communication system between the gastrointestinal system and the brain, 
closely regulated by the gut microbiota. Recent studies show that gut microbiota 
can modulate memory through neuroinflammation, neurotransmitter interactions, 
and effects on synaptic plasticity. Disruption of the gut microbiota, known as gut 
dysbiosis, has been linked to cognitive disorders and neurodegenerative diseases. This 
chapter will look at the effects of the gut microbiota on memory and explain how the 
pathways and signaling through the microbiota affect this relationship. It will also 
examine therapies that are thought to regulate the composition of the human gut 
microbiota to improve one’s memory and prevent aging. Additionally, the chapter 
discusses how gut-targeted therapies may be promising approaches toward enhancing 
cognitive health and optimal memory performance.

Keywords: gut-brain axis, gut dysbiosis, gut microbiota, memory, 
neurodegenerative diseases

1.  Introduction

The human gut is also called the second brain and houses a complex, relatively 
independent network of neurons localized in the intestinal wall called the enteric 
nervous system (ENS) [1]. This network of neurons has a crucial role in the modula-
tion of numerous GI functions such as motor, secretory, and circulatory blood flow 
[2]. Several crucial features of the ENS include its capacity for the biosynthesis and 
release of many types of neurotransmitters known to be used in the CNS, including 
serotonin, dopamine, and gamma-aminobutyric acid (GABA) [3].

Every neurotransmitter system has a distinct and crucial role to perform in retain-
ing the normal physiological function of the nervous system. As chemical messengers 
between neurons, neurotransmitters act to organize various activities, including 
controlling mood, muscle movement, thought processes, metabolism, and more. 
Proper functioning of these systems is necessary for a body to be healthy, since any 
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derailment results in several neurological and psychological issues. The cholinergic 
subgroup includes neurons that utilize the primary messenger acetylcholine in the 
transmission of nerve impulses. This neurotransmitter plays a vital role in several 
neurological and psychophysiological aspects, including sensory-motor functions, 
sleep–wake and attention-arousal systems, and cognitive behaviors related to learning 
and memory [4]. The glutamatergic system is made up of those neurons that contain 
glutamate as one of the major released neurotransmitters. This system is important in 
many activities of the human brain, and more so in learning and memory activities 
[5]. Meanwhile, the network of the GABAergic system contains neurons that release 
gamma-aminobutyric acid (GABA); GABA is an inhibitory transmitter that stops or 
prevents the continuation of some impulses to limit specific actions. It has an impor-
tant function in controlling anxiety, alertness, muscle tone, learning, and epileptic 
activity [6].

The chemical or molecular communicators of the aminergic, monoaminergic, or 
biogenic amine system include dopamine, serotonin, histamine, and norepinephrine. 
The dopaminergic system comprises neurons that synthesize dopamine, which is 
an endogenous catecholamine necessary for control of behavior and physiological 
processes such as movement and cognition. Notably, 90% of serotonin is synthesized 
in the gut, which influences bowel movement and has an impact on mood and social 
conduct. Similarly, the dopamine secreted in the GI tract is related to the move-
ment of the gut and, reportedly, to moods and emotions [7, 8]. A further factor that 
is crucial in the balance of the gut-brain axis (GBA) is the gut microbiota—a vast 
population of microbes that reside in the gut. These microbes are not just residents 
within the gut but are functioning as members of the intestinal microbiome that play 
an integral part in coordinating gut-brain interaction. Our microbial partners exert 
an effect on the brain by generating intermediate products like SCFAs and regulating 
neurotransmitter concentrations [9].

The gut-brain axis refers to the mechanistic pathway by which the ENS and CNS 
are connected and transmit signals and information between the gut and the brain, 
respectively. This axis is associated with neural networks such as the vagus nerve, 
together with endocrine and immunologic systems. Certain chemicals produced in 
the digestive tract can impact the mind in some ways; for example, gut serotonin 
affects mood and is associated with diseases like anxiety and depression. Similarly, 
changes in gut bacteria affect the synthesis of neuromodulators such as GABA and 
could influence stress and cognition [10]. Furthermore, many of these neurotrans-
mitter interactions have ties to essential metabolic processes, underscoring how 
neural signaling and metabolism are interlinked within the gut.

In addition to its role in neurotransmitter regulation, the gut microbiota also plays 
a crucial role in metabolic processes. Literature reviews suggest that overall changes 
in the gut microbial community, including a decrease in microbial richness, are linked 
with metabolic dysregulation and obesity. Nevertheless, research findings on the 
relative composition of microbiota in obese subjects are somewhat contradictory. 
This contradiction simply cannot be overstated as it varies with other factors such as 
gut microbiota, diets, genes, and the surrounding environment [11]. A primary way 
through which the microbiota creates metabolic effects is by the production of short-
chain fatty acids (SCFAs). These microbial metabolites help in maintaining energy 
currency through changes in some gut hormones, such as cholecystokinin (CCK), 
glucagon-like peptide 1 (GLP-1), peptide tyrosine-tyrosine (PYY), and leptin. These 
hormones govern hunger, energy management, and glucose metabolism; therefore, it 
is possible to assume that the gut microbiota is a main mediator of metabolism [12].
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Memory and cognitive activities are central elements in human existence, since 
they can be supported by learning, critical thinking, and decision making. The next 
mental organ is the second brain located in the intestines; it has an obligatory connec-
tion with the first one—the brain; the microbiota in the gastrointestinal tract affects 
the brain through several links. The gut microbiota plays a crucial role in producing 
serotonin, dopamine, and gamma-aminobutyric acid (GABA), which are essential sig-
naling molecules for brain function. Several studies have demonstrated that changes 
in gut microbiota can modulate neurotransmitter synthesis and then influence cogni-
tion and mood. That is, Lactobacillus and Bifidobacterium improve serotonin produc-
tion that is crucial for regulating moods and forming memories [13, 14].

A healthy gut microbiota and a stable composition prevent excessive immune 
activation in the body. Chronic inflammation has been attributed to cognitive dete-
rioration, and dysbiosis-related inflammation has been linked to neurodegenerative 
diseases, including Alzheimer’s. This high-level overview is designed to reflect the 
evidence about how the gut microbiota helps in the regulation of immunities that 
are important in preserving and maintaining the health of the neural functions and 
cognitive abilities [15].

The disruption of gut microbiota, commonly called dysbiosis, or microbial dys-
function, has been associated with smaller hippocampal size and memory deficits. As 
previous animal experiments have also pointed out, when the gut microbiota compo-
sition has been shifted through FM, cognitive ability is affected. Human studies also 
back these findings by linking gut health to different cognitive disorders, including 
Alzheimer’s and Parkinson’s disease [16].

Gut microbiota is the community of microbes inhabiting the rumen and other 
parts of the gastrointestinal tracts that, through the gut-brain signaling, significantly 
affects cognition. This two-way communication net showcases neural, immune, and 
endocrine systems, and a new investigation underscores the importance of this axis 
for memory and learning as well as general cerebral function [17]. Research shows 
that a person’s gut microbial composition correlates with the brain’s efficiency, as is 
seen from the following studies. In middle-aged adults from the CARDIA study, the 
microbial community targeting β-diversity shows linear associations with better cog-
nitive test scores across different domains, such as the Montreal Cognitive Assessment 
and category fluency tests. Of those, Barnesiella and Lachnospiraceae were positively 
correlated with better cognitive scores, and Sutterella with worse scores [18]. Based 
on these findings, it would be possible to state that microbial diversity plays a crucial 
role in protecting cognition.

Altered gut microbiota or dysbiosis has already been linked to certain cognitive 
decline and neurodegenerative diseases, including Alzheimer’s. Chronic stress has also 
been known to cause alterations in gut microbiota, causing inflammation and thereby 
disrupting the communication channels of the body. A work using germ-free mice 
showed that mice that received microbiota from a stressed mouse showed reduced 
memory and increased anxiety-like behavior [19, 20]. Overall, these findings provide 
preliminary evidence that improved microbiota may help safeguard good cognitive 
health and counteract the deleterious effects of chronic stress.

Specifically, the gut microbiota that humans develop from infancy directly affects 
their brain. Sanitized animals have decreased learning abilities and poorer basal 
memory, pointing to the fact that microbiota is essential for proper brain functions. 
Consequently, the effects of probiotics, including specific strains of Lactobacillus, on 
memory in animal models have been demonstrated, and the research proves that the 
gut microbiota plays a role in early cognitive health [19, 20].
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2.  About the gut microbiota

The effect of the gut microbiota on human health has been recognized as an 
important field of study. The gut microbiota is a community of microorganisms that 
live in the digestive tracts of humans and animals, even insects. The human body 
contains the greatest number of microorganisms and the most diverse range of species 
in the body [21]. They are made up of thousands of microorganisms, such as bacteria, 
viruses, and some eukaryotes, which settle in the digestive tract soon after birth [22].

The term “human gut microbiota” can be defined as a body of microbial organ-
isms—bacteria, fungi, and viruses—their genetic material, and waste products 
established in the digestive system. The gut microbiota is one of the largest and most 
diverse microbial communities of the human body, which is estimated to contain 
trillions of microbes. These microorganisms have an active role in various functions 
within the body, which include digestion, immune system regulation, and biosynthe-
sis of various elements within the body [23].

The gut microbiota is also responsible for breaking down some of the intricate 
carbohydrates, which could not be broken down in the body independently. It assists 
in producing important body vitamins such as vitamin K and the B group of vitamins, 
besides controlling immune responses. In this way, the microbiota competes with 
pathogenic microbes for space and nutrients and thus helps to prevent the invasion by 
pathogens as part of the immune defense system [24].

Another dynamically evolving area is the fact that the gut microbiota synthesizes 
bioactive metabolites, in particular, SCFAs that contribute to the anti-inflammatory 
potential and the mucus layer of the gut. These SCFAs, and other metabolites, not 
only affect the local intestinal health but also physiological functions throughout the 
body. Further, the gut microbiota interacts with the brain through the gut-brain axis, 
releasing neurotransmitters, including serotonin, which influence moods, cognitive 
abilities, and overall mental well-being [25].

The structure of the gut microbiota is determined by the presence and density 
of each microbial species, which can significantly differ between people. Two major 
bacterial phyla that form a large part of the human gut microbiome are Firmicutes 
and Bacteroidetes, which have been widely investigated. It is hypothesized that the 
Firmicutes/Bacteroidetes (F/B) ratio might be used as a biomarker associated with 
specific diseases: an increased F/B ratio is proportional to obesity and metabolic 
disease. More specifically, Firmicutes are better designed to mine energy from a meal, 
while those with a high Bacteroidetes profile are generally lean [26].

Nevertheless, the F/B ratio alone does not give a complete representation of the 
state of the guts or the gut microbiota. Other groups of microbes that play a role in 
the gut include: Proteobacteria, Actinobacteria, and Verrucomicrobia. Fluctuations 
in the levels of these microbes have been linked to inflammatory bowel disease (IBD), 
irritable bowel syndrome (IBS), as well as other bowel disorders. The Microbiological 
profile of the microbiome may also change depending on the diseases: some microbial 
taxa are associated with IBD, obesity, cardiovascular disease, and even psychiatric 
diseases such as depression and anxiety [27].

The body needs to maintain a diverse gut microbiota because the imbalance of 
microbial systems contributes significantly to health problems. Quantitative data 
derived from microbial profiling have shown that dysbiosis is related to gastrointestinal 
disorders like IBS, GERD, and IBD. As for the aspect of metabolic health, dysbiosis has 
been linked with some disorders, such as obesity, type 2 diabetes, and cardiovascular 
diseases, thought to be influenced by the change in microbial fermentation profile and 
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its subsequent impact on nutrient metabolism [28]. Also, the gut microbiome concerns 
directly psychological state and cognition through the production of brain hormones 
such as serotonin [29]. When the balance in the microbiome is disturbed, this results in 
psychophysical disorders that affect a person’s emotional state; these include depression, 
anxiety, and the autistic spectrum disorder (ASD). Therefore, keeping the microbiome in 
a state that ensures health is imperative to digestive, metabolic, and mental health [30].

3.  The gut-brain axis: A two-way communication system

“It has been thought for quite a long time that the gut and the brain are two 
discrete entities that do not necessarily communicate with each other but it is now 
known that in fact they are two integrated partners, and the ongoing ‘discussion’ 
between the two influences not only digestion but also mood, memory, and over all 
wellbeing” [31, 32].

The gut-brain axis (GBA) is a two-way communication system that involves the 
central nervous system (CNS) and the gastrointestinal tract (GIT) through neural, 
hormonal, and immunological signals to modulate how the body responds to stress, 
inflammation, and infection, while regulating the physiological functions associated 
with the CNS [31, 33].

This bidirectional system is between the CNS and the GIT, as shown by studies on 
the elements that facilitate communication between the CNS and the enteric nervous 
system (ENS). It comprises complex interactions through components such as the 
vagal nerve, the hypothalamic–pituitary–adrenal (HPA) axis, immune signaling, and 
the gut microbiota [34, 35].

Key components of the gut-brain axis

• Vagus nerve: A neuronal pathway that directly links the gastrointestinal tract and 
the brain.

• Hypothalamic–pituitary–adrenal (HPA) axis: Regulates stress responses by the 
transmission of endocrine signals.

• Immune system: Microbes and systems use cytokines and chemokines as signal 
molecules.

• Gut microbiota: Produces metabolites such as short-chain fatty acids (SCFAs) as 
well as neurotransmitters that have an impact on brain function [35, 36].

It could be seen that several bidirectional communication mechanisms exist between 
the gut microbiome, the gut, and the brain. In principle, signals from gut microbiota and 
specialized cells of the gut endocrine, neurocrine, and inflammation-related all reach the 
brain. As a result, the brain can modulate microbial communities and their activity by 
endocrine and neural pathways. Seven pathways of care are shown in Figure 1 [37].

Key pathways

• Efferent signals: Brain→Gut—via neuroendocrine output, autonomic output, and 
HPA output.

• Afferent signals: Gut→Brain—by hormones, cytokines, and sensation from the gut.
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3.1 Mechanisms of communication: Neural, hormonal, and immune pathways

The gut-to-brain axis contains two major pathways: afferents, which relay gut 
information, including nodose vagal and dorsal root ganglia (DRG) that convey 
information to the CNS through the vagus and spinal sensory nerves, respectively; 
herein gut-derived hormones and neurotransmitters, circulating inflammatory and 
immune-related signals [38].

3.1.1 Neural pathways

The neural pathways act as a basis of connecting the gut with the brain through a 
network of neural connections.

Enteric nervous system (ENS), also known as the second brain, is part of a 
connective neural tissue located in the intestinal wall. Horbacz, Pawlak, and 
Konturek concluded that reflex arcs within ENS regulate gut motility, secretion, 
and blood flow individually. These reflexes are local, but they also involve vagal 
and spinal afferent fibers for conveying sensory data to the CNS for synchronized 
digestive functions [39, 40].

Figure 1. 
The gut-brain axis represents bidirectional communication between the gut and brain, involving ‘top-down’ 
(brain-to-gut) and ‘bottom-up’ (gut-to-brain) pathways. These signals are mediated by systems such as the CNS, 
ANS, ENS, neuroendocrine, enteroendocrine, neuroimmune, and the HPA axis. In a healthy state, these pathways 
maintain gut and brain function. Brain-derived signals regulate gut motility, secretion, nutrient supply, and 
microbial balance. Conversely, gut-derived signals—such as hormones, cytokines, and sensory input—influence 
neurotransmitter production, stress, mood, and behavior [37].
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The parasympathetic nervous system, for which the vagus nerve is a key part of 
is relied upon as the major information path between the gut and the brain. It also 
relays information from the gut to the brainstem, or the gut’s nutrient presence or its 
distension. In response, the brainstem then regulates motor details falling under the 
gastrointestinal system, changing motility and secretion necessary [33, 41].

While vagal signaling dampens inflammation overall in the body, spinal nerves 
relay pain and inflammatory messages from the intestinal tract to the CNS. This 
pathway is especially significant in conditions where the patient is sensitive to gut 
stimuli, like IBS [31].

These signals that are received from the gut get to the brain stem, hypothalamus, 
and limbic system, therefore affecting responses to stress, moods, and even decisions 
made. For example, signals arising from the gut can initiate the HPA axis during 
stress, and there are systematic response changes [42].

In the gut-brain axis, hormonal circuits are one of the methods through which 
signals move from the gastrointestinal system to the CNS. Subsequent research has 
further refined the understanding of several hormonal integrations involving the 
gut-brain axis and emphasized the critical functions of the gut-born neurotransmit-
ters and hormones in the regulation of physiological balance. Serotonin, mainly 
synthesized in GIT, has been studied for a long time, probably because of its multiple 
effects on gastrointestinal motility as well as central nervous activities. Recent studies 
have provided evidence that changes to the gut microbiota could have a marked effect 
on serotonin production and thus influence a person’s moods and cognitive abilities 
[43, 44]. This serotonin production is controlled by the microbiota, which in turn can 
alter the synthesis and release of these molecules. After its synthesis, serotonin works 
in the brain by using the vagus nerve or by blood-borne method, regulating emotions 
and conduct [31].

Besides, the impact of the gut microbiota in synthesizing the inhibitory neu-
rotransmitter gamma-aminobutyric acid (GABA) has been attracting focus. Some 
bacteria have been found to biosynthesize GABA, some of which affect the local gut 
ecosystem as well as the CNS relief [43].

In addition, interactions between ghrelin, leptin, and the CNS have been further 
described. Though ghrelin was initially discovered to regulate food intake, it seems to have 
several functions other than energy balance, including the regulation of mood and cogni-
tive functions, which is also true for leptin, apart from its role in signaling satiety [45].

4.  Gut microbiota and cognitive function

4.1 Neuroinflammation and cognitive decline

Neuroinflammation, which activates the brain’s immune cells, plays a crucial role 
in cognitive impairment. Microglia are the resident immune cells in the brain with a 
critical role in promoting healthy neural responses. However, constant stimulation of 
these cells results in the persistent production of pro-inflammatory cytokines such as 
tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-
1β). Even though these molecules are helpful in cases of acute inflammation, chronic 
synthesis of these molecules affects the synaptic plasticity and impairs neuron 
signaling and promotes neurodegeneration. This leads to inflammation, which injures 
neural circuits that are involved in learning and memory, and therefore contributes to 
the development of progressive cognitive decline [46].
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One of the long-term trends that stems from the outlined neuroinflammation 
is the disruption of the so-called blood–brain barrier (BBB), which prevents some 
substances from getting into the brain. Inflammation disrupts the integrity of the 
BBB in chronic inflammation and allows peripheral inflammatory mediators, immune 
cells, and toxins to penetrate the CNS [47]. This breach also worsens inflammatory 
processes and increases the rate of neuronal damage. Neuroinflammation also acti-
vates the release of ROS, which leads to oxidative stress at the same time. These ROS 
affect neurons and synapses, leading to the aggravation of structural and functional 
abnormalities of the brain connectivity and selectively in the hippocampal region 
implicated in memory [48].

Neuroinflammation is well associated with neurodegenerative diseases, 
including Alzheimer’s disease. These pro-inflammatory cytokines promote the 
formation of amyloid-beta plaques and the pathologic accumulation of hyper-
phosphorylated tau in Alzheimer’s disease. These abnormal protein deposits 
exacerbate inflammation and speed up neuronal loss, which forms a dangerous 
feedback loop that heightens cognitive loss. Such an involvement of inflamma-
tion and neurodegenerative pathology implies that neuroinflammation should be 
targeted in therapeutic approaches [49].

Chronic inflammation is a prime cause since the general regulation of immunity 
weakens as a person grows older. Also, gut dysbiosis is an abnormal microbial ecosys-
tem in the gut, and this affects the inflammation that flows along the gut-brain axis. 
Other aspects of the primary neuroinflammation include modifiable lifestyle factors, 
including unhealthy diet, lack of physical activity, chronic stress, and sleep depriva-
tion, all of which contribute to additional aspects of neuroinflammation.

4.2 Neurotransmitter production and synaptic plasticity

The biogenesis of neurotransmitters and related functions in synaptic plastic-
ity are inherent to the process of neural transmission, learning, and memory. 
The dorsal striatum, which forms a key part of the forebrain and constitutes a 
major part of what is perhaps the most intricate component of the brain involved 
in action control and learning, can illustrate this paradox vividly. In this area, 
dopaminergic, glutamatergic, and endocannabinoidic systems modulate both the 
afferent and efferent activities of medium spiny neurons (MSNs), the major type 
of neurons in the striatum. These interactions support two major forms of long-
lasting synaptic plasticity, that is, long term potentiation (LTP) and long term 
depression (LTD) [50].

LTP at these inputs is governed by N-Methyl D-Aspartate (NMDA) receptors and 
may involve dopamine D1 or adenosine A2A receptors on the medium spiny neurons 
(MSNs). Calcium influx triggered by LTP activates calmodulin-dependent pathways 
(e.g., CaMKII) and calmodulin-independent mechanisms, driving synaptic modi-
fications such as AMPA receptor insertion. These adaptations potentiate synaptic 
efficacy, underlying goal-directed learning and skill acquisition [51, 52].

In contrast, LTD involves retrograde endocannabinoid signaling, initiated by 
activation of metabotropic glutamate receptors (mGluRs) and dopamine D2 receptors 
[53]. This process reduces neurotransmitter release probability at presynaptic termi-
nals, influencing the plasticity required for habit learning. This bidirectional modu-
lation of synaptic strength (LTP and LTD) enables the striatum to support diverse 
learning paradigms, such as the transition from goal-directed actions to habitual 
behaviors as tasks are repeated and automatized [50, 54].
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The striatal neuromodulation is further influenced by the interaction effect 
between different neurotransmitters. For example, dopamine regulates glutamate 
and GABA inputs in the output neurons in the striatum to regulate the excitation 
and inhibition required in the timing and selection of motor and other actions [55]. 
These endocannabinoids, acting through specific CB1 receptors, are known to play 
a profound role in the regulation of LTD at both the excitatory and inhibitory syn-
apses. These mechanisms underline the basic tenets of two processes carried out by 
neurotransmitters, namely the direct interactions at the synaptic level and long-term 
adaptive forms [56].

The complex activity of neurotransmitters in the regulation of synapses and 
synaptic plasticity has even put them at the vanguard of cognition and behavior. 
Dopaminergic signaling is especially important consistently in the initial learning 
involving LTP and habitual learning involving LTD. The overlapping and integration 
of these neurotransmitter systems within the striatum allows the fine tuning of the 
neural circuits and thus learning and desirable behavior. These considerations also 
provide avenues for casting a therapeutic net for neuropsychiatric diseases character-
ized by abrogated plasticity, such as Parkinson’s disease, which tilts the balance and 
undermines the graceful functions of these highly regulated circuits by virtue of 
aberrant dopaminergic neurotransmission [57].

5.  Pathways and signaling of the gut-brain axis and memory: Bridging 
the gap

5.1 Immune pathways and neuroinflammation

The term neuroinflammation refers to the activation of the body’s immune 
system response mechanisms, focusing specifically on the immune activity taking 
place within the CNS, and for good and bad, neuroinflammation is a process that is 
central to maintaining brain health. Just as acute neuroinflammation is protective 
through clearance of infection and repair of neural damage, chronic or uncontrolled 
neuroinflammation is implicated in neurodegeneration and cognitive decline. 
Neuroimmunology refers to the processes by which immune responses contribute 
to neuroinflammation, and this comprises complex interactions between resident 
immune cells, extravasated cytokines, and circulating inflammatory mediators.

Microglia, which are the macrophages of the central nervous system, form the 
fulcrum of neuroinflammation. These cells become active in response to the injury 
of tissue, infection, or the presence of neurotoxic substances. Once activated, the 
microglia assume the reactive state and begin to release presynaptic cytokines, 
including tumor necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), and interleukin 
1-beta (IL-1β). These cytokines can interfere with the normal process of synaptic 
transmission, hinder communication between neurons, and compromise the integrity 
of the BBB, allowing for the influx of additional leukocytes from the periphery and 
escalating neuroinflammation [58].

Toll-like receptor signaling is one of the major pathways through which an 
immune response is elicited in the CNS. Among those, TLR4 is engaged by LPS 
derived from bacterial infections, and subsequent activation of the NF-κB pathway. 
NF-κB migrates to the nucleus to promote the degradation of genes that manufacture 
further pro-inflammatory cytokines and enzymes like inducible nitric oxide synthase 
(iNOS) and cyclooxygenase-2 (COX-2), and sustain inflammation [59].
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Oxidative stress is another feature that is evident in neuroinflammation and will 
be discussed next. Activated microglia release reactive oxygen species and nitric 
oxide, both of which have toxic effects on neurons, compromise the integrity of mito-
chondria, and antagonize synaptic plasticity. These reactive molecules build up in the 
brain and cause damage linked to neurodegenerative disorders such as Alzheimer’s 
disease and Parkinson’s disease [60].

Prostaglandins produced following the COX-2 pathway are further well-known 
inflammatory mediators in neuroinflammation. Related to PGE2 are neuronal 
excitotoxicity, synaptic dysfunction, and cognitive impairment. Blocking the COX-2 
pathway can mitigate this pathway holds potential for curtailing neuroinflammation 
and preserving cognition [61].

Targeting immune-related pathways, which contribute to neuroinflammation, 
involves the use of drugs such as anti-inflammatory drugs, antioxidants, as well as 
those drugs that aim at reinstating the gut microbiome. For example, selective COX-2 
inhibitors, proactive drugs blocking the NF-κB pathway, and probiotics normalizing 
systemic inflammation have been shown to precondition. Proper immune regulation 
and a shield against the damaging actions of constant inflammation in the brain are 
the goals of these approaches.

5.2 Short-chain fatty acids (SCFAs) and their role in brain and immune function

Short-chain fatty acids (SCFAs), particularly butyrate, acetate, and propionate, 
are metabolic byproducts synthesized by gut bacteria through the fermentation of 
dietary fiber and resistant starch. These metabolites play a central role in regulating 
communication between the gut and brain and influence nearly all aspects of neu-
rological activity. SCFAs exert both direct and indirect effects on the central nervous 
system and thus are critical for overall brain function and behavior [14, 15, 19, 62].

SCFAs contribute to the functional integrity of the hippocampus—an essential 
region of the brain involved in memory and learning—highlighting the importance 
of a healthy gut microbiota for overall brain well-being. Butyrate enhances the 
barrier functions of the blood–brain barrier (BBB) and reduces neuroinflammation, 
which is essential for neuroplasticity. SCFAs are transported across the BBB through 
monocarboxylate transporters and help regulate brain function by modulating tight 
junction proteins such as claudin and occludin, thereby reducing BBB permeability 
and protecting the brain from inflammation [14, 15, 62, 63].

One of their key mechanisms is the regulation of neuroinflammation. SCFAs 
control microglial cell function, for example, butyrate reduces the levels of inflamma-
tory cytokines such as IL-1β, TNF-α, and IL-6, and regulates the M1/M2 phenotype 
of microglia. These anti-inflammatory actions are partly mediated by the inhibition 
of histone deacetylase (HDAC), which plays a role in suppressing harmful epigenetic 
modifications in neurons [63, 64].

At the molecular level, SCFAs modulate neurotransmitter synthesis and neu-
rotrophic factors. Butyrate has been shown to elevate levels of brain-derived neu-
rotrophic factor (BDNF), a molecule essential for synaptic plasticity and memory 
formation. Additionally, SCFAs influence neurotransmitter pathways by acting on 
enzymes involved in the synthesis of serotonin, dopamine, and GABA. For instance, 
acetate and butyrate can upregulate proteins responsible for producing dopamine (via 
tyrosine hydroxylase) and serotonin (via tryptophan hydroxylase) [65].

Beyond their neurological roles, SCFAs also have significant effects on immunity. 
They regulate immune responses and maintain mucosal barrier integrity. These 
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anti-inflammatory properties are especially relevant because disruptions in SCFA 
production have been linked to neurodegenerative diseases [66]. The immune and 
nervous systems interact via cytokines, neuropeptides, and neurotransmitters. 
Dysbiosis in the gut microbiota can alter cytokine profiles, contributing to the 
development of neuroinflammatory conditions [67, 68]. Immunocytes also synthesize 
neurotransmitters and neuropeptides that interact with both immune and neural 
receptors, supporting the concept that immune-activated signaling pathways medi-
ated by SCFAs are integral to gut-brain communication [69].

The human gut microbiota, comprising trillions of microorganisms such as bacte-
ria, fungi, and viruses, performs numerous essential functions, including digestion, 
vitamin synthesis (e.g., vitamin K and B-complex), immune regulation, and protec-
tion against pathogens by competing for nutrients and space [23, 24]. These microbes 
synthesize bioactive compounds like SCFAs, which affect not only local gut health but 
also systemic physiological and neurological processes [25].

5.3 Evidence from animal models and human studies

Animal models and human studies investigating the gut-brain axis role in cogni-
tion, mood, and memory have increased unprecedentedly. These investigations offer 
related views on how the microbiota, neurotransmitters, immunologic factors, and 
molecular communication networks are interrelated and involved in modulating the 
CNS and behavior.

5.3.1 Animal models

These mouse models include germ-free (GF) mice and specific-pathogen-free 
(SPF) mice that have played a major role in understanding the societies of gut micro-
biota in relation to brain health. Ablation of the microbiome results in GF mice with 
50% loss of function in learning, memory, and social skills compared to SPF counter-
parts. For instance, animals in which GF was performed show deficits in hippocampal-
dependent tasks, like spatial memory tests using the Morris water maze, and these may 
be attributed to low levels of BDNF in the hippocampus of GF mice. Depopulation of 
pathogenic microbial species and the restoration of lost friendly microbes, including 
Lactobacillus and Bifidobacteria, enhance learning ability and rewire the brain, prov-
ing the complexity of GI microbiota and the human brain [70, 71].

Research with both probiotics and antibiotics in animal, particularly rodent, 
models also points to the role of the microbiota in cognition. Probiotics have the abil-
ity to affect brain functions such as stress coping and memory, HPA axis, and cortisol 
levels. On the other hand, excess antibiotic use prevents healthy brain development 
and increases several markers of neuroinflammation, indicating how the gut micro-
biota affects and is affected by the central nervous system [72, 73].

5.3.2 Human studies

Cross-sectional and intervention human studies have supported those observa-
tions from animal studies and provided evidence that microbiota does play a role 
in cognition and mood. Research focusing on the pathophysiology of the gut-brain 
connection in IBS and IBD has demonstrated that changes in the composition and/
or function of the gut microbiome are linked to compromise in cognitive func-
tion and increased stress reactivity [74]. Similarly, the schizophrenic patient and 
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neuropsychiatric patients who experience depression and anxiety also show signs of 
gut dysbiosis, reduced serotonin synthesis, and aberrant tryptophan metabolism [75].

Studies with human subjects identified by meta-analysis of dietary interventions 
and of randomized controlled clinical trials with probiotics sum up well the impor-
tance of microbial communities in brain functions. For example, some food products 
containing Lactobacillus rhamnosus and Bifidobacterium infantis have been proven to 
have a positive effect on memory, decrease cortisol levels, and augmentation of the 
ability to regulate one’s emotions. fMRI studies show alteration in the brain connec-
tivity patterns, especially in areas involved in emotional and memory, after probiotic 
consumption, further extending testimonies on the efforts of microbiota in regulat-
ing cognitive functions [76, 77].

6.  Link between gut dysbiosis and neurodegenerative diseases

Gut dysbiosis—the imbalance in gut microbiota—has been linked to cognitive 
impairment and neurodegenerative conditions like Alzheimer’s and Parkinson’s 
diseases. A number of studies published recently address the interdependence 
between the abnormal bacterial composition of gut microbiota and neurodegenera-
tive diseases. The gut-brain connection ensures interaction between the gut flora and 
the brain, hence impacting neurological health.

6.1 Alzheimer’s disease and the gut-brain axis

Cognitive impairment involving amyloid-beta plaque and neuroinflammation 
in AD has recently highlighted the link between the gut microbiota. Dysbiosis may 
contribute to AD pathogenesis through:

• Neuroinflammation: A disbalance in the gut microbiota induces a systemic 
inflammation which contributes to neuroinflammation and amyloid-beta accu-
mulation in the brain [78, 79].

• Microbial metabolites: These include short-chain fatty acids, which reach the 
colon and are involved in the regulation of gut and brain barrier function, and 
are often lower in people with AD. This reduction destabilizes the neurons and 
their functions [80].

• Gut barrier integrity: In dysbiosis-associated “leaky gut,” LPS translocation 
into the circulation activates Toll-like receptor 4 (TLR4) inflammation [81]. 
Currently, AD foods/herbal remedy probiotics and dietary modulations in AD 
are subjects of active research [82].

6.2 Parkinson’s disease and gut microbiota

Parkinson’s disease is a movement disorder as a result of the degeneration of the 
dopaminergic neurons in the substantia nigra. Evidence recommends a strong link 
between gut microbiota and PD:

• Alpha-synuclein aggregation: Dysbiosis may facilitate the accumulation of the 
protein known as alpha-synuclein, a critical feature of PD, in the enteric nervous 
system before spreading to the brain through the vagus nerve [83].
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• Gut inflammation: A study tracing ongoing low-grade inflammation of the gut 
lining due to microbial dysbiosis has also highlighted a link between raised 
intestinal permeability and systemic inflammation and PD deterioration [84].

• Bacterial metabolites: The composition and the function of SCFAs related to gut 
microbiota changes are linked to the modulation of motor symptoms and neuro-
inflammation in PD patients [85]. The use of prebiotics, probiotics, and FMT as 
a strategy to modulate microbiota may provide positive effects on PD symptoms 
and possible progression.

6.3 Impact of gut microbiota disruption on memory and cognition

Imbalance in the gut microbiota mainly affects neurological processes such as mem-
ory, learning, and executive function. Mechanisms underlying these effects include:

• Neuroinflammation: Such inflammation results in alterations of synaptic plasticity 
and impairment in the hippocampal region that is important for memory [33].

• Neurotransmitter production: The microbiome in the gut creates hormones such as 
serotonin, dopamine, and GABA that have a direct impact on behavior and emo-
tions. Impairment of the synthesis of these molecules causes dysbiosis, resulting 
in cognitive impairment [86].

• HPA axis dysregulation: Stress-induced dysbiosis disrupts the gut-brain-signaling 
network via the activation of the HPA axis, leading to cognitive impairment [87].

These studies emphasize the possibility of interventions for the modulation of the 
intestinal microbiota, including the use of probiotics and improved diet as means of 
improving cognitive function and preventing its deterioration [88].

7.  Inflammation, stress, and the gut

Chronic inflammation also targets “failed” immune complexes at the blood–brain 
barrier, which cause significant impairments in memory and cognition, which are 
associated with chronic inflammation. Elevated levels of pro-inflammatory cyto-
kines, for example, interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), 
negatively influences neuron growth or neuroplasticity and hampers hippocampal 
neurogenesis, which consequently hampers cognition. Another of the studies found 
that elevations in IL-6 over time conferred greater risk of cognitive decline based on 
population-based data covering 20 years, indicating that, even at early stages, chronic 
inflammation has adverse effects on memory formation [89].

In addition to that, when there is always peripheral inflammation, microglia in 
the brain are also activated, which in turn inhibits the differentiation of neuronal 
stem cells and enhances apoptosis of progenitor neurons. Such a neuroinflammatory 
cascade disrupts the integration of new neurons developed within specific circuits 
and leads to memory and learning impairments [90].

As these findings show how stress and inflammation can undermine gut-brain 
communication, the next section will look at interventions aimed at restoring healthy 
gut function for better cognitive outcomes.
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Strategy Description Key references

Targeting 
microbial 
metabolites

Substances that promote the synthesis of beneficial gut-derived 
metabolites, particularly short-chain fatty acids (SCFAs). These 
compounds are linked to decreased neuroinflammation and enhanced 
synaptic plasticity.

Frost et al. [93]

Receptor 
modulation

Medications acting on receptors that influence gut-brain communication, 
especially those affecting GI motility and cognition. Example: SSRIs target 
serotonin receptors in the GI tract.

Mayer et al. [33]
Guzel and 
Mirowska- 
Guzel [94]

Psychobiotics 
development

Use of psychobiotics—a subclass of probiotics with 
psychopharmacological effects—to treat mood and cognitive disorders 
via gut microbiota regulation. Recent research has highlighted advances 
in quantifying bioactive microbial metabolites (e.g., SCFAs, GABA) that 
mediate gut-brain effects and supports their relevance for mental health 
intervention strategies.

Dinan et al. [95]
Kyei-Baffour 
et al. [96]

Table 1. 
Therapeutic strategies.

8.  Targeting the gut for cognitive benefits

Given the significant role of gut microbiota in cognitive function, targeted inter-
ventions such as probiotics, diet modifications, and microbiome-driven therapies 
present exciting therapeutic possibilities. Pharmacological intervention through 
bacterial targeting, known as microbiota modulation, is becoming the focus for 
non-invasive interventions for neurological and psychiatric diseases. Sequencing 
techniques have made it possible to arrive at specific probiotics that can supplement 
one’s deficiencies, likely to contribute to poor cognition or mood disorders in the gut 
microbiome [91]. The best-known subcategory of the probiotics is psychobiotics that 
act on and modulate the microbiota’s bidirectional communication with the brain for 
improving mental health, while Lactobacillus rhamnosus influences the stress level and 
even memory stress of animals in studies conducted without using humans. Finally, 
postbiotics, which are products of bacterial metabolism, including SCFAs, have 
beneficial effects, including enhancement of the integrity of the blood–brain barrier 
and reduction of inflammation. These findings suggest that this approach is especially 
viable in neurodegenerative diseases such as Alzheimer’s and Parkinson’s due to a 
disruption of gut bacteria before the onset of symptoms. These therapies focus on 
the microbiome, which, if modulated, can help slow down the progression of illness 
through a decrease in neuroinflammation and enhanced communication between gut 
and brain [92].

9.  Pharmacological approaches targeting gut-brain pathways

Building on the potential of gut-targeted therapies, pharmacological 
approaches have been developed to modulate the gut-brain axis, aiming to 
improve memory and cognitive processes. Pharmacological practices have been 
targeted at the physiological ways in which signaling interactions between the gut 
and the brain can promote improved memory and simpler cognitive processes, as 
shown in Table 1.
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10.  The microbiome’s role in aging and longevity

As we explore the potential of gut-targeted therapies, it is also important to 
consider the role of the gut microbiota in aging and cognitive decline. The natural 
biological phenomenon in senescence comprises not only the gradual physical dete-
rioration but also the various forms of cognitive constraints, for example, memory 
deterioration and poor control of executive functions, and a decrease in the speed 
of mental processes. Recent studies have established that the armies of trillions of 
microbes living in the gut, known as the gut microbiota, dynamically regulate these 
processes of aging. During aging, they found that the microbial and inflammatory 
properties grew more prevalent, and there was a lesser presence of various beneficial 
microbes such as Bifidobacteria and Akkermansia muciniphila [97]. These altera-
tions modify the immune system, thereby promoting inflammation, which increases 
neuroinflammation, which is a major trigger to cognitive decline.

11.  Conclusion

The gut-brain axis is a remarkable connection that maps the gastrointestinal 
tract and the brain and underlines the influence of gut microbiota on the brain and 
cognition. The gut microbiota can influence neurotransmitter synthesis, immune 
regulation, and synthesis of SCFAs and subsequently contribute to the modulation of 
synapse plasticity, neuroinflammation, and cognition with special reference to learn-
ing and memory phenomena.

Intestinal dysbiosis has emerged as a critical factor co-related with cognitive 
impairment, Alzheimer’s and Parkinson’s diseases, and mood disorders. The approach 
to gut health by management of diet, probiotics, and drugs indicates potential to 
boost brain health and control neuroinflammatory disorders. These therapies focus 
on how essential it is to preserve microbial richness and composition in the bowels for 
cognitive preservation and superior mental health.

Further research in this area has the ability to change the way patients with cogni-
tive and neurodegenerative disorders are treated, as well as expand knowledge of how 
the brain and its biome are intricately dependent on each other.

Abbreviations

ENS enteric nervous system
CNS central nervous system
GABA gamma-aminobutyric acid
SCFAs short-chain fatty acids
HPA hypothalamic–pituitary–adrenal (axis)
GIT gastrointestinal tract
BBB blood–brain barrier
LTP long-term potentiation
LTD long-term depression
IBS irritable bowel syndrome
IBD inflammatory bowel disease
CCK cholecystokinin
GLP-1 glucagon-like peptide 1
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Chapter 5

The Role of Complementary 
and Alternative Therapies in the 
Regulation of Gut Microbiota
Mi Liu, Sihui Cao, Haihua Xie, Jia Jiang, Weiai Liu, Geshu Du, 
Shulin Xiong, Rong Luo and Penghui Lu

Abstract

The gut microbiota constitutes a complex ecosystem, and its composition and 
function are intricately linked to human health. Dysbiosis of the gut microbiota is 
closely associated with the onset and progression of various diseases, including gas-
trointestinal, immune system, metabolic, and neurological disorders. Consequently, 
modulating the gut microbiota to reestablish its balance has emerged as a crucial 
strategy for the prevention and treatment of these diseases. This chapter will delve 
into the roles of complementary and alternative therapies, such as acupuncture, 
massage, Chinese herbal medicine, dietary therapy, exercise, and psychological 
interventions, in modulating the gut microbiota. It will underscore the significant role 
of these therapies as a beneficial complement to modern medicine in the context of 
holistic pathology. These complementary and alternative therapies not only modu-
late the gut microbiota but also enhance the physiological functions of the human 
body and improve the body’s self-healing ability through holistic regulation. These 
therapies offer unique advantages in clinical applications, such as fewer side effects, 
simple operations, and easy integration into daily life. By systematically analyzing 
the mechanisms of action and clinical application prospects of these therapies, this 
chapter aims to provide readers with a comprehensive and in-depth perspective 
to understand the significant value of complementary and alternative therapies in 
gut microbiota modulation and to offer references for future research and clinical 
applications.

Keywords: complementary and alternative therapies, gut microbiota, regulation, 
traditional medicine, holistic health

1.  Introduction

The gut microbiota constitutes a complex ecosystem, teeming with trillions of 
microorganisms, primarily bacteria, archaea, fungi, and viruses. It is also referred 
to as the “second genome” of the human body. In contemporary medical research, 
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the significance of the gut microbiota is increasingly emphasized. With the swift 
advancement of molecular biology technologies, particularly the widespread adoption 
of metagenomics and metabolomics, an increasing number of studies indicate that 
the composition and function of the gut microbiota are intimately connected with 
human health. For instance, gut microbes can break down dietary fiber, synthesize 
vitamins, and produce short-chain fatty acids (SCFAs), which are essential for the 
host’s energy metabolism and gut health. Furthermore, the gut microbiota interacts 
with the host immune system, playing a role in the development and regulation of 
the immune system, and upholding the integrity of the intestinal mucosal barrier to 
prevent pathogen incursion.

However, the homeostasis of the gut microbiota can be affected by dietary habits, 
lifestyle, and psychological stress. This state of imbalance is referred to as gut dys-
biosis, which is closely associated with the occurrence and development of a variety 
of diseases, including gastrointestinal diseases, immune system diseases, metabolic 
disorders, and neurological diseases. For instance, patients with inflammatory bowel 
disease (IBD) often exhibit significant alterations in their gut microbiota, such as a 
decrease in beneficial bacteria and an increase in harmful bacteria; obese individuals 
often show a reduction in the diversity and abundance of gut microbiota, with an 
increase in the number of Firmicutes and a decrease in the number of Bacteroidetes. 
Consequently, modulating the gut microbiota to restore its balance has become one of 
the important strategies for the prevention and treatment of related diseases.

Current methods for modulating the gut microbiota encompass antibiotic therapy 
and probiotic supplements. While these approaches can be effective to a degree, they 
also come with specific drawbacks. Antibiotics, frequently utilized in clinical settings 
to eradicate harmful bacteria, often lack specificity. They may eliminate harmful 
bacteria but can also harm beneficial bacteria in the process. Furthermore, prolonged 
antibiotic use can result in significant suppression of the microbiota and contribute to 
antibiotic resistance, thereby worsening the imbalance in gut microbiota and compli-
cating treatment. Probiotic supplements aim to replenish beneficial bacteria directly, 
yet their effectiveness varies considerably among individuals. Their colonization and 
survival in the gut are limited and influenced by various factors such as gastric acid, 
bile acids, and the intestinal environment, and their effects are not always ideal.

Thus, in this chapter, Complementary and Alternative Medicine (CAM) has 
gradually garnered attention due to its safety, efficacy, and unique mechanisms of 
action. CAM encompasses a variety of methods and techniques employed outside 
the mainstream medical system to promote health and treat diseases. Within the 
realm of traditional Chinese medicine, complementary and alternative therapies such 
as Chinese herbal medicine, acupuncture, massage, dietary therapy, exercise, and 
psychological interventions have shown unique advantages in regulating bodily func-
tions and enhancing the body’s self-healing capabilities. These therapies influence the 
human body by balancing the flow of qi and blood, enhancing the functions of the 
internal organs, and fortifying the body’s vital energy, thereby directly or indirectly 
affecting the composition and function of the gut microbiota. These therapies have 
amassed a wealth of experience through long-term clinical practice, with minimal 
side effects, ease of implementation, and can be seamlessly integrated into people’s 
daily lives. Holistic pathology underscores the importance of understanding the 
pathogenesis and treatment strategies of diseases from a comprehensive perspective. 
The role of complementary and alternative therapies in modulating the gut micro-
biota is not only a beneficial supplement to modern medicine but also provides a new 
perspective for the study of holistic pathology.
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This chapter will explore the influence of complementary and alternative thera-
pies on the modulation of the gut microbiota. We will examine how traditional 
therapies, such as Chinese herbal medicine, acupuncture, massage, dietary therapy, 
exercise, and psychological interventions, can maintain and restore the balance of 
gut microbiota through various mechanisms, thus preventing and treating related 
diseases. Through a systematic analysis of these therapies, we aim to uncover their 
potential mechanisms in modulating gut microbiota and to investigate the prospects 
and challenges in their clinical application.

2.  The impact of traditional Chinese medicine on the gut microbiota

Modern research has revealed that traditional Chinese medicine (TCM), as a complex 
system of natural remedies, offers numerous advantages. It can inhibit tumor progression, 
reduce therapeutic resistance, enhance immune function, and alleviate the side effects 
of conventional therapies. The active components of TCM modulate the composition 
and function of the gut microbiota through various pathways, promoting its balance and 
health. Thus, it serves as a reliable complementary and alternative therapy.

Studies have reported [1] the potential of Chinese herbal medicine in treating 
colorectal cancer, particularly through the regulation of gut microbiota and metabo-
lites to exert anticancer effects. Research indicates that certain Chinese herbal medi-
cines, such as Pien Tze Huang, can modulate gut microbiota and metabolites, enhance 
gut barrier function, and inhibit carcinogenic and pro-inflammatory pathways, 
thereby suppressing the occurrence of colorectal cancer. Additionally, traditional 
Chinese medicine formulas like Huangqin decoction and San Wu Huangqin decoction 
can reduce inflammation levels and improve gut microbiota imbalance by modulating 
gut microbiota and metabolites, thus inhibiting the development of colorectal cancer. 
The multi-component nature of Chinese herbal medicine provides a unique advan-
tage in modulating gut microbiota and metabolites, offering new perspectives for the 
prevention and treatment of colorectal cancer.

Liu et al. [2] discussed the mechanism by which traditional Chinese medicine 
improves lipid metabolism disorders through the regulation of intestinal flora and 
their metabolites. Lipid metabolic disorders are associated with a variety of metabolic 
diseases, including hyperlipidemia, obesity, non-alcoholic fatty liver disease, and 
atherosclerosis. The imbalance of intestinal flora is considered one of the important 
pathogenic mechanisms of lipid metabolism disorders. In recent years, it has been 
found that traditional Chinese medicine, with its characteristics of multi-components 
and multi-targets, can significantly improve the composition and function of intesti-
nal flora, maintain the homeostasis of intestinal flora, and regulate lipid metabolism. 
For instance, pachymaran can enhance intestinal barrier function and activate the 
peroxisome proliferator-activated receptor gamma (PPAR-γ) pathway by increasing 
the number of butyric acid-producing bacteria. Simiao decoction plays a role in com-
bating non-alcoholic fatty liver disease by altering the composition of intestinal flora, 
particularly by increasing the proportion of Akkermansia muciniphila and down-
regulating the production of pro-inflammatory proteins. Additionally, intestinal flora 
can convert the effective components of traditional Chinese medicine into secondary 
metabolites, thus playing a therapeutic role in regulating lipid metabolism-related 
pathways and gene expression. The clinical application of traditional Chinese medi-
cine and its impact on intestinal flora and lipid metabolism offer a new perspective 
and method for the prevention and treatment of lipid metabolism disorders (LMD).
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Additionally, a study [3] isolated and purified a novel water-soluble polysac-
charide, PLP1, from the root of Pueraria lobata and investigated its protective effects 
and mechanisms against acute alcoholic liver disease (ALD). An acute ALD model 
was established in mice by administering baijiu (Chinese liquor) via gavage, and the 
effects of PLP1 on liver injury, lipid metabolism, oxidative stress, and inflammatory 
responses were observed. The regulatory effects of proteolipid protein 1 (PLP1) on 
the gut microbiota structure and SCFA content in mice were also analyzed. The results 
indicated that PLP1 exhibited superior free radical scavenging ability compared to 
amylose and amylopectin in vitro. In vivo, PLP1 effectively protected mice from 
alcoholic liver injury by inhibiting oxidative stress, modulating lipid metabolism, 
increasing SCFA production, and maintaining gut microbiota balance. The study 
also found that PLP1 could regulate the gut microbiota, increasing the abundance 
of beneficial bacteria (such as Bacteroidetes and Lactobacillus) and reducing the 
abundance of harmful bacteria associated with inflammation and metabolic disorders 
(such as Prevotellaceae), thereby maintaining gut microbiota balance through the 
gut-liver axis. These findings provide a theoretical basis for the clinical application of 
Pueraria polysaccharides in the treatment of alcoholic liver disease and demonstrate 
the potential of TCM polysaccharides to exert hepatoprotective effects by modulating 
the gut microbiota.

A recent study [4] investigated the mechanisms through which TCM ameliorates 
asthma-related immune imbalances by modulating the gut microbiota. Research 
in recent years has indicated that the gut microbiota significantly contributes to 
the development of asthma. TCM regulates the gut microbiota and its metabolites, 
including short-chain fatty acids and lipopolysaccharides, to achieve immune regula-
tion and suppress airway inflammation. Administered orally, TCM interacts with the 
gut microbiota via its active components, promoting the growth of beneficial bacteria 
and inhibiting the proliferation of harmful bacteria, thereby restoring the balance of 
the gut microbiota. Furthermore, polysaccharides, polyphenols, flavonoids, and other 
active components in TCM can be metabolized by the gut microbiota into substances 
with immune-regulatory effects, further alleviating asthma symptoms.

Numerous studies have also shown that TCM can alleviate constipation symptoms 
and modulate the gut microbiota and metabolites, thereby reducing inflammatory 
responses and protecting the intestinal mucosal barrier. For instance, Astragalus 
membranaceus can promote intestinal transit in loperamide-induced slow-transit 
constipation mice by modulating the composition of the gut microbiota and pro-
moting the production of butyrate [5]. Another study [6] reported that Astragalus 
membranaceus can effectively combat constipation by altering the gut microbiota and 
improving the intestinal environment. Additionally, a study [7] found that Jichuan 
decoction, a classic and well-known traditional herbal formula composed of Angelica 
sinensis, Achyranthes bidentata, Alisma plantago-aquatica, Cistanche deserticola, 
Cimicifuga foetida, and Fructus Aurantii Immaturus, can alleviate chronic constipa-
tion by inhibiting the cAMP/PKA/AQPs signaling pathway, modulating inflammatory 
responses, and maintaining gut microbiota homeostasis. Moreover, Jichuan decoction 
also maintains intestinal health by reducing the apoptosis rate of enteric glial cells [8].

In recent years, the mechanisms of interaction between TCM and the gut 
microbiota have attracted widespread attention. Scholars believe that [9] the 
impact of TCM on the composition of the gut microbiota is not merely a simple 
summation of a few individual herbs, but rather that different combinations of 
herbs also play specific pharmacodynamic roles in regulating the production 
of gut bacterial metabolites. Other studies [10] suggest that this interaction is 
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bidirectional: on the one hand, TCM can selectively inhibit or promote the growth 
of different types of gut microbes to modulate the structure and metabolic func-
tions of the microbiota, thereby promoting human health. On the other hand, the 
gut microbiota can metabolize TCM, potentially enhancing its therapeutic effects 
or reducing its toxicity, or possibly producing toxic metabolites. However, regard-
less of the specific mechanism, it is clear that TCM can treat various diseases by 
modulating the gut microbiota (Figure 1).

3.  The impact of acupuncture, moxibustion, and Tuina on the gut 
microbiota

3.1 Acupuncture

Acupuncture therapy modulates the flow of Qi and blood within the meridians 
by stimulating specific acupoints on the human body, thereby influencing the func-
tions of the viscera and achieving therapeutic effects. Its characteristics are its holistic 
regulatory nature and non-pharmacological intervention. Compared to the com-
monly used drug therapies in modern medicine, acupuncture offers advantages such 
as being non-toxic, lacking side effects, and being easy to administer.

Research has found that acupuncture can modulate the gut microbiota, and 
this modulatory effect can intervene in the occurrence and development of certain 
specific diseases. Therefore, some of the current research progress on acupuncture’s 
regulation of the gut microbiota in the treatment of related diseases is discussed 
below (Figure 2).

Figure 1. 
The regulation of the gut microbiota by traditional Chinese medicinal herbs for disease treatment.
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3.1.1 Acupuncture regulation of gut microbiota in insomnia model mice

Modern life is increasingly stressful, and insomnia has become the second 
most common mental disorder. If left untreated, chronic insomnia can harm 
people’s physical and mental health and reduce their quality of life. Research 
has found [11] that acupuncture at the Baihui (DU20), Sanyinjiao (SP6), and 
Shenmen (HT7) acupoints for 1 minute, with an insertion depth of 1 mm, has a 
hypnotic and sedative effect on insomnia mice induced by p-Chlorophenylalanine 
(PCPA) similar to that of the drug zopiclone. This acupuncture treatment reduces 
the abundance of certain bacterial genera in PCPA-induced insomnia mice, such 
as Faecalibacterium, Lachnospiracea incertae sedis, Anaerovorax, Oscillibacter, 
Pseudoflavonifractor, and Acetatifactor, while increasing the abundance of 
Lactobacillus. Lachnospiracea incertae sedis, as a butyrate-producing bacterium, 
can trigger regulatory T cells to exert anti-inflammatory functions, thereby fur-
ther regulating the immune system [12]. The abundance of Oscillibacter is signifi-
cantly positively correlated with the expression of interleukin (IL)-1β and IL-6, 
as well as the pathological score of ulcerative colitis in mice. Lactobacillus can 
reduce the levels of inflammatory cytokines in mice with chronic sleep fragmenta-
tion and counteract inflammation associated with Toll-like receptors. The results 
suggest that acupuncture may treat insomnia by modulating the gut microbiota to 
regulate the host’s immune response.

Figure 2. 
Acupuncture-induced modulation of the gut Microbiota for disease treatment.
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3.1.2  Acupuncture regulation of gut microbiota in inflammatory bowel disease model 
mice

Inflammatory bowel disease (IBD), encompassing ulcerative colitis (UC) and Crohn’s 
disease (CD), is a chronic, relapsing intestinal inflammatory disorder. The prevailing 
theory on the pathogenesis of IBD involves the intricate interplay of genetic, environmen-
tal factors, and the host immune system, resulting in aberrant immune responses and 
chronic intestinal inflammation. Traditional treatments for UC include aminosalicylates, 
corticosteroids, antibiotics, and immunomodulators; however, their long-term use 
is linked to high relapse rates and severe side effects, leading to poor patient compli-
ance. Relative to healthy individuals, IBD patients exhibit diminished gut microbiota 
diversity and a lower abundance of Firmicutes [13]. Studies have indicated [14] that 
electroacupuncture at the Guanyuan (CV4) and Zusanli (ST36) acupoints can enhance 
the α-diversity indices (Ace, Chao, Sobs, and Shannon) and β-diversity indices (PCA, 
PCoA, and NMDS) of the gut microbiota in dextran sulfate sodium (DSS)-induced UC 
mice, and mitigate UC symptoms. Further analysis has revealed that α-diversity indices 
are positively correlated with the percentage of Treg cells in CD4+ T cells and negatively 
correlated with the percentage of Th17 cells in CD4+ T cells. Whether electroacupuncture 
treatment alleviates UC symptoms via these pathways necessitates additional research. 
The regulation of the gut microbiota by acupuncture may emerge as a novel therapeutic 
approach for IBD in the future.

3.1.3 Acupuncture regulation of gut microbiota in simple obesity mice

Simple obesity, also known as primary obesity, is a prevalent condition marked 
by excessive fat accumulation in the body, resulting in a body mass index (BMI) that 
surpasses the healthy range. This can elevate the risk of developing other diseases, 
such as cardiovascular diseases, hypertension, arthritis, and type 2 diabetes [15]. 
Acupuncture is gaining recognition as a new therapeutic approach for simple obesity 
due to its safety, convenience, and minimal side effects. Si YC et al. [16] observed 
significant differences in the structure and function of the gut microbiota between 
healthy and obese mice. The acupuncture group’s gut microbiota began to resemble 
that of the healthy control group. Electroacupuncture intervention led to notable 
improvements in basic indicators such as body weight, Lee’s index, and blood lipids in 
patients with simple obesity. At the phylum level, the normal group was significantly 
enriched with Acidobacteria, Cyanobacteria, and Basidiomycota, whereas the elec-
troacupuncture group was significantly enriched with Fusobacteria, Firmicutes, and 
Spirochaetes. At the species level, the normal group was significantly enriched with 
Bacteroides sp. CAG: 927 and Prevotella sp. CAG: 1031, while the electroacupuncture 
group was significantly enriched with Lachnospiraceae bacterium and Helicobacter 
rodentium. The alterations in bacterial diversity and metabolic genes became sig-
nificant from the 7th day of electroacupuncture treatment and stabilized by the 21st 
day. These findings indicate that the gut microbiota could serve as a new target for 
electroacupuncture in treating obesity.

3.1.4 Acupuncture and the diversity of the gut microbiota

Research has indicated that acupuncture can modulate the gut microbiota, sig-
nificantly enhancing its diversity and the abundance of beneficial bacteria, thereby 
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optimizing the intestinal environment and achieving the goal of regulating the gut 
microbiota [17]. Xie et al. [18] discovered that acupuncture, when combined with 
traditional Chinese medicine, can effectively elevate the levels of Bifidobacterium and 
Lactobacillus in patients with ulcerative colitis, thus improving clinical symptoms. Li 
et al. [19] observed in a rat model of irritable bowel syndrome with diarrhea (IBS-D) 
that acupuncture at bilateral Tianshu, Dahuang, Zusanli, Shangjuxu, Taichong, and 
Baihui acupoints can increase the diversity of the gut microbiota in rats, with a rise 
in the abundance of Lactobacillaceae and Bifidobacteriaceae. Wang Liu-jing et al. 
[20] found that acupuncture at “Baihui,” “Zhongwan,” and “Zusanli” acupoints can 
decrease the gastric mucosal injury index and the extent of gastric mucosal lesions 
in a rat model of gastric ulcer, while also increasing the richness indices (Chao1) and 
diversity indices (Shannon). Wei et al. [14] treated dextran sulfate sodium-induced 
ulcerative colitis mice with electroacupuncture and moxibustion, and detected the 
gut microbiota genome using high-throughput sequencing. The findings indicated 
that both electroacupuncture and moxibustion improved the α-diversity and 
β-diversity indices of the gut microbiota.

3.2 Moxibustion

As one of the traditional Chinese medical therapies, moxibustion achieves its 
therapeutic effects by applying heat to acupoints along the meridians. This practice 
aims to warm and unblock the meridians, dispel cold, relieve pain, reduce swelling, 
and resolve lumps [21]. Moxibustion can also influence gastrointestinal microcircula-
tion and regulate the gut microbiota to treat diseases [22]. There are various types of 
traditional Chinese moxibustion therapies. This section will discuss the research on 
commonly used moxibustion methods and their regulation of the gut microbiota.

Umbilical moxibustion is a technique that involves applying moxibustion to 
the navel, specifically the Shenque acupoint. Shenque is known for having the 
richest abdominal microcirculation, and the amount and rate of transdermal 
absorption through its skin are significantly greater than those of non-acupoint 
skin [23, 24]. The site of umbilical moxibustion is near the intestines, and the heat 
produced by its combustion can quickly penetrate into the intestines, promoting 
intestinal motility through warmth. Yu Ziru et al. [25] discovered that umbilical 
moxibustion can notably decrease the relative abundance of Escherichia-Shigella in 
patients with subthreshold depression (SD), while notably increasing the relative 
abundance of Ruminococcus and Christensenellaceae_R-7_group. It also effec-
tively raises the relative abundance of Paraprevotella. Furthermore, they found 
that Christensenellaceae_R-7_group is significantly negatively correlated with the 
Hamilton Depression Scale (HAMD) score, whereas Escherichia-Shigella is positively 
correlated with the HAMD score. Umbilical moxibustion may alleviate depres-
sive symptoms in SD patients by modulating the abundance and diversity of gut 
microbiota, boosting beneficial bacteria, and diminishing harmful bacteria. Jing Cai 
et al. [26] utilized a powder moxibustion method (consisting of Atractylodes mac-
rocephala, Poria cocos, Atractylodes lancea, Pinellia ternata, Syzygium aromaticum, 
Borneolum syntheticum, and Zingiber officinale) in conjunction with traditional 
Chinese medicine health guidance to effectively enhance the phlegm-dampness 
constitution. This method significantly reduced the transformation score of phlegm-
dampness constitution, body weight, BMI, waist circumference, and hip circumfer-
ence in subjects with phlegm-dampness constitution, and notably increased the 
relative abundance of Eubacterium_hallii_group, with results superior to those of 
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single health guidance. Moreover, patients with hypertension exhibit a state of gut 
microbiota dysbiosis, which can lead to chronic intestinal inflammation. This inflam-
mation may increase peripheral vascular resistance and elevate blood pressure [27, 
28]. Additionally, metabolites produced by the gut microbiota can influence blood 
pressure levels [29]. Clinical observations have indicated that [30] heat-sensitive 
moxibustion applied at the navel can significantly lower blood pressure in individuals 
with primary hypertension, particularly reducing systolic pressure. It also effectively 
alleviates the clinical symptoms associated with primary hypertension.

Moxibustion with medicated cakes entails applying traditional Chinese medi-
cine to specific acupoints to harness the combined benefits of acupoints, merid-
ians, medicinal substances, and moxibustion for therapeutic purposes [31]. Liao 
[32] employed moxibustion with medicated cakes to treat patients suffering from 
irritable bowel syndrome with diarrhea (IBS-D), leading to a significant improve-
ment in symptoms such as frequent bowel movements, incomplete defecation, 
abdominal pain, and bloating. The patients’ Self-Rating Anxiety Scale (SAS) 
scores, Self-Rating Depression Scale (SDS) scores, and Irritable Bowel Syndrome 
Quality of Life Scale (IBS-QOL) scores were notably reduced. This improvement 
may be attributed to the antibacterial properties of the medicinal substances used 
in this form of moxibustion, which can suppress harmful bacterial populations 
within the gut microbiota.

Ginger-partition moxibustion is a form of moxibustion therapy that involves 
placing thin slices of ginger on acupuncture points as an intermediary layer. Ginger 
possesses warming properties that enhance yang energy, dispel cold, and strengthen 
the spleen, thereby promoting intestinal blood circulation and improving intestinal 
function. Lin et al. et al. [33] utilized ginger-partition moxibustion to treat chronic 
fatigue syndrome and observed a significant increase in the abundance of the 
Enterobacteriaceae family within the Enterobacteriales order, the Corynebacterium 
genus in the Corynebacteriaceae family, the Erysipelotrichaceae family, and the 
Actinomycetales order. Additionally, the Actinomyces genus, Ruminococcus genus, 
and Lactobacillus genus exhibited a clear microbial advantage over the control group. 
The Ruminococcus genus is among the more prevalent butyrate-producing bacterial 
genera [34], and butyrate is crucial for maintaining the stability of the intestinal 
microecology, repairing the intestinal mucosal barrier, and preventing lipopolysac-
charides from entering the bloodstream [35–37]. Concurrently, patients’ Fatigue 
Scale-14 scores were notably reduced, and their fatigue symptoms were significantly 
alleviated, which may be attributed to the therapy’s regulation of the gut microbiota 
structure to repair the intestinal barrier.

Heat-sensitive moxibustion is a novel form of treatment that identifies heat-sensi-
tive acupoints using suspension moxibustion. It stimulates the arrival of moxibustion 
qi through specific techniques, achieving an individualized desensitization dose for 
each acupoint, which significantly enhances the therapeutic effect [38]. Pan et al. [39] 
discovered that heat-sensitive moxibustion, when combined with herbal enemas, 
can regulate the diversity of the gut microbiota and promote the recovery of immune 
function. This is particularly beneficial for the recovery of gastrointestinal function 
following radical gastrectomy for gastric cancer. After undergoing radical gastrec-
tomy for gastric cancer, the beneficial bacteria Bifidobacterium and Lactobacillus 
were found in higher quantities in the group that received heat-sensitive moxibus-
tion combined with herbal enemas, compared to the normal saline enema group. 
Simultaneously, the harmful bacteria Escherichia coli and Enterococcus were present 
in lower quantities in the same group.
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In conclusion, moxibustion demonstrates significant effectiveness and safety in 
regulating the gut microbiota. Future research could focus on mechanistic studies and 
large-sample clinical trials to further explore acupoint selection, combined therapies, 
and the therapeutic effects of various types of moxibustion in modulating the gut 
microbiota. Such research would hold greater guiding and practical significance for 
both scientific inquiry and clinical practice (Figure 3).

3.3 Tuina

Tuina is a traditional manual therapy rooted in traditional Chinese medicine 
theories, such as meridian theory and the concepts of Qi and blood. It also incorpo-
rates modern medical knowledge. Tuina influences specific parts of the human body 
surface, including acupoints, meridians, muscles, and joints, through manual opera-
tions like pressing, rubbing, pushing, kneading, and pinching. The aim is to regulate 
the flow of Qi and blood, unblock meridians, balance Yin and Yang, relieve pain, and 
improve function. Thus, it achieves the goals of disease prevention and treatment, 
health promotion, and rehabilitation.

The origins of Tuina date back to ancient times when people instinctively relieved 
discomfort by pressing and kneading painful areas of the body, marking the primi-
tive form of Tuina. In modern times, Tuina has been integrated with modern medical 
knowledge, becoming more scientific and standardized. It has been included in the 
educational curriculum of traditional Chinese medicine colleges and is widely applied 
in clinical practice. Additionally, Tuina has gained international recognition and has 
become an integral part of the CAM field. It is applicable not only to diseases of the 
digestive system, musculoskeletal system, nervous system, and pediatrics, as well as 
rehabilitation treatment, but is also extensively used in health care and wellness.

Figure 3. 
Moxibustion-induced modulation of the gut microbiota for disease treatment.
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Tuina has shown potential in modulating the gut microbiota in various diseases. 
Preclinical studies have revealed that abdominal massage can increase the number 
of beneficial bacteria (such as the Bifidobacterium genus) while reducing the levels 
of harmful bacteria (such as the Ruminococcus_torques_group and Clostridium_
innocuum_group), significantly improving symptoms of functional diarrhea, restor-
ing intestinal barrier function, and reversing gut microbiota imbalance [40]. Tuina 
therapy can also enhance vagal activity and promote the secretion of appetite-regu-
lating factors, thereby enhancing gastrointestinal motility and improving digestive 
function, while modulating gut microbiota activity, effectively treating anorexia [41].

Furthermore, preclinical studies have indicated that Tuina significantly enhances 
the Shannon index of the gut microbiota in rats. Abdominal Tuina effectively pro-
motes gastrointestinal motility, enriches the diversity of gut microbiota, and boosts 
gut microbiota activity, thereby alleviating symptoms of slow-transit constipation 
(STC) induced by colonic motility inhibitors in rats and facilitating disease resolution 
[42]. Concurrently, clinical studies have demonstrated that acupoint Tuina therapy 
can modulate the gut microbial community structure in patients with chronic func-
tional constipation. The findings suggest that Tuina therapy increases beneficial bac-
terial genera, such as Pseudobutyrivibrio and Ruminiclostridium, while decreasing 
the harmful bacterial genus Fusicatenibacter, thus alleviating constipation symptoms. 
The potential mechanisms may involve the modulation of metabolic pathways and 
alterations in immune responses [43].

Recent research has indicated that Tuina therapy holds significant potential 
and clinical efficacy in treating metabolic diseases. For instance, in the context of 
Type 2 Diabetes Mellitus (T2DM), abdominal vibration Tuina has been shown to 
modulate the gut microbiota structure of T2DM rats. This is primarily evidenced by 
an increase in the relative abundance of Bacteroidetes; a reduction in the Firmicutes 
to Bacteroidetes ratio; an elevation in the relative abundance of beneficial bacteria 
such as Bifidobacterium and Akkermansia; a decrease in the relative abundance 
of opportunistic pathogens including Proteobacteria and its related classes and 
orders, Corynebacterium; and a reduction in the relative abundance of bacteria that 
negatively impact health, such as Blautia, Bacteroides wadsworthia, Ruminococcus, 
and Desulfovibrio. Abdominal vibration Tuina promotes the production of SCFAs, 
enhances intestinal barrier function, positively regulates the gut microbiota, and 
modulates intestinal homeostasis by altering the gut microbiota structure [44]. 
Clinical research data demonstrate that abdominal massage notably increases the 
abundance of beneficial bacteria (such as Bifidobacterium and Lactobacillus) while 
decreasing the abundance of harmful bacteria (such as Enterobacteriaceae and 
Enterococcus). This intervention corrects the gut microbiota disorder in T2DM 
patients to a significant degree. It exhibits substantial benefits in improving blood 
glucose control and lipid metabolism, including a reduction in total cholesterol, 
among T2DM patients [45].

Preclinical studies have demonstrated that Tuina therapy can significantly 
enhance social deficits, alleviate anxiety symptoms, and diminish stereotyped 
behaviors in autism spectrum disorder (ASD) model rats by altering the gut microbial 
community structure. This includes increasing the population of beneficial bacteria 
such as Blautia and decreasing the presence of harmful bacteria like Lactobacillus, 
as well as enhancing the metabolic functions of neurotransmitters [46]. Clinical 
studies have further confirmed that abdominal vibration Tuina can lower the 
Firmicutes/Bacteroidetes ratio in the gut microbiota of children with autism, elevate 
the proportion of probiotics including Bifidobacterium, and reduce the proportion 
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of Bacteroides and Ruminococcus. These changes positively impact gastrointestinal 
function and behavioral performance in children with ASD, potentially linked to 
improvements in inflammatory response levels in these patients [47].

In summary, as a form of complementary and alternative therapy, Tuina has 
exhibited promising effects and potential applications in modulating the gut micro-
biota and alleviating various diseases.

4.  The impact of dietary intervention on the gut microbiota

Diet is a decisive factor among the many that influence gut microbiota. A classic 
statement published in a prestigious journal once declared, “You are what you eat,” 
succinctly capturing the close relationship between diet and gut microbiota.

The types and quantities of gut microbiota differ among individuals, but they can 
typically be categorized into three groups: beneficial bacteria, harmful bacteria, and 
opportunistic pathogens. Different dietary habits can markedly alter the composition 
and function of the gut microbiota, thereby impacting human health. For instance, a 
high-fiber diet can boost the number and diversity of beneficial bacteria, whereas a 
diet high in fat and protein may increase the prevalence of harmful bacteria. Dietary 
interventions on gut microbiota offer several advantages, including rapid action, 
affordability, absence of side effects, and sustainability, making them an effective 
adjunct therapy and a means for long-term regulation. Some scholars have discovered 
that [48] resveratrol can increase the ratio of Bacteroidetes to Firmicutes in the gut 
of mice, inhibit the growth of the Prevotella genus, and enhance the abundance of 
Bacteroides, Lactobacillus, Bifidobacterium, and Akkermansia. By altering the gut 
microbiota, it suppresses the production of trimethylamine, thereby reducing the 
levels of trimethylamine N-oxide (TMAO) and lowering the risk of cardiovascular 
disease. Diet can significantly alter the composition of the gut microbiota within 
24 hours, and the changes in the gut microbiota caused by long-term dietary interven-
tion are more stable and difficult to reverse, and may even be irreversible. Studies 
have shown that [49] feeding mice with low-dietary fiber food leads to a decrease 
in gut microbiota diversity, but the changes in the gut microbiota can be effectively 
reversed after being fed with food rich in dietary fiber.

4.1 Applications of dietary intervention in different diseases

4.1.1 Cardiovascular diseases

Hypertension is a high-risk factor for cardiovascular diseases. There is an interac-
tion between dietary salt intake, gut microbiota composition, and blood pressure. A 
high-fiber diet can improve gut microbiota dysbiosis, increase the levels of acetogenic 
and Bacteroidetes, and enhance the local barrier function of the intestinal mucosa, 
thereby lowering blood pressure and reducing the risk of cardiovascular diseases [50].

The prevention and treatment of cardiovascular diseases can begin with the 
modulation of gut microbiota, with diet being the fundamental means. The first 
step involves improving one’s daily diet by reducing the intake of animal products, 
particularly red meat, and incorporating extra virgin olive oil, balsamic vinegar, and 
grapeseed oil while adhering to a Mediterranean diet. This diet, primarily consisting 
of fish, legumes, vegetables, fruits, nuts, and olive oil, with moderate red wine con-
sumption, is believed to prevent cardiovascular diseases and decrease the mortality 
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rate associated with them [51]. In the case of coronary heart disease, transitioning 
from a diet high in red meat to one rich in white meat or non-meat protein can 
significantly reduce TMAO levels within a few weeks, thereby inhibiting its role in 
promoting coronary atherosclerotic heart disease.

4.1.2 Tumor

Dysbiosis of the gut microbiota can lead to the disruption of the intestinal mucosa 
and an increase in inflammatory responses, thereby increasing the risk of cancer. 
Dietary intervention can help patients improve their nutritional status, enhance their 
quality of life, and by altering the levels of metabolites within the body, affect the 
metabolic processes of tumor cells, thereby improving the effectiveness of cancer 
treatment. The ketogenic diet can enrich specific gut microbiota, such as Akkermansia 
muciniphila and Bifidobacterium adolescentis, which produce 3-hydroxybutyrate. 
3-hydroxybutyrate can increase the proliferation of cytotoxic T cells induced by 
immune checkpoint inhibitors and inhibit the expression of programmed death 
ligand 1, thereby maintaining T cell activation and exerting anti-tumor effects, 
enhancing the efficacy of immune checkpoint inhibitors [52]. Vitamin D, by acting 
on the vitamin D receptor of intestinal epithelial cells, promotes the enrichment of 
the gut bacterial genus Bacteroides fragilis, stimulates cytotoxic T cells to produce 
interferon-γ, and enhances the immune response, thereby increasing the body’s 
immunity to cancer, enhancing the effects of immune checkpoint inhibitors, and 
inhibiting tumor growth [53].

4.1.3 Neurological and mental disorders

There is a certain correlation between gut microbiota and mental disorders; probi-
otics are beneficial to mental health, whereas pathogenic bacteria may be implicated 
in the development of mental disorders. Dysbiosis of the gut microbiota can lead to 
gastrointestinal abnormalities, such as diarrhea and constipation, and may also cause 
psychological symptoms like anxiety and depression. The ketogenic diet can signifi-
cantly improve symptoms of autism spectrum disorder and is beneficial to patients 
with autism spectrum disorder [54].

Healthy dietary patterns, including the Mediterranean diet, high-fiber diet, and 
ketogenic diet, can improve the composition of the gut microbiota and positively 
affect behavior and cognition through glucocerebrosidase, which helps to allevi-
ate symptoms of depression [55]. Diets rich in ω-3 polyunsaturated fatty acids and 
vitamin A have a preventive effect on stress-induced cognitive behavior and gut 
microbiota dysbiosis [56].

4.1.4 Metabolic diseases

The gut microbiota can influence the development of metabolic diseases such as 
energy balance, obesity, and diabetes in the host through its metabolic activities. The 
gut microbiota mainly affects the host’s metabolic processes by producing metabolites 
such as SCFAs and lactic acid, which can influence the host’s carbohydrate and lipid 
metabolism. A low-protein diet and low-carbohydrate intake are conducive to the 
formation of a healthy gut microbiota and can improve the glucose tolerance levels 
of patients with type 2 diabetes [57]. Supplementing the gut of celiac disease patients 
with probiotics can regulate the composition and function of the gut microbiota 
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through the bacteria themselves or their metabolites, reduce the immunogenicity of 
gliadin peptides, maintain the integrity of the intestinal barrier, and repair mucosal 
immune disorders and other pathological conditions [58].

In summary, diet and gut microbiota are closely related. On the one hand, 
unhealthy dietary patterns can alter the composition of the microbiota, thereby 
influencing the onset of diseases. On the other hand, dietary intervention is also an 
important method for preventing and treating diseases. Targeted modulation of the 
gut microbiota through daily dietary supplements is a trend in the development of the 
healthy food industry for the future (Figure 4).

5.  The impact of exercise on the gut microbiota

In TCM philosophy, the equilibrium of the gut microbiota is intimately connected 
to the functions of the spleen and stomach, the circulation of Qi and blood, the 
harmony between Yin and Yang, and the coordinated functioning of the five viscera 
and six bowels. TCM posits that gut health encompasses not only the material process 
of digestion and absorption but also involves the transformation of Qi and blood, the 
nourishment of bodily fluids, and the regulation of Yin and Yang.

Thus, through the practice of Traditional Chinese Medicine (TCM) exercises, 
the balance and health of the gut microbiota can be promoted in the following ways: 
Firstly, the spleen and stomach are considered the “foundation of acquired constitu-
tion” in TCM, being the source of the transformation of Qi and blood. The spleen 
governs transportation and transformation, while the stomach is responsible for 
receiving and accommodating food. Through TCM exercises, such as Qigong and 
Tai Chi, the functions of the spleen and stomach can be regulated, and the health 
of the digestive system can be improved. For instance, the stretching and relaxation 
inherent in Tai Chi movements assist in unblocking the Qi mechanisms of the spleen 

Figure 4. 
Diet treats various diseases by mediating gutmierobiota.
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and stomach, enhancing their transportation and transformation functions, thereby 
providing a more favorable digestive environment for the gut and contributing to the 
balance of the gut microbiota. Secondly, the abundance of Qi and blood is fundamen-
tal to gut health. The movement of Qi facilitates the flow of blood, and adequate Qi 
and blood can nourish the five viscera, sustaining the normal functioning of the gut. 
Through practices such as Qigong and Tai Chi, the circulation of Qi and blood can 
be regulated, the meridians can be unblocked, and the occurrence of Qi and blood 
stagnation can be prevented, thus maintaining the normal function of the gut and 
the balance of healthy microbiota. Thirdly, TCM posits that an imbalance between 
Yin and Yang within the human body can result in various diseases. The health of the 
gastrointestinal system also necessitates the maintenance of Yin-Yang equilibrium. 
Engaging in practices such as Tai Chi and Qigong not only harmonizes the body’s Yin 
and Yang but also strengthens the Yang Qi of the spleen and stomach, facilitating the 
proper circulation of Yang Qi throughout the body. Consequently, this sustains the 
stability of the gastrointestinal tract’s internal environment. For instance, a constitu-
tion with insufficient Yang may cause sluggish intestinal motility. By enhancing Yang 
Qi through TCM exercises, gut function can be improved and the proliferation of 
beneficial bacteria can be promoted.

5.1 Baduanjin

Baduanjin, a form of fitness Qigong, was created by the General Administration 
of Sport of China. It features simple movements and graceful postures, with an 
appropriate level of exercise intensity, making it a typical aerobic exercise. From a 
microbiological perspective, studies have been conducted on the gut microbiota of 
elderly individuals who regularly practice Baduanjin. The results indicate that long-
term practice substantially boosts the population of beneficial bacteria, including 
Bifidobacterium and Lactobacillus, within the gut of the elderly. This indicates that 
the Baduanjin exercise promotes the proliferation of beneficial bacteria, thereby 
enhancing the stability and physiological functions of the gut. It also boosts resistance 
to harmful bacteria and improves the intestinal micro-ecological environment in the 
elderly, contributing to better health.

5.2 Wuqinxi

Current research has found that [59] exercise can positively regulate the structure 
of the gut microbiota. For instance, the gut microbiota diversity of Irish rugby players 
has significantly changed at multiple taxonomic levels, and the gut microbiota of 
individuals who exercise regularly is more diverse, with an increase in the abundance 
of Firmicutes. Developing good exercise habits helps to increase the number of 
beneficial bacteria in the body while reducing harmful bacteria. In China, exercises 
such as Baduanjin and Tai Chi can improve the gut microbiota condition of the elderly 
population.

Building on the aforementioned research findings, significant progress has been 
made in the study of Wuqinxi: researchers have explored the impact of Wuqinxi on 
middle-aged men with metabolic syndrome (MS) and healthy individuals at the genus 
level. The results indicate that Wuqinxi intervention can effectively optimize gut 
microbiota, exhibiting a clear time-dose effect. As the intervention period extends, 
indicators of beneficial bacteria, such as Bifidobacterium and Lactobacillus, and 
their related metabolites, show an upward trend, while harmful bacteria, including 
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Escherichia coli and LPS, gradually decrease. Considering that Wuqinxi can also 
improve risk symptoms such as obesity in middle-aged men with MS, it is speculated 
that optimizing the gut microbiota and its metabolites may be the key microbiological 
mechanism by which Wuqinxi promotes disease improvement.

5.3 Tai chi

Studies have shown that [60] 60 patients with ischemic stroke were divided into 
various groups, one of which participated in a 12-week Tai Chi Zhan Zhuang exercise 
program. Following the program, the results indicated that the gut microbiota of the 
patients in the experimental group had undergone significant changes. The number of 
beneficial bacteria originally present in the patients’ intestines increased dramatically, 
while the number of harmful bacteria decreased significantly. This shift fully indicates 
that Tai Chi Zhan Zhuang exercise can positively regulate gut microbiota, thereby aiding 
in the improvement of the patients’ intestinal micro-ecological environment.

Overall, TCM exercises, by regulating the spleen and stomach, unblocking merid-
ians, and balancing Yin and Yang, can maintain the balance of the gut microbiota. 
This not only aids in improving gut health but also enhances overall health by regulat-
ing the immune system and metabolic activities (Figure 5).

6.  The impact of psychological interventions on the gut microbiota

As previously mentioned, the gut microbiota is often referred to as the “second 
brain” of the human body. It not only affects our digestive system but also has a 
profound impact on emotions, mental health, and overall well-being through the 

Figure 5. 
Exercise-induced Qi regulation and promotion of intestinal microbiota balance.
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gut-brain axis. The gut microbiota influences the secretion and regulation of neu-
rotransmitters, immune responses, and endocrine hormones, making it an important 
factor in mental health that cannot be overlooked. The diversity and health status 
of the gut microbiota are closely related to psychological states such as anxiety and 
depression. If the gut microbiota is imbalanced, for instance, with a reduction in 
beneficial bacteria and an increase in harmful bacteria, it may exacerbate the occur-
rence of psychological problems. This relationship underscores the potential of the 
gut microbiota as a target for psychological interventions.

Psychological interventions, serving as a complementary and alternative therapy 
for enhancing emotional well-being, can directly or indirectly influence the gut 
microbiota by regulating stress. For instance, meditation and mindfulness therapy 
can lower stress levels, thereby reducing the damage inflicted on the gut microbiota. 
Studies have shown that psychological stress often triggers a “fight or flight” response, 
leading to the release of cortisol and catecholamines throughout the body, which 
can ultimately disturb the equilibrium of the gut microbiota. Meditation aids in 
regulating the stress response, thereby suppressing chronic inflammatory states and 
maintaining healthy gut barrier function [61]. As the classic saying goes, “Your mood 
determines your health.” Psychological interventions not only regulate emotions but 
also improve the state of the gut microbiota.

6.1 Applications of psychological interventions in different diseases

6.1.1 Gastrointestinal diseases

The relationship between gastrointestinal diseases and mental disorders is increas-
ingly drawing the attention of the academic community, particularly as symptoms of 
anxiety and depression often co-occur with IBD such as CD and irritable bowel syn-
drome (IBS). Dysbiosis of the gut microbiota may play a significant role in the con-
nection between gastrointestinal diseases and symptoms of anxiety and depression.

Research has found that cognitive-behavioral therapy (CBT) can reduce the sever-
ity of IBS symptoms. Respondents to CBT exhibited increased levels of serotonin in 
their feces, an increase in the beneficial bacterial genus Clostridium, and a decrease 
in the harmful bacterial genus Bacteroides [62]. Psychological interventions can not 
only function independently in the treatment of gastrointestinal diseases but also 
synergistically with other therapies to enhance microbial dysbiosis in such conditions. 
A combination of two months of meditation and a vegan diet can significantly alter 
the composition of the microbiota, markedly increasing the abundance of beneficial 
bacterial genera and their metabolites, such as SCFAs and isovalerate [63].

6.1.2 Neurological and mental disorders

The gut microbiota communicates with the central nervous system via the “gut-
brain axis,” indicating that even minor changes in the central nervous system might 
be reflected through alterations in the gut microbiota. A randomized controlled trial 
on mindfulness-based practice revealed that [64] cognitive impairment in elderly 
patients with mild cognitive impairment was alleviated and correlated with the gut 
bacterial profile, where alterations in cognitive function led to changes in the abun-
dance of specific gut microbes. Mindfulness also alleviates symptoms of anxiety and 
depression by influencing the gut microbiota. In individuals with high trait anxiety, 
mindfulness-based cognitive therapy (MBCT) has been found to reduce anxiety and 
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depression traits and increase the similarity of the gut microbiota to that of healthy 
controls. The reduction of Subdoligranulum after MBCT is closely associated with 
improved anxiety symptoms [65].

6.1.3 Metabolic disorders

Metabolic diseases are closely related to the gut microbiota, which can influence 
the host’s metabolic processes through their metabolites. Firstly, gut microbes regu-
late immune responses and trigger chronic low-grade inflammation, leading to insulin 
resistance and fat accumulation. Secondly, gut microbiota metabolites, such as SCFAs, 
are involved in fat and carbohydrate metabolism, affecting the host’s energy balance 
and lipid metabolism. Secondly, gut microbes engage with the gut-brain axis, affect-
ing appetite and metabolic functions. A meta-analysis revealed that mindfulness can 
significantly lower glycated hemoglobin levels and enhance blood glucose control in 
individuals with diabetes. The gut microbiota may play a crucial role in the regulation 
of blood glucose levels through mindfulness [66]. Moreover, studies have also found 
significant differences in mindfulness levels among patients with type 2 diabetes at 
different levels of insulin resistance and β-cell function, indicating that abnormal 
insulin metabolism levels are associated with decreased mindfulness levels [67].

Overall, psychological interventions are closely related to the gut microbiota. 
On the one hand, alterations in the gut microbiota can impact psychological states, 
thereby influencing the onset of psychological disorders. On the other hand, chronic 

Figure 6. 
Psychological interventions for disease treatment via modulation of the gut microbiota.
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psychological stress can also lead to gastrointestinal dysfunction, which in turn 
affects the balance of the gut microbiota. Thus, psychological interventions, as a 
complementary therapy, have significant potential applications in improving the gut 
microbiota (Figure 6).
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Abstract

A review of the current literature on gut microbiota biomarkers reveals a very 
significant imbalance in research focus. Most studies focus on the taxonomic 
composition of bacterial microbiota in various clinical conditions, such as obesity, 
gastrointestinal tract diseases, cardiovascular diseases, and type 2 diabetes (T2DM). 
In contrast, there are relatively few studies examining methanogenic archaea. This 
discrepancy may stem from a long-held belief that archaea are not pathogenic micro-
organisms in humans, coupled with the limited sensitivity of the widely used 16S 
rRNA method for detecting methanogenic archaea. Several publications highlight the 
functional differences between predominant hydrogen producers and methane pro-
ducers. High levels of methane production by microbiota are correlated with obesity, 
constipation, lower levels of short-chain fatty acids in the intestinal lumen, immune 
changes, unhealthy aging, and carcinogenesis. Nutritional factors have primarily been 
investigated to reduce methanogenesis and archaea abundance in livestock, aiming to 
mitigate ecological issues like global warming. In humans, evidence suggests that cer-
tain statins and antibiotics, as well as low FODMAP diets and probiotics, can decrease 
methane production. Findings from ruminant livestock studies on inhibiting methane 
production could hold promise for clinical evaluation. We propose that user-friendly, 
non-invasive, and affordable methods are needed to screen methane-producing indi-
viduals. Such methods would facilitate the development of personalized nutritional 
recommendations and help prevent the onset of various non-communicable diseases.

Keywords: hydrogen, methane, gut microbiota, methanogenic archaea, 
next-generation sequencing

1.  Introduction

The human gastrointestinal tract is home to the largest microbial community in 
the body, composed of trillions of microbes known as gut microbiota. This normal 
flora plays a crucial role in various physiological functions, such as enhancing host 
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immunity, aiding in nutrient absorption, and protecting the body against patho-
genic microorganisms. Within the gut, chemical interactions among the microbiota 
produce gases, including carbon dioxide (CO2), hydrogen (H2), methane (CH4), and 
hydrogen sulfide (H2S), along with a variety of trace gases. Profiling these intestinal 
gaseous biomarkers and examining their interrelations, as well as their effects on 
different organs and systems within the human body, can provide insights into the 
products and functions of gut microbiota and their influence on human health [1, 2].

This review focuses on the differences in metabolic activity—specifically the pro-
duction of H2, CH4, trimethylamine (TMA), trimethylamine N-oxide (TMAO), and 
short-chain fatty acids as well as the associated risks of non-communicable diseases 
(NCDs) and longevity between predominant producers of H2 and CH4. These clas-
sifications can be determined through breath tests or by analyzing the composition 
of intestinal gas. Approximately 65% of all bacteria in the gut microbiome possess 
hydrogenase genes, enabling them to produce hydrogen, while methane is exclusively 
generated by archaea that utilize H2 and carbon- or methyl-containing molecules. 
This distinction explains the reciprocal relationship between H2 and CH4 levels in 
the intestinal lumen and in exhaled air, which essentially reflects the composition of 
gaseous gut content.

Patients diagnosed with CH4-dominant intestinal bacterial overgrowth often 
report symptoms such as bloating, abdominal distension, and constipation [3, 4]. 
Preliminary studies suggest that this diagnosis can help guide optimal antibiotic 
treatment choices for clinical benefit [5–7]. Currently, breath tests are the primary 
method for identifying CH4 producers; however, these tests have limitations in 
sensitivity and logistical challenges. Moreover, there is significant discordance 
between CH4 detection via breath tests and colonic CH4 concentration, particularly 
in patients with irritable bowel syndrome (IBS) [8, 9]. Presently, the 16S rRNA–
based next-generation sequencing (NGS) analysis of the microbiome is an increas-
ingly prevalent approach for investigating disease-related alterations in gut flora. 
This is primarily attributable to the rapid reduction in cost and the development of 
streamlined bioinformatic analysis pipelines. However, this approach seems to have 
limited sensitivity regarding reliable detection of archaea abundances in the human 
gut, especially in large-scale screening studies, where comparatively low sequencing 
depth is utilized.

Understanding the physiology and pathogenesis of various diseases and diagnos-
tics can be greatly enhanced by the composition of intestinal gases [10]. The most 
steep oxygen gradient in the body can be achieved through the unique anatomic and 
physiologic features of healthy intestines. The gradient is utilized by the intestines 
and microbiome to create redox effectors like nitric oxide, hydrogen sulfide, and reac-
tive oxygen species that come from both hosts and bacterial origin (Figure 1) [12].

Diet has a significant impact on the composition of intestinal gas profiles among 
individuals [13]. It has been reported that a variety of diets can cause a rapid and 
reproducible modification of the intestinal microbiome [14–16]. Some diseases occur 
as a result of imbalances in gaseous syntheses. Elevated hydrogen (H2) levels may 
indicate lactose and fructose intolerance [17] as well as a small intestine bacterial 
overgrowth [18]. Taking into account hydrogen’s antioxidant, anti-inflammatory, 
and anti-apoptotic effects, an increase in hydrogen levels can lead to a high level of 
antioxidant protection for a living organism. Japanese centenarians with a high level 
of hydrogen in their exhaled air are a confirmation of this fact [19]. By comprehend-
ing the composition of physiological intestinal gases and their pathological varia-
tions, one can gain valuable knowledge about the functionality of the microbiota, 
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the pathophysiology of various intestinal diseases, and how different types of diets 
affect the production of intestinal gases.

Most published clinical and experimental studies concern measurements of 
hydrogen and methane in exhaled air [4, 18, 19]. According to a published metaanaly-
sis of clinical studies conducted, hydrogen was measured in exhaled air in 20.5 % of 
the people [20]. Methane was detected in flatus in an average of 53% of people in the 
general population (Table 1) [21].

A special breath test determines the level of methane in exhaled air, which reflects 
the level of methanogens in the intestine. It has been experimentally established that 
detection of CH4 in exhaled air at a concentration of >1 ppm corresponds to a mini-
mum concentration of methanogens in the intestine of 107–108/g feces [22]. Using this 
test, animals and people can be divided into methanogens and non-methanogens.

The current recommendation is to use fasting single methane measurements (SMM) 
to diagnose intestinal methanogen overgrowth (IMO) and monitor treatment response 
in individuals with IMO [23]. With a cutoff of SMM ≥ 10 ppm, SMM was highly 
accurate in diagnosing IMO on the glucose and lactulose breath tests, with a sensitiv-
ity of 86% and specificity of 100% and was linked to constipation (p = 0.008). SMM 
remained constant for 14 weeks without any treatment (P = 0.45), but antibiotics caused 
a decrease in SMM within 2 days (P < 0.0001). A positive correlation between SMM and 
the load of stool Methanobrevibacter smithii (R = 0.65, P < 0.0001) was observed.

Methanogenic archaea are a group of archaea that reside in anaerobic conditions 
within the digestive system. Archaea represent the domain of living organisms 

Gas species % of participants present Mean % concentration ± SD Range (%)

H2 100% 2.9 ± 0.7 0.17–49.0

CH4 53.6% 14.4 ± 3.7 0–30.0

This table was adapted from Ref. [21].

Table 1. 
Composition of colonic gases (H2 and CH4) in healthy participants with a regular diet.

Figure 1. 
Production and kinetics of gas biomarkers of the intestinal microbiota. This figure was adapted from Ref. [11].
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according to the three-domain system of Carl Woese, occupying an intermediate posi-
tion between prokaryotes and eukaryotes [24]. These are single-celled microorgan-
isms with similar structural elements characteristic of prokaryotes and eukaryotes. 
Initially, archaea were considered extremophiles living in extreme conditions. In 
recent decades, a sufficient amount of data has been accumulated indicating the par-
ticipation of archaea in the ecosystem of living organisms, including mammals. The 
conducted studies showed that archaea have distinct compositions depending on their 
location in the human body [25]. Methanogenic archaea is the final electron acceptors 
in the food chain in the anaerobic conditions of the gastrointestinal tract, converting 
energy with the formation of methane. The synthesis of ATP by methanogenesis is 
crucial for archaea’s growth in anaerobic conditions. Currently, methanogenesis can 
be divided into three directions depending on the sources in association with the 
hosts: hydrogenotrophic, methylotrophic, and acetoclastic [26].

The most common direction of methanogenesis among archaea associated with 
humans is hydrogenotrophic, using hydrogen (four moles) to reduce CO2 (one mole) 
for the synthesis of one molecule of methane [27]. Methanobrevibacter is the most 
common type of archaea among mammals, including humans, carrying out this type 
of methanogenesis (Figure 2). This pathway is aimed at reducing the excess hydrogen 
formed during the life of bacteria, which creates favorable conditions for symbiosis of 
archaea with other representatives of the intestinal microbiota.

Methylotrophic methanogenesis is accompanied by the reduction of methyl-
ated compounds (methanol, trimethylamine, and its precursors) to methane [29]. 
This pathway is characteristic of Methanosphaera stadtmanae and representatives 
of Methanomassiliicoccales. Along with the hydrogenotrophic pathway, it is one of 
the most common pathways of host-associated strains (Figure 3). A feature of this 
methanogenesis pathway is the utilization of trimethylamine with subsequent reduc-
tion of the level of proatherogenic TMAO [30, 31]. This fact is actively discussed in 
the literature as a promising direction for the use of archaea as archaeobiotics in the 
treatment of metabolic diseases [32].

Acetoclastic methanogenesis is the most common methanogenesis pathway in 
the environment and less common among living organisms [33]. It is aimed at the 
breakdown of acetate with the formation of methane and is represented by archaea 
belonging to the genus Methanosarcinales.

Figure 2. 
Taxonomy of Methanobrevibacter smithii, M. stadtmanae, and Methanomassiliicoccus sp. [28].
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2.  Archaea detection

Molecular genetics technologies, including PCR and sequencing, have made it 
possible to detect archaea more often, even where their presence was previously 
technically impossible.

The utilization of 16S rRNA–based next-generation sequencing (NGS) for micro-
biome analysis has witnessed a marked increase in recent times, with this approach 
gaining prominence as a means to investigate disease-related alterations in gut 
microbiota. This growth in popularity can be attributed to a confluence of factors, 
including the substantial reduction in costs and the development of sophisticated and 
user-friendly bioinformatic analysis tools. However, this method appears to have lim-
ited sensitivity when it comes to reliably detecting archaeal populations in the human 
gut, particularly in large-scale screening studies where relatively low sequencing 
depth is employed. This limitation might stem from several potential factors, such as 
biases caused by inefficient cell lysis of methanogenic archaea, insufficient specificity 
of universal primers, and the lower number of ribosomal operons in methanogenic 
archaea compared to other dominant gastrointestinal taxa. The following section will 
delve into these potential factors in greater detail, exploring their potential implica-
tions for underestimating methanogenic archaea abundances.

2.1 Metagenomic DNA extraction protocol-related biases

The process of identifying methanogens in environmental samples can be hindered 
by limitations in extraction methods, potentially leading to an underestimation of their 
diversity and abundance. Methanogens’ cell walls lack peptidoglycan but are rein-
forced by pseudomurein or proteinaceous S-layers, which resist chemical lysis agents 
like lysozyme or proteinase K used in standard protocols [34]. Furthermore, mechani-
cal lysis techniques, which rely on a bead-beating step and are regarded as the “gold 
standard” for microbiome studies, are often applied inconsistently or inadequately 
optimized in many commercial kits. This results in preferential lysis of Gram-negative 
bacteria over methanogens and other resilient microorganisms [35, 36].

Figure 3. 
Variants of methane generation by intestinal archaea. Explanations are provided in the main text.
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Several research groups, focusing on methanogenesis in human gut, develop 
custom protocols for methanogen identification. Thus, Dridi et al. employed a double 
mechanical cell lysis procedure involving glass beads. Between two lysis steps, they 
subjected the samples to an overnight incubation with proteinase K. This modification 
of the protocol led to a 100- to 1000-fold increase in the number of detectable copies 
of 16S rRNA/rpoB genes of methanogenic archaea per 1 gram of feces [37]. A recent 
work by Cisek and co-authors, aimed at enhancing the efficiency of the protocol for 
extracting archaeal DNA from fecal samples, has demonstrated that the incorporation 
of an additional ultrasound treatment step, employing an immersion probe sonicator, 
results in a substantial increase (135x compared to non-mechanically lysed control) in 
the yield of methanogenic archaeal DNA [38].

These findings underscore the critical role of extraction protocols in accurately 
assessing methanogen populations and highlight the necessity of method optimiza-
tion to circumvent biases in archaea community analyses. The most evident approach 
to address method-dependent variation in DNA extraction efficiency is to employ 
synthetic microbial communities (‘mock communities’) containing predetermined 
ratios of cells of different bacterial taxa to validate extraction protocols and further 
sample preparation [39]. The incorporation of synthetic microbial communities into 
routine studies, conducted in parallel with experimental samples, has the potential to 
facilitate the timely identification of emerging deviations. This, in turn, could enable 
the refinement of extraction protocols, thereby ensuring the accuracy and reliability 
of methanogen population assessments.

A recent extensive benchmarking study using mock communities, including 
methanogenic archaea Methanobrevibacter smithii, was conducted by an interlabora-
tory consortium within the MOSAIC Standards Challenge. The study’s findings 
indicated that the most effective sample preparation protocols, as indicated by the 
capacity to accurately match the detectable representation of Methanobrevibacter 
smithii to a known concentration within a mock community, were those employing at 
least threefold mechanical lysis utilizing zirconia beads [40].

Taken together, these facts emphasize the importance of detailed cell lysis protocol 
selection in the isolation of methanogenic archaea DNA in gut microbiomes and point 
to a possible reason for the low detection rate of methanogens in publicly available data.

2.2 Biases related to hypervariable region and primer pair choice

The selection of the hypervariable region of the 16S rRNA gene, in conjunc-
tion with a specific primer pair for this region, exerts a substantial influence on the 
observable composition of the microbial community [41, 42]. A comprehensive 
review of the extant literature, encompassing the findings of several large-scale 
projects, including the Earth Microbiome Project and Human Metagenome Project, 
reveals a consensus among researchers worldwide regarding the efficacy of the V4 or 
V3/V4 hypervariable region [43, 44]. The rationale behind this consensus lies in the 
superior coverage of diverse taxa afforded by primers selected from the conserved 
regions flanking these regions, complemented by the high discriminatory power 
of variable sequences within these regions [45, 46]. It is important to acknowledge 
that the selection of relatively short amplicons is driven by the constrained length 
of paired-end reads in second-generation sequencing systems, such as Illumina, Ion 
Torrent, or DNBSeq, which typically does not exceed 300 nucleotides. The amplicon 
lengths of 460 and 280 nucleotides at the V3-V4 and V4 regions, respectively, ensure 
complete overlap with paired-end reads, facilitating efficient and reliable read 



147

Correlation of High Gut Microbiota Archaea Methanogenesis with Health Characteristics…
DOI: http://dx.doi.org/10.5772/intechopen.1010612

merging. It is important to consider, however, that the V3-V4 region exhibits variation 
in length between bacteria and archaea. The archaeal V3-V4 region is comparatively 
shorter than the bacterial region, resulting in an overestimation of archaea abun-
dances in microbiomes. This overestimation can be attributed to the increased PCR 
efficiency observed for shorter fragments [47].

Presently, third-generation sequencing technologies are undergoing active devel-
opment, enabling the production of long reads that fully overlap the sequence of the 
16S rRNA gene. This advancement addresses the challenge of selecting a hypervari-
able region. However, these technologies currently incur a higher cost compared to 
highly parallel sequencing (second generation), and their relatively high read error 
rate limits the attainment of ultrahigh resolution at the species or strain level [48].

The efficacy of specific taxa detection is contingent upon the selection of 
appropriate primers for the targeted hypervariable regions. Important parameters 
include the primer position and the utilization of ambiguous bases. As demonstrated 
by Takahashi et al., the incorporation of a single ambiguity in the prokaryotic 
universal primer Uni340F [49] results in a nearly twofold increase in the detection 
of methanogenic archaea [50]. Table 2 offers a synopsis of the in silico anneal-
ing analysis of various primers to the V4 hypervariable region on different taxa of 
the order Methanobacteriales performed with Silva TestPrime web tool [55]. The 
results of the analysis demonstrate that it is virtually impossible to select a primer 
that demonstrates a significant improvement in coverage of individual taxonomic 
groups without compromising other taxa. To illustrate this point, the primers 
described by Merkel et al. [54] exhibit a substantial increase in coverage of the 
family Methanomethylophilaceae of the order Methanomassiliicoccales (from 79.8 to 
94.5%), while concomitantly resulting in a slight decrease in coverage of the family 
Methanobacteriaceae of the order Methanobacteriales (from 90.6 to 90.4%). These 
results underscore the notion that primer biases, most notably those pertaining to 
understudied archaeal lineages, have the potential to contribute to an underestima-
tion of the abundance of certain taxa in 16S rRNA microbiota profiling studies.

Primer name and reference* EMP primers 
[51]

Parada et al. 
[52]

Walters et al. 
[53]

Merkel et al.  
[54]

Methanomassiliicoccales 83.8 84.0 83.8 91.2

Unknown family 90.7 91.9 90.7 91.9

Methanomassiliicoccaceae 96.8 96.8 96.8 96.8

Methanomethylophilaceae 79.8 79.8 79.8 94.5

Methanobacteriales 90.5 90.5 90.5 90.4

Methanobacteriaceae 90.6 90.6 90.6 90.4

Methanothermaceae 100 100 100 100

Methanothermobacteriaceae 89.4 89.4 89.4 89.4
*Primer sequences: EMP primers – GTGCCAGCMGCCGCGGTAA and GGACTACHVGGGTWTCTAAT; 
Parada primers – GTGYCAGCMGCCGCGGTAA and GGACTACHVGGGTWTCTAAT; Walters 
primers – GTGCCAGCMGCCGCGGTAA and GGACTACNVGGGTWTCTAAT; Merkel primers – 
GTGBCAGCMGCCGCGGTAA and GACTACNVGGGTMTCTAATCC.

Table 2. 
Coverage of different taxa of methanogenic archaea by the most common primer pairs to the V4 hypervariable 
region.
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In summary, although exhibiting certain biases and with ample opportunity for 
enhancement, the utilization of universally applicable 16S rRNA gene primers (e.g., 
515F/806R) has served as a foundational element in microbiota profiling. However, 
these primers have been observed to demonstrate a tendency to exhibit bias against 
archaeal communities, including methanogens. These “universal” primers target 
regions that are conserved across bacteria; however, they may not efficiently amplify 
archaeal sequences due to mismatches in primer-binding sites. This can result in 
underrepresentation of methanogenic archaea in microbiome datasets [53, 56]. 
The employment of archaeal-specific 16S rRNA primers, such as Arch344F/519R 
or A571F/UA1204R, has been demonstrated to enhance detection sensitivity by 
targeting hypervariable regions that are optimized for archaeal diversity. The utiliza-
tion of these primers has been shown to reduce bacterial cross-amplification and 
enhance the recovery of low-abundance methanogens, including genera such as 
Methanobrevibacter and Methanosphaera, which are of significant importance within 
the GIT environment [57, 58]. A series of comparative studies have been conducted 
to ascertain the impact of utilizing universal versus archaea-specific primers. The 
findings of these studies have demonstrated that the latter significantly enhance the 
resolution of methanogen communities, resulting in the revelation of higher phylo-
genetic diversity and abundance [59, 60]. In particular, the recent work of Thomas 
and colleagues employed nested archaea-specific PCR with a primer pair that was 
specific to a large fragment of the 16S rRNA gene, encompassing the V3-V7 hyper-
variable regions, and a second primer pair that was specific to the V4-V5 regions. This 
approach enhanced the detection of archaea in samples of the gut microbiota of ani-
mals almost twice and significantly increased the diversity of gut-associated archaea 
in 16S-profiling experiments [60]. Therefore, the targeted approach is of particular 
value for the study of methane-producing microbiomes, where the accurate quanti-
fication of methanogens can inform ecological and clinical insights. By prioritizing 
primer specificity, researchers can mitigate the biases inherent in universal assays and 
better elucidate the roles of archaea in microbial ecosystems.

In addition to the selection of highly archaea-specific primers for hypervariable 
regions of the 16S rRNA gene, the use of primers annealing to functional genes 
involved in methane metabolism, such as mcrA and/or mtaB1, appears to be a rea-
sonable option to investigate diversity of methanogens in the human gut [61, 62]. 
However, the paucity of high-quality, curated sequence databases of such genes 
complicates the analysis of diversity and ecology from mcrA/mtaB1 profiling data 
alone. Furthermore, the analysis of exclusively functional genes of methanogenesis 
fails to provide insight into the overall structure of the microbial community and, 
consequently, the ecological niche of methanogens within it. Consequently, the 
analysis of functional genes serves as an additional tool, rather than a substitute, for 
16S-profiling.

2.3 Abundance bias due to rRNA operon copy number variation

A significant factor that exerts a substantial influence on the outcomes of quan-
titative analyses of microbial communities employing 16S profiling is the variation 
in the copy number of rRNA operons present within the genomes of various taxa of 
prokaryotes. Given that the number of copies ranges from one to six or seven, taxa 
that carry a high number of operons appear to be more prevalent than taxa with 
one or two operons [63]. However, this does not accurately reflect the actual ratio of 
their cells within the microbiome [42]. A number of software packages, including 
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PICRUSt2 [64] and Tax4Fun [65], facilitate the incorporation of this factor and 
perform the normalization of results by the mean number of operons per taxon. 
However, it should be noted that researchers do not consistently undertake such addi-
tional analyses. To address the question of whether variation in rRNA operon copy 
number significantly influences the detected abundances of methanogenic archaea in 
gut microbiomes, we performed an additional analysis of a previously published data-
set of microbiomes from high methane-producing rats [66]. As shown in Figure 4, 
the normalization of abundances by the average number of rRNA operons per 
phylum (according to the RiboGrove database) leads to an almost twofold increase of 
detectable abundances of the Methanomicrobiota, as well as other phyla with a low 
number of rRNA operons (Elusimicrobiota, Planctomycetota, etc.). At the same time, 
the abundance of phyla with a high number of rRNA operons (Proteobacteria and 
Firmicutes) decreased under normalization.

These results underscore that copy number–related biases may play a more crucial 
role in accurately representing methanogen abundance in the GIT microbiomes.

2.4  Biological reasons for the lack of correlation between emitted methane and 
methanogen abundance

In addition to the potential presence of technical bias, a number of biological 
factors may contribute to the absence of a complete correlation between the quantity 
of methane produced and the abundance of methanogenic archaea within the gut 
microbiota. In addition to potential technical biases, there are several biological 
explanations for the absence of a complete correlation between methane generation 
and the abundance of methanogenic archaea in the gut microbiota. One plausible 

Figure 4. 
The relative abundance of different phyla in the dataset from high methane-producing rats with or without 
normalization.
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explanation is the variation in the viability and activity of different taxa within the 
gut microbial community. For instance, Ben-Amor et al. employed SYTO BC staining 
and sorting, followed by sequencing of distinct cell fractions, demonstrating that 
merely 50% of cells in the gut microbiota are active [67]. Later, D’Auria and col-
leagues exhibited a markedly divergent composition of the active microbiota using 
pyronin-Y, a fluorescent stain for total RNA, followed by cell sorting and sequencing 
of the active (stained) fraction compared to the total fraction [68]. The challenges 
associated with conducting experiments involving methanogenic archaea stem from 
the absence of adequate staining techniques, thereby hindering the capacity for 
qualitative sorting of the active archaeal cells. One potential approach involves the 
analysis of metagenomic RNA, as opposed to rDNA, as implemented in conventional 
16S metabarcoding protocols. To the best of our knowledge, however, no studies have 
hitherto explored this method.

Reliable quantification of methanogenic archaea in animal and human micro-
biota samples appears to be a cornerstone in understanding their ecological role and 
impact on health and fitness. However, because they belong to a very distinct group 
of microorganisms, difficult to culture and poorly represented in animal microbial 
consortia, the most common methods of microbiota analysis often underestimate 
their abundance. These difficulties emerge at nearly every stage of sample prepara-
tion, including the isolation of metagenomic DNA (methanogenic cells are more 
difficult to lysate than bacterial cells), the preparation of amplicon libraries (universal 
primers lack sufficient specificity with respect to methanogenic archaea), and bioin-
formatic analysis (lack of normalization for the number of rRNA copies of operons). 
Consequently, these biases overlap and result in frequently elevated levels of methane 
emissions that do not correspond to the proportion of methanogenic archaea within 
the gastrointestinal tract microbiota. The most reliable approach to address this 
issue is to utilize control preparations of synthetic microbial communities contain-
ing methanogenic archaea cells (to regulate methane emission) or cloned copies of 
methanogenic archaea ribosomal RNA genes (to control amplification and bioinfor-
matic analysis) and optimize protocols to ensure the attainment of reliable results. 
At the same time, biological reasons for the underestimation of the role of archaea in 
GIT communities cannot be excluded. First, the archaea fraction may well contain a 
higher proportion of viable cells compared to the bacterial part of intestinal microbial 
consortia. Second, cells of methanogenic archaea may have higher transcriptional and 
metabolic activity compared to bacterial cells. However, these assumptions require 
detailed experimental verification.

According to the results of clinical studies, several main factors can be identified 
that influence methane production: geographical features, socioeconomic status, age, 
and gender [69]. In many studies, female gender was also associated with a positive 
CH4 producer status, but not everywhere. According to the results of published stud-
ies, the influence of such a factor as gender on the results of the breath test is contra-
dictory. There are studies confirming the fact that women are more likely to produce 
methane [70], while other studies did not find any differences in breath test results 
between men and women [71–74]. At the same time, the study by Newberry et al. 
[75], noted that with age, women are more likely to develop small intestinal bacterial 
overgrowth (SIBO) and, as a result, an increase in methane production is determined 
compared to men. A study by other authors [76] did not reveal any effect of age on the 
breath test results in women.
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3.  Factors influencing breath CH4 production

It is commonly believed that the microbial community in the digestive tract 
develops during childhood and increases throughout life. Methane is not detected in 
exhaled air in children under 3 years of age; its detection becomes evident by adoles-
cence, reaching levels similar to those of adults [77]. The clinical studies confirmed 
that small children, older children, and adults have significant differences in the 
percentage of CH4-producing breath [69]. Several studies have indicated that a sharp 
increase occurs between 10 and 15 years of age, which may indicate a transition from 
childhood to adolescence [78, 79]. According to Polag, there is a continuous increase 
in the number of breath CH4 producers with age [79]. The study included 428 people 
aged 4 to 95 years. It was observed that the percentage of methane in exhaled air 
increases with age: from 5% in children (1–15 years old) to 57% in the elderly (over 
75 years old). When divided into 5-year age intervals, there was a decrease in the per-
centage of people who emit methane in the sixth and seventh decades. It was found 
that in the first half of life, the main methane producers are women, who are inferior 
to men between the ages of 20 and 65. The authors conclude that there is a possible 
relationship between methanogenic activity and hormonal factors.

One of the first studies to confirm the effect of age on methanogens was conducted 
on animals (rats) [80]. The authors suggest that one possible explanation for the 
increase in methanogens with age is a gradual shift of the use of electrons from the 
reduction of CO2 to acetate by acetogens to the reduction of CO2 to CH4. Age-related 
changes in the composition of archaea and methane production were identified in 
dairy cows and heifers using high-throughput sequencing [81]. A significant shift in 
bacterial taxa was observed in relation to age-related changes in the rumen microbiota, 
but archaeal taxa remained relatively stable. Prevotella, Ruminococcus, Flavonifractor, 
Succinivibrio, and Methanobrevibacter were affected by age. Methane production and 
volatile fatty acid concentrations were age-related. Heifers (9–10 months) had lower 
methane production but higher methane production per dry matter intake (DMI). The 
acetate/propionate ratio showed a significant decrease with age. This study revealed dif-
ferent associations between predominant bacterial phylotypes and Methanobrevibacter 
with increasing age. Prevotella was strongly correlated with Methanobrevibacter in 
heifers. In cows that are 96–120 months old, this connection was replaced by a correla-
tion between Succinivibrio and Methanobrevibacter. The age-specific variation in rumen 
fermentation and methane production may be attributed to this shift.

Age-related changes in methanogen diversity were identified [82]. It was revealed 
that a new phylogenetic type Mx-01 (Methanomassiliicoccales), a new phylotype 
hypothesized to belong to a putative sixth methanogenic order, is most often observed 
in the feces of elderly people. The presence of the mcrA gene was noted in only 1 out 
of 23 newborns. It has been established that the diversity of the archaea composition 
changes with age, in particular, this applies to the species Methanobrevibacter smithii, 
which was recently divided into two subspecies M. smithii and Ca M. Intestine [83]. 
An increase in the representation of methanogens with age with a decrease in diver-
sity was revealed. In the young adults age group, there was an increase in the amount 
of methanogens mainly due to Ca M. Intestine. A high abundance of M. smithii was 
observed in the older age groups. Age-related “swings” of composition changes of 
archaea producing butyrate were noted: a decrease in Lachnospiraceae with an increase 
in Oscillospiraceae was noted.
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Age-related changes in the composition of archaea are also observed in other 
localizations like the skin [84]. The highest representation of archaea was found in 
the elderly and people under 12 years of age, compared with middle-aged people. The 
study authors claim that this fact is closely associated with the skin’s lipid composi-
tion, pH level, and moisture changes.

Breastfeeding and nutrition have an impact on the formation of the intestinal 
archaeome during the first years of life. A recently published study on the effect of 
breastfeeding on the intestinal microbiome of newborns revealed similar beta diversity 
and metabolic prediction between samples of human colostrum and neonatal stools 
[85]. This fact suggests the possibility of vertical transmission of microbiota, in particu-
lar archaea, from mother to child through breastfeeding, which does not exclude the 
influence of other factors on the formation of the microbiota of the newborn. An earlier 
study assessed the effect of dairy products (milk, yogurt, and cheese) on the density 
of methanogens in children aged 2 to 10 years [86]. It was found that children who 
regularly consume organic dairy products are five times more likely to be colonized by 
M. Smithii for milk and four times more likely to be colonized for yogurt. The authors 
identified milk products as possible source for M. smithii, but not M. stadtmanae.

Based on the results of the above studies, it can be concluded that the microbiota 
is constantly changing throughout life. Concomitant diseases such as irritable bowel 
syndrome, often accompanied by constipation and bacterial overgrowth syndrome, 
may be additional factors determining age-related changes in the microbiota leading 
to changes in methane production. The increase in the frequency of lactose intoler-
ance observed with age is accompanied by an increase in the production of H2, which 
is a substrate for methanogens in the intestine. The age-related increases in concomi-
tant diseases requiring medications that alter secretory activity and intestinal tone are 
additional factors in methane production change.

4.  Archaea and pathology

Over the past decades, the importance of such microorganisms as archaea in the 
pathogenesis of various diseases has been actively discussed in scientific literature. 
Until recently, it was believed that archaea are non-pathogenic, that is, they cannot 
cause the development of a pathological inflammatory reaction of the body, which 
was possibly due to technical difficulties in identifying these microorganisms. In 
recent years, sufficient experimental data have been accumulated, thanks to which 
it can be said that archaea, if not directly, then indirectly, affect the pathogenesis of 
various diseases, entering into symbiotic relationships with other microorganisms. 
Any pathological process in a living organism leads to dysbiosis, a change in the com-
position of metabolites of the microbiota of a living organism. It is quite possible that 
the observed change in the composition of archaea in various diseases is a reflection 
of the reaction of the archaea to a change in the symbiotic consortium of archaea with 
other representatives of the microbiota.

4.1 Archaea and digestive system

According to the literature, the largest number of studies on the involvement in 
the pathogenesis of various diseases concerns the digestive system. These changes are 
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represented by quantitative and qualitative changes in the composition of archaea. M. 
oralis and M. smithii levels were elevated in endodontic infections, whereas M. oralis 
was elevated in periodontitis [87, 88].

The large intestine pathology confirms a change in methanogen activity, both 
upwards and downwards, as confirmed by breath test and sequencing. The most 
significant changes are associated with Methanobrevibacter.

In diseases such as irritable bowel syndrome (IBS) with constipation, encopre-
sis, and diverticulosis, an increase in the level of M. smithii is observed [3, 89–91]. 
According to the results of most clinical studies, increased methane production is 
most often observed in IBS accompanied by constipation [92, 93]. However, in a 
study including 87 children aged 13 ± 2.6 years, of whom 50 (57.5%) were female, 
no relationship was found between methane and hydrogen production with 
the IBS subtype, or the frequency/severity of abdominal pain, or psychosocial 
distress [94]. Methane production was positively correlated with the transit time 
through the entire intestine (r = 0.31, P < 0.005) and had a negative relationship 
with the frequency of bowel movements (r = −0.245, P < 0.05). This fact may 
serve as a basis for recognizing the total methane level in the lactulose breath test 
as a biomarker of the total intestinal transit time and frequency of bowel move-
ments in children with IBS. At the same time, in the study by Pimental, increased 
methane production was noted in adult patients with IBS, especially when IBS 
was combined with constipation [92]. Oral administration of neomycin reduced 
methane production and clinical manifestations of constipation. In another study 
[95], no relationship was found between the severity of constipation and the 
methane level. A weak correlation was found between total gas levels and several 
IBS symptoms: bloating (r = 0.324, P = 0.039), flatulence (r = 0.314, P = 0.046), 
and abdominal pain (r = 0.364, P = 0.018).

Methane-predominant SIBO is associated with an increased risk of developing 
hepatocellular carcinoma in patients with liver cirrhosis and related complications, 
including hepatic encephalopathy [96].

According to published data, patients with appendicular abscess have an 
increase in M. oralis and M. smithii [97]. After appendectomy, the level of 
 methanogens decreased, which was confirmed by a breath test [98]. There is 
a group of diseases in which the level of methanogenesis is reduced. These are 
inflammatory bowel diseases, such as non-specific ulcerative colitis (UC) [99] 
and Crohn’s disease, and diseases associated with a decreased transit time of food 
through the intestine, such as IBS with diarrhea [88]. In 2021, a meta-analysis of 
17 clinical studies including 1653 patients with SIBO and 7 clinical studies includ-
ing 626 patients with inflammatory bowel diseases (IBD) (Crohn’s disease and 
ulcerative colitis (UC)) was published [93]. In all studies, a lactulose breath test 
was performed to assess bacterial overgrowth syndrome. The analysis revealed a 
statistically significant increase in methane levels in patients with IBS compared to 
patients with IBD. The absence of methane production was found in patients with 
Crohn’s disease compared to UC. Methane levels were correlated with the severity 
of constipation in patients with IBS.

Severe malnutrition has been accompanied by a decrease in the level of archaea 
and a reduction in bacterial composition due to reduced nutrient supply for micro-
organisms [100]. With anorexia nervosa, an increase in the level of M. smithii is 
observed [101].
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4.2 Archaea and cardiovascular system

4.2.1 Archaea, atherosclerosis, and TMAO

It has been established that atherosclerosis is a chronic arterial disease manifested 
by the appearance of atherosclerotic plaques, which, as the disease progresses, can 
lead to adverse cardiovascular outcomes (heart attack, stroke, and gangrene of the 
lower extremities). There are several risk factors for the development of athero-
sclerosis, among which diet occupies an important place. In recent years, more and 
more attention has been paid to the participation of microbiota in maintaining the 
normal functioning of the cardiovascular system [102–105]. The formation of intes-
tinal microbiota occurs, among other things, under the influence of diet. Increased 
consumption of foods rich in choline and L-carnitine leads to the formation of the 
metabolite trimethylamine (TMA) in the intestine, which is absorbed into the blood 
and enters the liver. In the liver, under the action of the enzyme flavin monooxygen-
ase (FMO), TMA is converted into trimethylamine-N-oxide (TMAO), which has a 
proatherogenic effect [32, 106–108]. In individuals with a hereditary defect in flavin-
containing monooxygenase 3, bacterial TMA production is believed to contribute to 
the symptoms of trimethylaminuria (TMAU, fish-odor syndrome) [109]. The forma-
tion of TMAO in plasma (pTMAO) originates from intestinal TMA, which is created 
by the interaction of diet, gut microbiota, and the human host. Atherosclerosis risk 
may be affected by TMA metabolism by altering trimethylamine oxide (TMAO) 
production levels. The literature discusses two main ways to reduce the formation of 
TMAO, which affect the metabolism and absorption of TMA at the intestinal level 
[110]. In 2014, the concept of “archaeobiotics” was introduced—a new generation 
of symbiotics, in particular methanogenic archaea, or prebiotics that stimulate the 
development of methanogenic archaea in the intestine [24]. It has been demonstrated 
that natural methanogenic archaea from the human gut can reduce TMA with hydro-
gen for methanogenesis. This process was described over 40 years ago in the rumen of 
cows [111]. However, delivering sufficient amounts of these oxygen-sensitive micro-
organisms to the gut remains an important hurdle. The technique was patented, but so 
far it has not been tested in humans [30].

A study by Brugère et al. experimentally confirmed that Methanomassiliicoccus 
luminyensis B10 was able to reduce TMA with H2 for methanogenesis. The authors 
propose that metabolic disorders could benefit from the use of this archaea strains as 
treatments [31]. Another way to decrease TMA involves engineering probiotic strains 
to metabolize it, or live engineered biotherapeutic products [110].

Ramezani et al. investigated the efficacy of gut colonization with methanogenic 
archaea (MA) on lowering plasma TMAO concentrations [31]. It was discovered 
that five MA species have the ability to colonize and love plasma TMAO levels in 
C57BL/6 mice on high choline/TMA supplemented diet. Gut colonization with M. 
smithii results in a significant decrease of plasma TMAO levels, with a trend to reduce 
atherosclerosis burden in Apoe−/−mice as 44% reduction of aortic plate area and 
52% reduction of fat content in atherosclerotic plaques.

Borrel G., et al. show that Methanomassiliicoccales are present in published micro-
biome datasets from eight countries. Four of the six new Methanomassiliicoccales 
genomes assembled from ELDERMET metagenomes contained genes for utilizing 
trimethylamine (TMA). The abundance of TMA-utilizing Methanomassiliicoccales 
was positively correlated with the count of bacterial genes for TMA production and 
negatively with fecal TMA concentrations [112]. It was found that the presence of 
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Methanomassiliicoccales in human populations was not universal, but they were associ-
ated with bacteria-produced trimethylamine [113].

4.2.2 Archaea and cardiovascular diseases

A recently published study assessed the prevalence and identified risk factors for 
IBS in patients with acute ischemic stroke (first 48 hours) [114]. A positive SIBO test 
result was recorded in 23 of the 80 patients (28%) diagnosed with acute ischemic 
stroke. According to statistical analysis (multivariate logistic regression analysis), 
triglyceride (TG) and homocysteine (Hcy) levels were identified as independent 
risk factors for the development of SIBO in patients with acute ischemic stroke 
(P < 0.005), with high predictive value in patients with acute ischemic stroke, espe-
cially when both TG and Hcy were taken into account simultaneously.

A large population-based study by Takakura et al. assessed the effect of methane 
on resting heart rate [115]. The observation period was 14 weeks. The study included 
1125 subjects. The study confirmed the theory of the effect of methane on the cholin-
ergic system: a relationship was found between a decrease in the level of methane in 
exhaled air during 14 weeks of observation and an increase in heart rate.

During a prospective study by Mollar et al. the relationship between the content 
of hydrogen (H2) and methane (CH4) in exhaled air as a diagnostic criterion for 
SIBO and manifestations of heart failure was assessed [116]. The study involved 102 
patients with a breath test with lactulose. Gas accumulation was quantified by the area 
under the curve of CH4 (AUC-CH4) and H2 (AUC-H2). Clinical endpoints included 
the composite of all-cause death with all-cause or HF hospitalizations, recurrent all-
cause hospitalizations, and recurrent HF hospitalizations. In the analysis, there was 
an association between AUC-H2 (per 1000 U) and all-cause death/all-cause hospi-
talization (hazard ratio [HR] 1.21, 95% CI 1.04–1.40; P = 0.012), all-cause death/HF 
hospitalization (HR 1.20, 95% CI 1.03–1.40; P = 0.021), and an increase in all-cause 
readmissions (IRR 1.31, 95% CI 1.14–1.51; P < 0.001) and HF-related readmissions 
(IRR 1.41, 95% CI 1.15–1.72; P = 0.001). AUC-CH4 was not associated with any of 
these endpoints. The study concluded that exhaled hydrogen breath testing is a safe 
and non-invasive method for assessing SIBO and a marker of higher risk of long-term 
adverse clinical events in patients with HF, in contrast to AUC-CH4, which did not 
show any prognostic value.

However, 2 years later, the results of another study were published, which con-
firmed the prognostic value of such an indicator as methane production in terms 
of adverse outcomes in HF [117]. The study included 287 patients hospitalized for 
heart failure at Fudan University Hospital. Patients were recruited between 2017 
and 2019. SIBO was diagnosed in 128 patients. At the initial assessment, the SIBO 
group of patients had clinical manifestations of HF according to the NYHA III-IV 
scale. In patients with positive SIBO and HF with reduced ejection fraction, the 
risk of rehospitalization for HF increased by 2.77 times (OR 2.77; 95% CI 1.62–4.74; 
P < 0.001) without significant differences in cardiovascular mortality (OR 1.66; 95% 
CI 0.40–6.94; P = 0.467). In patients with positive SIBO in HF with preserved ejec-
tion fraction, the risk of cardiovascular mortality was increased (OR 7.34; 95% CI 
1.58–34.13; P = 0.011), without a significant effect on the frequency of rehospitaliza-
tion for HF (OR 3.03; 95% CI 0.98–9.38; P = 0.077). Based on the study results, the 
authors conclude that SIBO is an independent risk factor for assessing the primary 
endpoint in patients with HF (odds ratio [OR] 2.13; 95% CI; 1.26–3.58; P = 0.005). It 
was the elevated methane level in the context of SIBO that demonstrated prognostic 
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value for adverse outcomes in HF (OR 2.35; 95% CI 1.38–4.02; P < 0.001), while no 
similar relationship was found between SIBO with increased hydrogen production 
and outcomes.

In a recently published study, we estimate the influence of enzymatic activity of 
microbiota on hemodynamics, arterial stiffness, and emotional state of patients with 
mild-to-moderate risk of cardiovascular complications [118]. The study included 22 
patients with mild-to-moderate risk of cardiovascular complications. In addition to 
standard examination, patients underwent volumetric sphygmography with analysis 
of cardio-ankle vascular index, HADS scores, and results of hydrogen-methane 
breath test with lactulose. It was revealed that there was a negative correlation 
between anxiety and H2 (r = −0.44; p = 0.05), as well as H2/CH4 ratio (r = −0.53; 
p = 0.02). H2 level was a negative predictor of anxiety independent of age, systolic 
and diastolic blood pressure, as well as heart rate (β = −0.64; p < 0.01). There was 
a negative correlation between CAVI and exhaled H2 (r = −0.41; p < 0.05). CH4 
AUC was an age-independent predictor of higher systolic blood pressure (β = −0.49; 
p = 0.03).

4.3 Archaea and endocrine system

In recent years, the issue of the participation of intestinal microbiota in the 
pathogenesis of many somatic and endocrine diseases has been actively discussed. 
In diabetes mellitus type II, intestinal dysbiosis with a decrease in saccharolytic 
bacteria is observed. It is not surprising that the consequence of this is a change in the 
composition of archaea in the form of an increase in the composition of methanogens 
[119]. In diabetes mellitus type I, there was an association between elevated levels of 
methanogens and higher serum glucose levels [120].

The syndrome of excessive bacterial growth accompanies many diseases, including 
endocrine pathology. A recently published study evaluated the efficacy of probiotics 
and prebiotics in treating SIBO associated with subclinical hypothyroidism (SCH) 
in the second trimester of pregnancy [121]. The study included 78 pregnant women 
with thyroid pathology and 74 healthy pregnant women in the second trimester of 
pregnancy. Patients were analyzed for high-sensitivity C-reactive protein (hsCRP) 
levels, lipid metabolism parameters, and lactulose methane–hydrogen breath test, 
and the severity of gastrointestinal symptoms was assessed using the GSRS scale. In 
the hypothyroidism group, 32 patients with SIBO were selected as the intervention 
group. The course of probiotics + prebiotics therapy was 21 days. The parameters were 
assessed before and after therapy. Initially, patients with hypothyroidism had a high 
incidence of SIBO with clinical manifestations of dyspepsia and constipation, high 
production of hydrogen and methane, as well as the elevated level of highly sensitive 
C-reactive protein and a total score on the GSRS scale (p < 0.05). After treatment, 
serum levels of thyroid stimulating hormone (TSH), total cholesterol (TC), triglyc-
erides (TG), low-density lipoproteins (LDL), and hsCRP in the group of women 
receiving prebiotics + probiotics were reduced, and high-density lipoproteins (HDL) 
were increased compared to pre-treatment values (P < 0.05). Therapy with prebiotics 
and probiotics led to a decrease in methane and hydrogen production, normalization 
of clinical manifestations in the form of a decrease in dyspepsia, constipation, and a 
total score on the GSRS scale (p < 0.05).

In obesity, there are inconsistent changes in methanogen levels, as reported in the 
literature by sequencing and breath testing [100, 122–124]. Increased diversity of 
Methanobacteriales has been reported in obese subjects compared to normal weight. 
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Following weight-reducing surgeries, Methanobacteriales density has been reported 
to be reduced [125]. One hypothesis for this condition is that interspecies H2 transfer 
between bacteria and archaea leads to increased energy absorption by the colon in 
obese subjects [100]. A study by Mathur et al. assessed the relationship between 
methane and hydrogen in a breath test, body weight, and body fat percentage in 
the general population [126]. The study included 792 patients divided into 4 groups 
based on hydrogen and methane production in exhaled air: normal (N) (methane 
<3 ppm and hydrogen <20 ppm at 90 minutes or earlier); hydrogen positive only (H+) 
[methane <3 ppm and hydrogen ≥20 ppm]; methane only (M+) positivity (methane 
≥3 ppm and hydrogen <20 ppm); or methane and hydrogen positivity (M+/H+) 
(methane ≥3 ppm and hydrogen ≥20 ppm]. There were significant differences in age 
but not in gender between the groups. After accounting for age as a confounding vari-
able, M+/H+ subjects had a significantly higher BMI than the other groups (P < .02) 
and also had a significantly higher percentage of body fat (P < .001).

According to the literature, the effect of weight on breath test results is contradic-
tory. In studies on adult patients, a correlation was found between increased weight 
and a positive breath test [123]. However, in other studies, Cortez APB., et al., [127] 
and Santos ANDR, et al. [71], noted the opposite trend in children: with a positive 
breath test as confirmation that SIBO was associated with weight loss. In the studies 
of Kiow et al. [76], no effect of BMI on the results of the breath test was found, and 
in the study of Kim [70], a weak relationship was found between BMI and a positive 
breath test in women. An interesting study was conducted in Spain in 2021, which 
assessed the relationship between intestinal microbiota, including the representation 
of M. smithii and metabolic disorders in patients with and without pets [128]. Patients 
with pets were less likely to be obese. As for the intestinal microbiota, they had an 
increased density of Methanobrevibacter, Coprococcus, and Oscillospira, and among 
the bacteria, Serratia was most often found. People without pets had an increase in 
Ruminococcus, Enterobacteriaceae, and Anaerotruncus. This group was more likely to 
have an increase in body weight.

In our study, patients with type 2 diabetes mellitus and obesity showed a decrease 
in hydrogen levels according to the breath test, as well as a positive correlation 
between the level of postprandial glycemia and methane levels. In patients in the 
control group, an inverse correlation was observed between the level of glycemia after 
taking dietary fiber (guar gum) and the level of hydrogen in exhaled air, which was 
not observed in patients with type 2 diabetes mellitus. These changes may be associ-
ated with a decrease in the level of hydrogen-producing bacteria and an increase in 
the activity of methanogens [129].

4.4 Archaea and neurodegenerative diseases

In neurodegenerative diseases, changes in the intestinal microbiota are observed 
[130, 131]. Parkinson’s disease is accompanied by decreased intestinal motility, 
constipation, and changes in the intestinal microbiota in the form of an increased 
representation of methanogens [132].

The latest published study addresses the issue of the influence of archaea on 
human cognitive functions [133]. Using shotgun metagenomics and neurophysiologi-
cal test, the relationship between the microbial community and cognitive functions 
was established in the studied cohort (IRONMET, n = 125). M. smithii and cognitive 
functions were identified. Depending on the representation of M. smithii, a change 
in the bacterial composition of the microbiota was observed. Thus, representatives 
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with a high level of M. smithii are characterized by high levels of Verrucomicrobia, 
Synergistetes, and Lentisphaerae and a low level of Bacteroides and Proteobacteria. 
Differences in microbial composition determined differences in metabolites. Thus, in 
the participants with high abundance of M. smithii, enrichment in energy, butyrate, 
and bile acid metabolism was observed. The blood plasma levels of methylhistidine, 
phenylacetate, alpha-linolenic and linolenic acids were increased, as well as the levels 
of 3-methylhistidine, phenylacetylglutamine, adrenic acid and isolithocholic acid.

4.5 Archaea and cancer

Conflicting data concern the participation of methanogens in the pathogenesis of 
colorectal cancer [134]. Early studies found that patients with high levels of metha-
nogenesis according to a breath test had a lower risk of developing colorectal cancer 
[134]. Later, it was found that there was a positive correlation between the presence 
of halophilic bacteria, prostate adenoma, and colorectal cancer [135]. There was an 
increase in the representation of halophilic bacteria with a decrease in methanogens 
in the comparative series: control group, patients with adenoma, and patients with 
colorectal cancer. It was established that Thaumarchaeota is involved in the biochemi-
cal processes of oxidation of ammonia, a product of protein metabolism in the process 
of carcinogenesis [136]. In a large-scale study, when analyzing more than 44,000 
contigs across different body sites, a relationship was established between human-
associated archaea and cancer-associated metabolites [137]. The greatest diversity of 
cancer-associated metabolites was found in the oral cavity and intestine.

4.6 Archaea and the immune system

Until recently, the question of immunogenicity in archaea was not entirely clear 
given the characteristics of structure and absence of structures characteristic for 
bacterial cells that determine the immune response, namely lipopolysaccharides, 
lipoproteins, and peptidoglycan. Two receptors have now been identified on human 
immune cells for archaea identification: TLR8 [138] and MINCLE [139]. The larg-
est number of publications is about methanogens that confirm an immune system 
response to archaea through a humoral and cellular response [61, 140]. The response 
of humoral immunity has been confirmed in experimental studies on animals (mice), 
as well as in clinical trials on patients with inflammatory bowel diseases and peri-
odontitis. For the first time, an increase in the level of IgG to M. oralis was noted in 
patients with periodontitis [87]. Later, the same authors published results confirming 
the cross-immune reaction between antigenic group II chaperonin in M. oralis and 
human chaperonin CCT [141]. An increase in the level of IgG to M. stadtmanae with 
a simultaneous more frequent detection of MSS in feces was observed in patients 
with inflammatory bowel diseases (IBD) [142]. When stimulating peripheral blood 
mononuclear cells with M. stadtmanae, an increase in TNF-α secretion was noted.

An increase in IgG levels was observed in rodents (mice) in the model of bioaero-
sol-related pulmonary diseases [143]. The animals were administered intranasally 
a suspension of M. smithii or M. stadtmanae cultures in different doses (6.25, 25, or 
100 mg) once a day for 3 days over 3 weeks. During the study, it was established that 
the type of archaea determines the strength and nature of the immune response in the 
lungs. However, both types of archaea caused similar titers of antigen-specific IgG 
in plasma. In other respects, M. stadtmanae was more pathogenic, as it caused more 
serious histopathological changes than M. smithii.
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In further studies by these authors on this model of pathology of the bronchopul-
monary system, the pro-inflammatory effect of M. smithii on the state of the respira-
tory tract, accompanied by activation of Th17, was revealed. This type of reaction 
corresponds to a type IV hypersensitivity reaction that does not require the participa-
tion of eosinophils. The latter was confirmed in experiments on mice with eosinophil 
and mast cell deficiency [144].

German researchers studied the interaction of archaea and antimicrobial pep-
tides (AMP) [145, 146]. The effects of different synthetic AMPs on the growth of 
M. smithii, M. stadtmanae, and Methanosarcina mazei were tested. All three tested 
methanoarchaea were highly sensitive against derivatives of porcine NK-lysin 
(NK2 and C7S) and a synthetic anti-lipopolysaccharide (anti-LPS) peptide, Lpep 
19–2.5. The potent AMP concentrations affecting growth were below 10 μM. The 
highest concentrations of AMP were required for the destruction of MSS. Within 
4 hours of incubation with AMPs, the structural integrity of methanoarchaea cells 
was destroyed, as revealed by atomic force microscopy and transmission elec-
tron microscopy. Their next step was to investigate the immunogenic qualities of 
Methanomassiliicoccus luminyensis and its susceptibility to antimicrobial peptides 
[146]. Because of its remarkable metabolic properties, in particular the degradation of 
trimethylamines, this strain was intended to be used as an ‘archaeobiotic’ for human 
intestinal metabolic disorders. It was demonstrated that M. luminyensis was highly 
sensitive against LL32, a derivative of human cathelicidin. The data obtained confirm 
that M. luminyensis is a typical commensal gut microbe.

In recent years, the results of studies on cell cultures (monocyte-derivate dendrite 
cells (MoDCs) and peripheral blood mononuclear cells (PBNCs)) have been published; 
the main purpose of which was to clarify the possible microbe-associated molecular pat-
terns (MAMPs) and the pattern recognition receptors (PRRs), characteristic of archaea.

Bang et al. studied immune reaction of intestinal epithelial cells (intestinal 
epithelial cell line Caco-2/BBe) in response to M. stadtmanae and M. smithii stimula-
tion [145]. Stimulation with M. stadtmanae or M. smithii did not result in the release 
of cytokine IL-8 or significant changes in transcript levels of genes encoding TNF-a, 
IL-8, human beta defensin 1 (HBD1), HBD4, human defensin 6 (HD6), or human 
cathelicidin LL37. It can be concluded from these findings that M. stadtmanae and M. 
smithii are not recognized by human intestinal epithelial cells. Activation of MoDCs in 
response to M. stadtmanae leads to a significant release of cytokines TNF-α and IL-1β, 
while the reaction to M. smithii is weak. It was revealed that M. stadtmanae and M. 
smithii increased expression of CD 86 and CD 197 receptors with a more pronounced 
response to M. stadtmanae. M. stadtmanae altered the expression of antimicrobial 
peptide genes in MoDC to varying degrees.

Subsequent studies by this group of scientists confirmed the data that the interac-
tion of archaea and cells of the immune system is similar to the antiviral immune 
response, which is carried out through phagocytosis with the formation of a lysosome 
followed by the expression of interferon genes: IFN-α14, INF-β, and INF-γ1 [138]. M. 
stadtmanae induced an antiviral type I/III IFN response. It turned out that it is RNA 
that has immunogenicity, stimulating the secretion of TNF-α and IL-1β in PBMCs and 
MoDC cells. TLR8 engagement is the sole factor that activates the NLRP3 inflamma-
some, even though M. stadtmanae recognition is mediated by TLR7 and TLR8. This 
process is similar to the hallmarks of both the canonical and the recently discovered 
alternative inflammasome activation (pyroptosis).

The results of recent publications have shown that archaeal lipids were recognized 
by the C-type lectin receptor MINCLE and induced immune response [139].
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5.  Strategies for decreasing CH4 emissions

According to the literature, an increase in methanogens, accompanied by an 
increase in the level of methane in exhaled air, is recognized as one of the predictors 
of the development of SIBO, which worsens the course of many diseases, including 
cardiovascular diseases, endocrine pathology, and neurodegenerative diseases. All 
of the listed changes confirm the fact of the interaction of the intestinal microbiota 
with the organs and systems of the body, determining the functioning of the axes: 
“gut-brain,” “gut-lungs,” “gut-cardiovascular system,” and “gut-endocrine system.” 
A decrease in methanogenesis with an increase in the level of hydrogen as an antioxi-
dant is one of the points of influence on these axes and the regulation of the func-
tion of the cardiovascular system, endocrine system, central nervous system, and 
bronchopulmonary system. Currently, several ways of influencing methanogenesis in 
humans are considered in the literature:

1. Rifaximin and neomycin administration [6]

2. Statin administration: lovastatin and mevastatin (Figure 5) [147, 148]

3. A low FODMAP diet [13, 16, 149]

4. Probiotic administration: capsules containing the strain Lactobacillus reuteri [150]

Figure 5. 
Methanogenesis pathway and potential role of lovastatin. Lovastatin and mevastatin had higher affinities for 
the F420 binding site on fno than did F420 itself. Lovastatin may act as inhibitor of F420-dependent NADP 
oxidoreductase (fno), resulting in less methane formation. Reduced carbon atom is highlighted in green. MF, 
methanofuran; MP, methanopterin; CoM, coenzyme M; Fd, ferredoxin; CoB, coenzyme B. This figure was given 
from Ref. [147].
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Currently, it is believed that 30% of anthropogenic methane is formed in the 
intestines of animals, among which the leaders are ruminant livestock [151]. Methane 
is formed during the metabolism of methanogenic archaea, which use hydrogen and 
other products of microbial fermentation in the intestine. This process helps remove 
waste products of intestinal microorganisms that limit the growth of microflora. 
Methanogenesis results in a loss of 6–10% of energy consumed by ruminants raised 
worldwide. Methanogenesis is undesirable from the standpoint of energy efficiency 
and feed costs [152]. CH4 emissions from ruminant livestock can be decreased 
through strategies such as animal management, genetic selection, rumen microbiome 
manipulation, and nutritional modulation.

Ways to reduce methanogenesis in farm animals (primarily ruminant livestock) 
[61, 153].

1. Diet modification:

• Addition of various dietary supplements (rapeseed oil, sweet potato vine 
silage, and alfalfa). In this case, the time of food residence in the rumen has an 
effect: a decrease in time reduces methanogenesis [154, 155].

• Different diets, dietary modification. High fiber content compared to high 
starch content leads to an increase in the acetate/propionate ratio and an 
increase in cellulolytic bacteria levels and an increase in methane levels [156]. 
Meanwhile, an increase in amilum leads to an increase in the activity of amy-
lolytic bacteria and an increase in rumen H2 levels, and a decrease in methane 
levels. The other way to reduce CH4 production is to increase dietary fats or 
fat-rich supplements [155].

2. Adding chemical compounds:

• Bromochloromethane results in a 30% reduction in methane levels [157].

• Bromoform, contained in the seaweed Asparaguses species, reduces metha-
nogenesis by 90% [158]. The disadvantage of this approach is the toxicity of 
bromoform, which manifests itself in the carcinogenesis, as well as ozone-
depleting properties. The compound has increased volatility and enters the 
atmosphere, where it turns into bromine, which destroys ozone. Bromoform 
can accumulate in animal meat and milk consumed by humans. Despite its 
high efficiency in reducing methanogenesis, consumption of this compound 
by cattle leads to animals refusing to eat.

• 3-nitrooxypropanol, which affects the enzyme methyl-coenzyme M reductase 
(MCR) [159], leads to a decrease in methane production by 30–82% [160, 161].

• Ionophores and organic acids. Ionophores usually decrease CH4 in the rumen by 
decreasing H2 production. But ionophore antibiotics (maduramicin, monensin, 
lasalocid, and salinomycin; usually used as anticoccidials) stimulated caecal 
methanogenesis in rabbits due to the H2-dependent formation of acetate inhibi-
tion, leading to an increase in the H2 available for methanogens [162].



Gut Microbiota – A Key Player in Overall Human Pathologies

162

3. Changes in the composition of the intestinal microbiota:

• An increase of Acetobacter competing with methanogens for hydrogen in the 
synthesis of acetate instead of methane [163]. This type is found among macro-
podids in Australia. In the stomach of kangaroos, the amount of acetogens pre-
dominates; therefore, the minimum amount of methane production is observed.

• Defaunation results in a 42–80% reduction in methanogenesis [164]. Protozoa 
act as hosts for archaea, protecting them and providing them with hydrogen 
for methane synthesis.

• Use of prebiotics, for example in non-ruminants (pigs)—Saccharomyces 
cerevisiae YST2 [165].

4. Selection of animals with reduced methanogenesis [166].

5. The latest direction for reducing methanogenesis is vaccination against metha-
nogens [167].

6.  Conclusions

In the available literature, much more attention is paid to the mechanisms of 
hydrogen production by the gut microbiota, its role in SIBO, and its antioxidant, 
anti-apoptotic, and anti-inflammatory properties. The physiological role of methane 
and mechanisms of its production and potential role in pathology development are 
much less evident. It depends on the difficulties in sequence determination of the 
methanogenic archaea and in the long-term assumption that archaea are not pathogenic 
for human organism. We demonstrate in our review that there are physiological and 
metabolic differences between groups of humans with a high baseline CH4 concentra-
tion and low baseline H2 concentration vs. a low CH4 producer group with low baseline 
CH4 concentration and high baseline H2 concentration. Humans with high production 
of methane by the gut microbiota predominantly are characterized by constipation, 
lower levels of short-chain fatty acids in the gut, lower reactivity to the administration 
of food fibers, and many others. We assume that measurements of the methane levels 
in the exhaled air or in the flatus might be more affordable in clinical settings compared 
with the sequencing for the determination of high methane producers. Concentrations 
of hydrogen and methane in exhaled air during wildly used breath test need high 
sensitive sensors due to their low levels in ppm range. Non-invasive measurements of 
hydrogen and methane in intestinal gas (flatus) seem more preferable because low 
sensitive, cheap sensors could be used (concentrations in % range). Wide screening 
of the high methane-producing humans will allow the development of personalized 
recommendations for healthy nutrition and therapy for constipation and develop new 
approaches for inhibition of excessive methane production that will be followed by the 
increase in the level of hydrogen and improvement of anti-oxidative defense.
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Chapter 7

Multicomponent Metabiotic 
Actoflor-S Has Therapeutic 
Potential for Bowel, Liver, 
and Metabolic Disorders
Timur Vakhitov and Stanislav Sitkin

Abstract

One of the aspects of bacterial symbiosis with the host is the exchange of 
metabolites. Stimulation of the growth of beneficial bacteria in the microbiota using 
the metabiotic Actoflor®-S led to a change in the composition of the flow of its 
metabolites. Analysis of the blood metabolome of mice by GC-MS showed that the 
animals receiving Actoflor®-S had an increased concentration of almost all amino 
acids and a decreased concentration of most carboxylic acids and their derivatives, 
including lactic acid. Comparison of the obtained results with literature data showed 
that the action of Actoflor®-S leads to normalization of the concentration of at least 
10 marker compounds, whose concentration was significantly changed in patients 
with ulcerative colitis. The property to normalize the composition of the metabolome 
turned out to be inherent only to the entire set of Actoflor®-S components, but not to 
its parts, which is an indicator of the emergent properties of the metabiotic. Overall, 
the results of the work also indicate that all metabolites of the metabolome are 
important participants in maintaining health; often, they have individual activity, but 
in most cases, their activity is a consequence of their combined action.

Keywords: Actoflor®-S, metabiotics, microbiota, growth stimulants, composition 
modulation, interaction with the host, laboratory mice, blood metabolome, GC-MS, 
disease markers, biological activity, antagonistic activity

1.  Introduction

The development of the metabiotic Actoflor®-S is based on fundamental research 
in the field of growth physiology of microorganism cultures, or to be more precise, 
in the field of autoregulation of growth of these cultures. An important issue that 
microbial physiologists tried to resolve in the late 19th and early 20th centuries was 
the question of why microorganism cultures began to grow after a certain lag period 
and why their growth stops even if there are sufficient nutrients and oxygen in the 
environment.
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Even before the general interest in these issues arose, Louis Pasteur wrote in his 
work “Memoirs on Alcoholic Fermentation” [1], that yeast is unable to grow in pure 
or sugar water when a small number of cells are introduced and restores this ability if 
the seeding density is increased. Pasteur saw the reason for this in the lack of certain 
nitrogenous and mineral substances secreted into the medium by the cells themselves. 
The effect discovered by Pasteur was later called the effect of autostimulation of 
growth.

The systematic study of the effect of autostimulation of growth discovered by 
Pasteur began in 1901 with the work of a third-year student at the University of 
Leuven (Belgium), Wildiers [2]. He worked under the supervision of Professor M. 
Ide, but since the article was presented at a student paper competition, it was pub-
lished only under the name of Wildiers. Like Pasteur, Ide and Wildiers discovered 
that after seeding, cells secrete certain substances into the medium that promote their 
growth and increase the fermentation rate but are not the main sources of nitrogen 
and carbon. These substances were given the provisional name “bios”, which was 
supposed to be replaced by a chemical name after the composition of “bios” was 
established.

Similar results to those of Wildiers were obtained by the Russian scientist Ya. 
Nikitinsky, who, like Wildiers and Pasteur, showed (1904) that yeast and mold fungi, 
during the growth process, release substances capable of activating the reproduction 
of several microorganisms [3].

Subsequent work led to an important conclusion about the complex structure of 
“bios.” In 1928, Eastcott determined that the active part of one of the fractions (“bios 
I”) was the long-known substance mesoinositol (hexahydroxycyclohexane). In 1936, 
Fritz Kögl, together with Tönnies, isolated the most active component of bios (“bios 
II”) and called it biotin, and Miller showed that some amino acids should also be 
included in “bios.” Later, β-alanine and pantothenic acid were included in the “bios,” 
and then vitamin B6, para-aminobenzoic, and folic acids [3].

Yeast is a eukaryotic microorganism. Several years after Wildiers’ work, Otto Rahn 
[4] conducted similar experiments on prokaryotic microorganisms, bacteria. He also 
concluded that the growth rate of bacteria is determined by the concentration of a 
certain heat-stable substance that they form and secrete into the growth medium. The 
higher the concentration of bacteria after seeding, the faster this substance accumu-
lated in the medium, and, as a result, the growth of bacteria began.

The identification of these compounds, however, was delayed for almost a century 
[5], and their search was not marked by such significant events as the discovery 
of vitamins. One of the attempts to identify autostimulators of bacterial growth 
was undertaken by the group of Lankford and co-authors in the second half of the 
twentieth century. The authors did not know about the experiments of O. Rahn but 
confirmed the presence and functions of autostimulators of growth and also came 
to the conclusion that these compounds are necessary not only for the initiation of 
growth but also for its maintenance throughout the process.

Almost 10 years later (1974–1975), the effect of autostimulation of growth 
was studied by Russian scientists Korovina and co-authors (in experiments with 
Clostridia), as well as Pshenichnov and Barikhin and co-authors (E. coli M-17) [5]. 
The latter authors, in particular, discovered that the concentration of autostimulators 
in the bacterial growth medium did not change monotonically but periodically; after 
a regular increase during the lag period, it decreased and then increased again. There 
could be several such fluctuations during the growth process, and an increase in 
activity was accompanied by bacterial proliferation, while when it fell, proliferation 
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slowed down. The presence of fluctuations was explained by the fact that under the 
growth conditions used by the authors, the periodic culture retained some synchron-
icity of cell division [5].

Fluctuations in stimulating (inhibitory) activity were also observed after the end 
of growth and were accompanied by corresponding fluctuations in the number of 
bacteria, which was first shown in 1960 by Harrison in experiments with K. aerogenes 
and then (1973) confirmed by Sazonova, Weissman, and Korovina in experiments 
with Clostridia and a group of coworkers led by Pshenichnov (1975) in experiments 
with E. coli M-17 [5]. Fluctuations could arise spontaneously or after adding culture 
medium (CM) filtrates to the medium.

Many Russian researchers, for example, Shilin et al. in 1983, Pechurkin and Brilkov 
in 1984, and Pechurkin et al. in 1990, in their work on continuous bacterial cultures, 
noted that autostimulators are also necessary for growth. Since a denser, continu-
ous culture secreted more autostimulators, its growth rate was higher than that of a 
similar, less dense culture [5].

All the above-mentioned works contributed significantly to the study of the 
effect of autostimulation on growth, but their results often contradicted each other. 
Autostimulators appeared as some elusive compounds, the identification of which 
was always expected but for some reason was constantly postponed.

The last unsuccessful attempt to identify autostimulators of bacterial growth was 
undertaken in the laboratory of the famous British biochemist Douglas Kell [6]. After 
successfully completing a number of stages of isolating autostimulators, the authors 
nevertheless lost the desired activity, presumably because they did not have reliable 
methods for testing it and did not take into account the possibility of the combined 
synergistic action of several metabolites [5].

Our work in this area began in the first half of the 1980s and was aimed at study-
ing the processes of autoregulation in the bacterium E. coli M-17, isolated from 
patients by the Russian scientist L. G. Peretz, who developed a number of probiotic 
preparations based on it, starting with coli-yogurt and ending with a lyophilized form 
of the drug “colibacterin.”

When planning this study, it seemed tempting to us to isolate and identify 
substances that increase the growth rate, antagonistic activity, and other beneficial 
properties of E. coli M-17 to increase its therapeutic and prophylactic potential.

First, we were convinced that the E. coli M-17 culture medium contains growth 
autostimulators, learned to determine their activity in several mutually complemen-
tary ways, and obtained culture media with activity much higher than their activity 
during conventional cultivation. When fractioning the autostimulators, it was 
confirmed that the highly active culture medium contained several active fractions, 
the combined effect of which significantly exceeded the effect of each of them. In the 
low-activity medium, the autostimulators themselves and their varieties were signifi-
cantly fewer.

In the course of further work, almost all autostimulators of this strain were identi-
fied, and a composition was created on their basis, which was called Actoflor®-S 
(activator of microflora-Synthetic). Further studies have shown that it is capable 
of stimulating the growth and antagonistic activity not only of E. coli M-17 but 
also of other well-known probiotic microorganisms, especially bifidobacteria and 
lactobacilli.

Although a number of components of Actoflor®-S (e.g., succinic and glutamic 
acids, methionine, and lysine) had pronounced individual biological activity, their 
combined action was stronger and more specific. Other components acted only 
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together (e.g., leucine, valine, and alanine). Lactic, acetic, and formic acids (in 
the form of salts) were, on the one hand, antagonism stimulators and, on the other 
hand, density-dependent autoregulators stimulating the growth of probiotic E. coli, 
Lactobacilli, Bifidobacteria, and other beneficial bacteria when their numbers in 
the human microbiota were reduced and limiting their growth in cases of excessive 
reproduction of these bacteria.

Currently, the metabiotic Actoflor®-S is produced by the pharmaceutical com-
pany Solopharm in three modifications. The first of them is Actoflor®-S, a liquid 
form for adults, somewhat similar to the well-known drug Hilak-forte, but, unlike 
it, it does not contain any unidentified substances, including any high-molecular 
compounds—proteins, nucleic acids, lipopolysaccharides, and other substances that 
are potential allergens in the composition of all drugs of microbial origin. Actoflor®-
duo capsules differ in that they additionally contain an important autoregulation 
factor, the amino acid cysteine, which is unstable in the liquid form of Actoflor®-S, 
as well as riboflavin and folic acid (vitamins B2 and B9), which are among the biologi-
cally active substances supplied to the host by commensal E. coli M-17. Lactic acid is 
included in Actoflor®-duo in the form of calcium lactate; i.e., the entire complex is 
additionally a source of easily digestible calcium. The capsule form has a longer shelf 
life and ensures the delivery of biologically active substances directly to the site of 
action—the large intestine.

The Actoflor®-kids form of the drug deserves special attention; it has been 
adapted by the employees of the pharmaceutical company Solopharm specifically 
for children starting from the age of three. The developers of the children’s form 
relied on the fact that it is at this age that the formation of intestinal microbiota 
is completed, and, therefore, its timely and correct formation allows you to avoid 
many troubles of adolescence and adulthood associated with the need to correct 
the composition of the microbiota after the completion of the main stages of its 
formation.

All components in all three forms of the drug are pure chemicals produced by 
well-known pharmaceutical companies, guaranteeing a high degree of purification, 
and can be used in dietary supplements and/or pharmaceuticals.

2.  The effect of the metabiotic Actoflor®-S and its components on the 
composition of the host blood metabolome

The mechanism of action of all three forms of the metabiotic Actoflor® can be 
formulated as a number of provisions:

1. The metabiotic serves as a source of importance, including regulatory, microbial 
metabolites that the host receives from the microbiota in insufficient quantities 
due to a violation of its composition.

2. Regulatory metabolites that are part of the metabiotic affect the composition and 
biological activity of the microbiota, which performs immune, trophic, psycho-
neurological, and a number of other functions in relation to the host organism.

3. Under the influence of the metabiotic, there is a change in the qualitative and 
quantitative composition of the metabolites that the host receives from the mi-
crobiota, resulting from a change in the composition of the microbiota itself.
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4. Metabolites of the metabiotic and microbiota cause a response from the host in 
the form of a change in the composition and quantity of mucin and metabolites 
that the host supplies to the microbiota. The host’s response, combined with the 
action of the metabiotic, entails further changes in the composition and func-
tional activity of the microbiota, as a result of which the entire microbiota-host 
system moves to a new level of self-consistent development.

Earlier, in our experiments and experiments of other authors with bacterial 
cultures, eukaryotic cell cultures, organotypic tissue cultures, as well as works 
aimed at identifying the features of the metabolome in various diseases, it was 
shown that blood metabolome analysis is an informative tool for studying the 
specific features of the disease, the action of drugs, dietary supplements, and 
other effects on the host [5].

The purpose of this experimental study was to continue these works, aimed at 
identifying the features of the effect of the dietary supplement Actoflor®-S and 
its components on the composition of the host metabolome. The advantage of the 
metabolomic analysis method is that it allows us to judge the nature of the action of 
drugs at the level of the entire host organism and its microbiota.

3.  Materials and methods

Actoflor®-S, a biologically active additive solution for oral administration, is 
manufactured by Grotex LLC, Solopharm, https://actoflor.ru/en. Composition of 
BAA Actoflor®-S in g /l: L-aspartic acid (0.91), glycine (1.20), L-leucine (1.50), 
L-alanine (2.03), L-valine (6.68), L-glutamic acid (6.71), L-lysine hydrochloride 
(8.33), L-methionine (3.4), sodium formate (15.5), succinic acid (16.2), D, L-lactic 
acid (24.7), sodium acetate (116.0). The carboxylic acid complex (CAC) included 
the last four components of Actoflor®-S in the same concentrations. The concentra-
tion of the sodium acetate solution was 116 g/l. All components were provided by 
Grotex LLC, Solopharm. For administration to animals, the preparation and stock 
solutions of CAC and acetate were diluted 100 times before use and administered to 
animals intragastrically in a volume of 200 μl/mouse.

The study involved outbred white mice, females, weighing approximately 18 g. 
(Rappolovo Nursery, St. Petersburg, Russian Federation). All animals were divided 
into four groups of six animals. The control group received saline; the experimental 
groups received Actoflor®-S, CAC, and sodium acetate. The drugs were adminis-
tered for 3 days under standard feeding conditions; in the evening of the 3rd day, 
the animals were stopped feeding, and in the morning of the 4th day, the drugs were 
administered on an empty stomach. After 3 hours, the animals were sacrificed by 
decapitation, and their blood was collected. Blood serum obtained by the standard 
method (with the addition of heparin) was frozen at −18°C.

For metabolomic analysis, blood serum samples were defrosted at room tem-
perature. 0.5 ml of acetonitrile was added to 0.15 ml; the mixture was stirred for 
3 minutes; the clear supernatant was collected; and the sediment was washed with 
0.5 ml of acetonitrile. Both solutions were combined, an internal standard (10 μl of 
trideuteromethanol ester of tridecanoic acid dissolved in methanol (2 mg/ml)) was 
added, and the mixture was dried in a nitrogen stream. 100 μl of the background of 
the silylating agent (BSTFA) (N,O-bis(trimethylsilyl)-trifluoroacetamid) was added 
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to the residue, and the mixture was kept at 50°C for 3 minutes. The obtained samples 
were analyzed on a GCMS-QP2010 Plus chromatograph mass spectrometer from 
SHIMADZU with GCMS solution software for data processing and the NIST08 mass 
spectral information database.

Chromatographic separation was performed on an Ultra-2 capillary column 
25 m long and 0.2 mm in internal diameter. The chromatogram of each sample 
was recorded in two modes: (1) From 1 minute to 6.4 minutes, monitoring of ions 
m/z = 103, 117, 145 (SIM mode); (2) from 6.4 minutes to 40 minutes by the total 
ion current in the mass range from 35 to 550 (SCAN mode). The choice of the first 
recording mode was due to the need to record the peaks of formic, acetic, and 
butyric acids against the background of the silylating agent (BSTFA), contained 
in excess.

The compounds were identified by comparing their mass spectra with the mass 
spectra contained in the NIST08 computer library, as well as based on the retention 
times of the compounds and our spectral information. To obtain quantitative data, 
the peak areas of the identified components were expressed as a percentage of the 
sum of the areas of all identified compounds.

Statistical processing of the results was performed using standard statistical pro-
grams. To assess statistical significance, the Mann-Whitney, Kolmogorov-Smirnov, 
and Wilcoxon paired tests were used.

4.  Results

According to the chromatograph mass spectrometric analysis, about 100 peaks 
of compounds with retention times from 1.77 to 31.6 minutes were identified in the 
blood serum. Almost all of the identified compounds were trimethylsilyl derivatives 
of blood metabolites of laboratory animals. Some blood metabolites formed not one, 
but several silyl derivatives by different functional groups or by two or more func-
tional groups simultaneously. As a result, the number of identified metabolites was 
less than the number of silyl derivatives and amounted to 88 different compounds. 
Studies with the drug Actoflor®-S, in contrast to its component “acetate” and the 
mixture “CAC,” were carried out twice with an interval of 1 year and showed good 
reproducibility and comparability of the results. This explains their more complete 
representation and the absence of some compounds in the groups “Acetate” and 
“CAC.” Comparison of the results of the two studies made it possible to clarify a 
number of conclusions and increase their reliability.

All identified compounds were divided into six groups (Tables 1–6). The first five 
groups contained 51 compounds (58% of all compounds), the concentration of which 
in the blood of laboratory animals had at least one statistically significant difference 
between the pairwise compared groups of animals. Table 6 contains 37 compounds 
(42% of all compounds), the concentrations of which did not differ significantly 
between the compared groups.

Tables 1 and 2 are devoted to analyzing the amino acid composition. The first 
of them includes six amino acids that are also part of Actoflor®-S. The remain-
ing 13 amino acids, coding and non-coding, are listed in Table 2. Table 3 includes 
short-chain carboxylic acids, including three acids that are part of Actoflor®-S. 
Low-molecular carboxylic acids with additional functional hydroxy- and oxo-groups 
are listed in Table 4. Table 5 contains the remaining identified compounds, including 
long-chain carboxylic acids, benzoic acid, etc.
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4.1 Amino acids

The group of mice receiving Actoflor®-S, as expected, differed from the other 
groups by an increased content of almost all amino acids included in Actoflor®-S 
(Table 1), except for valine. From the fourth column of the table, it is evident that the 
maximum differences were observed for methionine, the average concentration of 
which in the blood was almost 13 times higher than in the control group. The glycine 
concentration increased by 5.5 times, and alanine and leucine—more than 2.5 times. 
In quantitative terms, as can be seen from Table 1 (the penultimate line), the content 
of amino acids in the group receiving Actoflor®-S was about 4% of all identified 
compounds, and in the control group—only about 1.2%.

Other groups of experimental mice received biologically active additives that did 
not contain amino acids. However, in the “acetate” group, the total concentration 
of amino acids increased significantly (2.8 times) compared to the control, and the 
concentration of valine (11 times) and leucine (2.3 times) increased especially. Thus, 
acetate had a specific effect on the animals, increasing the synthesis of a number of 
amino acids by microbiota and, in particular, essential branched amino acids.

In contrast to acetate, the combined action of acetate and other carboxylic acids 
(Table 1, CAC group) resulted in a more than twofold decrease in the overall level of 
these amino acids in the blood and a significant decrease in the level of each of them 
when compared with the control group (alanine and leucine) or with the acetate 
(valine and leucine) and Actoflor (methionine and aspartic acid) groups.

In general, the data in Table 1 indicate significant differences in the action of the 
dietary supplement Actoflor®-S and its components, that is, that the metabiotic 
Actoflor®-S has pronounced emergent properties.

The data in Table 2 agree with the data in Table 1 and generally confirm the 
conclusions made on its basis. As can be seen from this table, the effect of taking 
Actoflor®-S was not only an increase in the level of the amino acids contained in 
this dietary supplement but also of most of the others, so that their total percentage 
content in the metabolite pool increased more than 3-fold.

№ Metabolite (amino acid) Concentration in control (Cc), % Concentration relative to control 
(C/Cc)

Name of animal group

Actoflor Acetate CAC

1 L-Valine 0,084 0,85* 11,29*# 0,55#

2 L-Alanine 0,553 2,79* 1,41* 0,45*

3 Glycine 0,062 5,51* 1,82* 0,32*

4 L-Leucine 0,262 2,68 2,23# 0,39*#

5 L-Aspartic acid 0,241 4,43 1,74 0,62*

6 L-Methionine 0,025 12,95* 1,59* 0,74*

Total conc., % of all 1,227* 4,05* 2,883* 0,58*

% of Control 100* 330* 235# 48*#

Note: Significant (p < 0,05) differences from the control are highlighted in bold.
*significant (p < 0,05) differences between the Actoflor group and other groups, also marked with *.
#significant (p < 0.05) differences between the Acetate and CAC groups.

Table 1. 
Comparative analysis of the composition of amino acids (components of Actoflor®-S) in the blood of animals of 
the control group and groups receiving Actoflor®-S, or acetate, or CAC (carboxylic acid complex).
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The content of non-coding α-aminoadipic acid (13.25-fold) and coding 
L-phenylalanine (8.4-fold) increased to the greatest extent. The level of oxyproline 
(non-coding amino acid) and L-serine (coding amino acid) increased more than 5-fold, 
the level of L-isoleucine increased almost 5-fold, and the level of threonine increased 
3.45-fold. The level of non-coding L-pyroglutamic acid increased 1.7-fold, and the level 
of coding L-proline increased 2-fold. The latter generally had the highest concentration 
among all amino acids in the control group and the acetate and CAC groups. In the 
“Actoflor” group, its concentration reached 1.3% and was also higher than the concen-
tration of all other amino acids not included in the composition of Actoflor®-S.

Among the four amino acids whose concentration in this group decreased, tyro-
sine is the most noteworthy. Its concentration in the control animals was one of the 
highest (0.436%), and under the action of Actoflor®-S, it fell more than 10 times. 
Tyrosine is an essential amino acid, but in the body of animals, it can be synthesized 
from phenylalanine, the concentration of which, as already noted, increased in this 
group more than 8 times (Table 2). Similarly, the concentration of glutamine and 
aminomalonic acid, which in the blood of animals of the control group were about 
0.25 and 0.21%, respectively, decreased 5 times. Judging by the data obtained, the 
concentration of α-aminobutyric acid decreased more than 10 times, but this acid was 

№ Metabolite (amino acid) Concentration in control (Cc), % Concentration relative to control 
(C/Cc)

Name of animal group

Actoflor Acetate CAC

1 L-Isoleucine 0,100 4,82* 3,24*# 0,34*#

2 α-Aminobutyric acid 0,039 0,09 n.d. n.d.

3 α-Methylalanine 0,009 2,77* 0,21*# 0,60#

4 L-Serine 0,127 5,15* 2,66*# 0,61*#

5 L-Threonine 0,209 3,45* 2,21# 0,51*#

6 L-Proline 0,634 2,05* 1,54# 0,45*#

7 Oxyproline 0,060 5,71* 1,44* 0,43*

8 Aminomalonic acid 0,214 0,20* 0,36# 3,01*#

9 L-Pyroglutamic acid 0,123 1,73* 0,80 0,72*

10 α-Aminoadipic acid 0,056 13,25* 2,98* 1,08*

11 L-Phenylalanine 0,056 8,40* 2,93 0,73*

12 Glutamine 0,248 0,20 n.d. n.d.

13 L-Tyrosine 0,436 0,10 n.d. n.d.

Total (13), conc., % 2,311 5,09 2,69 1,37

Total (13), % of Control 100 220 117 59

Total (10) conc., % 1,598 4,99* 2,69* 1,37*

Total (10), % of Control 100 314* 170* 86*

Note: n.d.: no data; the remaining designations are the same as in Table 1.

Table 2. 
Comparative analysis of the composition of amino acids not included in Actoflor®-S in the blood of animals of 
the control group and groups receiving Actoflor®-S, or acetate, or CAC (carboxylic acid complex).
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found only in very small quantities, which does not allow us to consider this result 
completely reliable and indicative.

Regarding the nature of the differences from the control group, the “acetate” 
group was close to the “Actoflor” group. The concentration of 8 out of 10 amino 
acids common to these groups (Table 2) changed in a similar direction. The excep-
tions were α-methylalanine and L-pyroglutamic acid, the concentration of which 
in the “Actoflor” group was higher than in the control and lower in the “acetate” 
group. However, this difference from the control was not statistically confirmed for 
L-pyroglutamic acid.

In general, however, the changes in the amino acid composition in the “acetate” 
group, coinciding in direction with the “Actoflor” group, according to the data in 
Table 2, were expressed less than in the “Actoflor” group. This is evident both in the 
pairwise comparison of the data for individual amino acids and in the integral indica-
tor “Total (10), % of Cont.” in the last row of Table 2. The presence of similar changes 
between the “Actoflor” and “acetate” groups is also confirmed by the fact that there 
are only five reliable differences between the groups, whereas there are nine such 
differences between the Actoflor and CAC groups. The acetate and CAC groups differ 
noticeably less (6 differences) from each other.

4.2 Carboxylic acids

The analysis of the composition of carboxylic acids also showed quite unexpected 
results (Table 3). It was quite reasonable to expect that the mice that received the 
dietary supplements would have a high content of acetate and other acids in the 
blood, which are part of these dietary supplements. However, in all experimental 
groups, the concentration of acetate in the blood of animals was 1.4–2.2 times lower 
than in the control group. Between the experimental groups themselves, the con-
centration of acetate did not differ statistically. This made it possible to analyze the 
statistical significance not only in pairwise comparison of groups but also to calculate 
the P-value, combining all experimental groups together. As a result, it was confirmed 
that the acetate concentration in the combined group was significantly (p = 0.003) 
lower than in the control.

As for other acids, formic and succinic, their concentration was higher only in the 
blood of animals receiving Actoflor®-S, and in the CAC group, their concentration 
decreased rather than increased. The addition of acetate alone (acetate group), as 
expected, did not lead to a change in the level of these acids.

For acids not included in the dietary supplements studied, Table 3 shows a signifi-
cant decrease in the concentration of isobutyric, isovaleric, and a-valeric acids for all 
groups, with the greatest decrease occurring in the group receiving Actoflor®-S and 
the least in the CAC group. The decrease in the level of methylsuccinic acid was also 
significant for the two groups separately and for all three together (p = 0.002).

In addition to these acids, valeric acid was found in the blood of animals. 
Previously [7, 8], we showed that valeric acid is one of the few metabolites that have 
a noticeable beneficial effect on the condition of the intestinal epithelium and liver 
in the presence of their disorders, for example, in the case of inflammatory bowel 
disease or fatty liver disease. Table 3 shows that the level of this acid in the blood 
increases only in the case of taking the complete dietary supplement Actoflor®-S, 
while its components did not increase this level and possibly even decrease it.

Speaking about Table 3 as a whole (line 9), it can be noted that the CAC group 
was characterized by a statistically significant (p = 0.007) decrease in the level of 
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absolutely all carboxylic acids. In the acetate group, the level of five out of eight 
carboxylic acids statistically significantly decreased, and the level of the remaining 
three acids (formic, succinic, and valeric) remained the same as in the control. The 
level of these three acids was even higher in the group receiving Actoflor®-S. In 
this case, the “control” level was significantly exceeded by 1.5–3 times. The increase 
in the level of these acids is probably not directly related to the presence of two of 
them (formic and succinic) in the composition of the taken dietary supplement 
Actoflor®-S, since the same acids and in the same amount were contained in the 
CAC supplement, and the result was the opposite. It is most likely that dietary 
supplements did not enter the blood directly but influenced the composition of 
the microbiota and thus changed the qualitative and quantitative composition of 
metabolites entering the host body from the microbiota.

If the first three acids in the table, which are part of the dietary supplement, are 
excluded from consideration, it turns out that the concentrations of the remaining 
acids in all experimental groups were significantly lower than in the control group 
(lines 11 and 12 in Table 3). This means that all the studied dietary supplements led 
to a decrease in the total level of carboxylic acids not included in them, and this was 
observed to the maximum extent for Actoflor®-S (28% of the control), to a lesser 

№ Metabolite (Acid) Concentration in control 
(Cc), %

Concentration relative to control  
(C/Cc)

Name of animal group

Actoflor Acetate CAC

1 Formic acid 0,988 3,43 1,09 0,753

2 Acetic acid 3661 0,621 0,46 0,733

3 Succinic acid 0,047 3,07 0,94 0,743

4 Isobutyric acid 0,043 0,20* 0,34 0,61*

5 Isovaleric acid 0,043 0,08* 0,19 0,46*

6 a-Valeric acid 0,057 0,10* 0,33 0,49*

7 Valeric acid 0,021 1,5 1,06 0,72

8 Methylsuccinic acid 0,01 0,03 0,07 0,342

9 Total conc., % 4,87 5,85 2,88 3,53

10 % of Control 100 120 59 72

11 Conc.(4 + 5 + 6 + 7 + 8),% 0,174 0,049 0,065 0,092

12 % of Control 100 28 37 53

13 Conc. (1 + 2 + 3),% 4,70 5,80 2,80 3,43

14 % of Control 100 124 60 73
1p = 0.003 when combining all experimental groups.
2p = 0.002 when combining all experimental groups.
3p = 0.01 in a combined comparison of all three acids.
Note: In the list of acids (lines No. 1–No. 8), the names of acids present in the dietary supplement are highlighted in 
bold. The remaining designations are the same as in Tables 1 and 2.

Table 3. 
Comparative analysis of the composition of low-molecular carboxylic acids (including components of 
Actoflor®-S) in the blood of animals of the control group and groups receiving Actoflor®-S, or acetate, or CAC 
(carboxylic acid complex).
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extent in the case of acetate (37%), and to and an even lesser extent in the CAC 
group (53%).

The total concentration of carboxylic acids (lines 9 and 10), as well as the total 
concentration of the first three carboxylic acids (lines 13 and 14) in the groups 
receiving acetate and CAC, were also lower and amounted to 59–60% and 72–73% 
of the control values, respectively. In general, this means that taking carboxylic 
acids (acetate and CAC) as a food additive (under the conditions of this experi-
ment) led, oddly enough, to a decrease in their overall level in the blood of labora-
tory animals.

The most likely reason for all these changes is the same as above: the components 
of the dietary supplement entering the intestine have a regulatory effect on the 
composition of the microbiota, and the latter, in turn, affects the composition of 
low-molecular metabolites in the blood. However, a direct regulatory effect of the 
dietary supplement on the host organism cannot be ruled out. It is important to note 
that Actoflor®-S, in any case, behaves differently from its constituent parts—acetate 
and СAC. This indicates a coordinated action of all components of the drug and the 
presence of pronounced emergent properties both in Actoflor®-S itself and in its 
part—CAC.

Hydroxy- and oxocarboxylic acids play a significant role in the metabolic pro-
cesses of the body. The most important and most represented hydroxyacid in the 
metabolome is lactic acid. For this reason, it was considered separately from other 
representatives of this class of acids. At the end of Table 4, a special section is devoted 
to it, from which it is evident that in the group of control mice, the concentration 
of lactic acid was almost 33% of the total number of metabolites identified. In the 
groups receiving acetate and CAC, this concentration was practically the same as in 
the control within the limits of statistical reliability. The concentration of lactic acid 
in the blood of animals is one of the most conservative indices of the metabolome, 
so it was surprising that in the group receiving Actoflor®-S, its concentration was 
significantly lower than in the control and the two experimental groups (p = 0.05). 
Reduced lactic acid levels may be at least one of the reasons for improved well-being 
and performance in athletes taking Actoflor®-S.

The concentration of most other metabolites (Table 4) decreased under the 
influence of all dietary supplements. The exception was 3-methyl-2-oxovaleric acid 
(No. 2 in the table), whose concentration significantly increased in the “Actoflor” 
group. In its structure, this acid is a ketone analog of isoleucine and is a product of its 
degradation.

In the acetate group, the concentration of α-hydroxybutyric acid (No. 3 in the 
table) increased on average by 2 times, but due to the large spread of its concentra-
tions within the group, this increase was statistically insignificant compared to the 
control; however, when compared with the CAC group, the significance of the differ-
ence was greater and corresponded to p = 0.05.

The only compound whose concentration significantly decreased in all three 
groups was glyceric acid (No. 7 in the table), while the acetate and Actoflor groups 
significantly (p = 0.026 and p = 0.004, respectively) differed in lower concentrations 
from the CAC group but did not differ from each other. Unfortunately, we do not have 
data on the concentrations of 2,3-dihydroxybutyric (No. 8), β-hydroxycaproic (No. 
6), and 3-methyl-2-oxovaleric (No. 2) acids in mice receiving acetate or CAC. In the 
Actoflor group, the concentration of these compounds was significantly lower than 
in the control. Perhaps, by analogy with glyceric acid, their concentrations similarly 
decreased in these groups.
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The concentration of β-hydroxypropionic acid (No. 4), a structural isomer of 
lactic acid, did not differ significantly from the control in the Actoflor group but was 
significantly lower than the control in the CAC and acetate groups. The latter was 
characterized by the lowest level of β-hydroxypropionic acid and statistically signifi-
cantly differed not only from the control group but even from the Actoflor (p = 0.03) 
and CAC (p = 0.004) groups. The concentrations of glycolic acid (No. 1) and 
2-methyl-2-hydroxybutyric acid (No. 5) were also significantly lower in the acetate 
group compared to the control and Actoflor groups (Table 4).

Among the compounds listed in Table 4, there are two dicarboxylic hydroxy 
acids: hydroxymalonic acid (No. 9) and 3-hydroxy-3-methylglutaric acid (No. 11). 
The concentration of both acids was statistically significantly lower than the control 
in the Actoflor and acetate groups (Table 4). The content of 3-hydroxy-3-meth-
ylglutaric acid also significantly differed between the Actoflor/CAC (p = 0.009) 

№ Metabolite
(Acid)

Concentration in control 
(Cc), %

Concentration relative to control  
(C/Cc)

Name of animal group

Actoflor Acetate CAC

1 Glycolic 0,498 0,83* 0,39* 0,75

2 3-Methyl-2-oxovaleric 0,046 1,50 n.d. n.d.

3 α-Hydroxybutyric 0,258 0,74 2,07# 0,40#

4 β-Hydroxypropionic 0,064 0,58* 0,02*# 0,43#

5 2-Methyl-2-hydroxybutyric 0,064 1,08* 0,25* 0,7

6 β-Hydroxycaproic 0,016 0,5 n.d. n.d.

7 Glyceric acid 0,6 0,21* 0,35# 0,71*#

8 2,3-dihydroxybutyric 0,058 0,21 n.d. n.d.

9 Hydroxymalonic 0,022 0,20 0,17 0,71

10 2,4-Dihydroxybutyric 0,039 0,73 0,31# 1,08#

11 3-Hydroxy-3-methylglutaric 0,097 0,20* 0,01# 1,26*#

12 l-Threonic 0,319 0,62 1,12 1,05

13 Citric 0,329 1,29* 0,45*# 1,43#

14 Total conc., % 2,41 1,67 1,51 1,96

14 % of Control 100 69,5 62,6 81,3

16 Sum without No.2, 6 and 8 2,29 1,58 1,51 1,96

18 % of Control 100 69,2 65,8 85,6

Lactic acid

19 C/Cc. 1 0,74* 1,22* 0,97*

20 Concentration, % of total 32,8 24,3* 40,1* 31,9*

21 % of Control 100 74* 122 97

Note: All designations are the same as in the tables above.

Table 4. 
Comparative analysis of the composition of short-chain hydroxy- and oxocarboxylic acids in the blood of animals 
of the control group and groups receiving Actoflor®-S, or acetate, or CAC (carboxylic acid complex).
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and CAC/acetate (p = 0.002) groups; no such intergroup difference was found for 
hydroxymalonic acid.

The concentration of 2,4-dihydroxybutyric acid (No. 10) did not differ signifi-
cantly from the control in any of the groups. However, one significant (p = 0.05) 
difference was still found for it—between the CAC and acetate groups.

The concentrations of the last two acids (No. 12 and No. 13), l-threonic and citric, 
were significantly higher than most other acids in the table. The concentration of the 
first of them in the Actoflor group was statistically significantly lower than in the 
control (Table 4), and the concentration of the second did not differ significantly 
from the control in any of the groups but differed between the groups receiving 
Actoflor®-S and acetate (p = 0.03) and acetate and CAC (p = 0.05).

The following Table 5 lists the metabolites that were not included in any of the 
previous tables but the concentrations of which were statistically significantly differ-
ent from the control and/or between the groups. Unlike the previous tables, the main 
reliable differences from the control group were associated with the acetate group 
(seven out of nine possible); only two differences fell to the share of the Actoflor 
group and only one difference to the CAC group.

The Actoflor group differed from the acetate group in three positions: uracil 
(p = 0.05), creatinine (p = 0.009), and tetradecanoic acid (p = 0.008). It differed 
from the CAC group only in the concentration of dodecanoic acid (p = 0.004).

The greatest number of differences (6) were found when comparing the CAC 
and acetate groups: benzoic acid (p = 0.004), monophosphate (p = 0.022), nonanoic 
acid (p = 0.017), creatinine (p = 0.01), tetradecanoic acid (p = 0.05), and cis-6- 
octadecenoic acid (p = 0.004).

One of the substances listed in Table 5 remained unnamed, but it was character-
ized by retention time and characteristic mass spectrum. These characteristics will 
allow identifying this substance in the future.

№ Metabolite Concentration in control (Cc), % Concentration relative to control  
(C/Cc)

Name of animal group

Actoflor Acetate CAC

1 Benzoic acid 0,135 1,54 0,02# 2,65#

2 Monophosphate 0,544 1,66 3,43# 0,97#

3 Uracil 0,047 0,82* 0,17* 0,68

4 Nonanoic acid 0,033 0,80 0,04# 0,46#

5 Creatinine 0,066 1,53* 0,14*# 0,88#

6 Not identified 0,144 0,24 n.d. n.d.

7 Dodecanoic acid 0,052 0,40* 0,28 0,08*

8 Tetradecanoic acid 0,076 2,60* 0,16*# 1,31#

9 cis-6-octadecenoic 0,123 0,92 0,07# 1,20#

Note: All designations are the same as in the Tables 1–3.

Table 5. 
Comparative analysis of the composition of other metabolites in the blood of animals of the control group and 
groups receiving Actoflor®-S, or acetate, or CAC (carboxylic acid complex).
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The final Table 6 contains compounds whose concentrations do not differ statisti-
cally significantly between the groups. These substances include such metabolically 
significant compounds as pyruvic, acetoacetic, fumaric, malic, and oxalic, as well as 
butyric and hydroxybutyric acids and their isomers; various saturated and unsatu-
rated medium- and long-chain acids, including those of microbial origin, glycerol, 
glycerophosphate, urea, cholesterol, hydrogen sulfide, and some other compounds. 
The homeostasis of these substances is apparently too important for the macroor-
ganism and therefore is not subject to (or is subject to a lesser degree) regulation by 
metabolite preparations.

5.  Therapeutic potential of Actoflor®-S in the prevention and treatment 
of intestinal, liver, and metabolic disorders

The therapeutic potential of Actoflor®-S is determined, first, by its effect on the 
composition and physiological functions of the microbiota, which results in a change 
in the qualitative and quantitative composition of the flow of metabolites entering 
the host organism. In the host’s blood, metabolites have a regulatory effect on all 
its organs and tissues, helping maintain health or, on the contrary, causing changes 
that favor the development of a particular pathology. Except for potent poisons, 

№ Metabolite № Metabolite

1 Butyric acid 20 Malic acid

2 Oxalic acid 21 Undecanoic acid

3 Hydrogen sulfide 22 Norleucine

4 N,N-Dimethylglycine 23 Maleic acid

5 Ethylene glycol 24 3-Hydroxyphenylpropionic acid

6 α-Hydroxyisobutyric acid 25 Glycerophosphate

7 Pyruvic acid 26 Nonanedioic acid

8 β-Hydroxybutyric acid 27 n-Pentadecanoic acid

9 α-Hydroxyvaleric acid 28 cis-9-Hexadecenoic acid

10 Urea 29 Hexadecanoic acid

11 β-Hydroxyvaleric acid 30 9,12-Octadecadienoic acid (Z,Z)-

12 Acetoacetic acid 31 trans-9-Octadecenoic acid

13 Octanoic acid 32 trans-13-Octadecenoic acid

14 Glycerol 33 trans-11-Octadecenoic acid

15 Fumaric acid 34 Octadecanoic acid

16 2-Methylbenzoic acid 35 Arachidonic acid

17 α-phenylpropionic acid 36 cis-4,7,10,13,16,19-Docosahexaenoic acid

18 3,4-dihydroxybutyric acid 37 Cholesterol

19 Decanoic acid 38 Ethanolamine

Table 6. 
List of compounds for which statistically significant differences in concentrations between animal groups were not 
detected.
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hormones, neurotransmitters, and some other similar molecules, the host organism 
does not react to a single substance but to a certain set of different molecules, as was 
clearly shown in this study using the example of Actoflor®-S dietary supplement and 
its components. The effect of a complete dietary supplement differed significantly 
from the effect of its parts; in other words, the drug had pronounced emergent 
properties. For example, in animals receiving Actoflor®-S, compared to other groups 
of animals, the concentration of almost all amino acids in the blood significantly 
increased, while the concentration of carboxylic acids and their derivatives decreased. 
In the group receiving only acetate, the concentration of amino acids also tended to 
increase, but this increase was less. And finally, in the CAC group, the concentration 
of amino acids was noticeably lower than in the control and, especially, in the other 
groups. Since the host itself could not synthesize essential amino acids, it is logical to 
conclude that their synthesis was carried out by the microbiota and was stimulated 
by the amino acids from Actoflor®-S. Acetate also stimulated the synthesis of amino 
acids but exhibited this ability to a significantly lesser extent than the amino acids 
themselves.

The latter property of acetate is not surprising, since it is a desirable substrate 
for a number of intestinal bacteria and the starting product in many biosynthetic 
processes. What was surprising was that in combination with three other carboxylic 
acids (i.e., as part of the CAC), their ability to stimulate the synthesis of amino acids 
completely disappeared. Actoflor®-S, which is the same CAC but with the addition of 
several amino acids, was again able to stimulate their synthesis, including the synthe-
sis of amino acids not included in Actoflor®-S.

One of the exceptions to the general rule was the abnormal “behavior” of valine. 
Its concentration, unlike other amino acids, did not increase against the background 
of taking Actoflor®-S but increased more than 10 times in animals receiving acetate. 
In other words, adding any other bacterial metabolites to acetate (i.e., carboxylic acids 
and other components of Actoflor®-S) led to acetate losing its ability to induce valine 
synthesis.

For the CAC group, a similar exception was aminomalonic acid, the concentra-
tion of which increased only under the influence of CAC, while other metabolites 
suppressed its synthesis by 3–5 times. Since aminomalonic acid is metabolically 
associated with serine and threonine, the concentration of which increased under the 
influence of acetate, it can be assumed that other CAC acids contributed to the deg-
radation of these amino acids with the formation of aminomalonic acid. In any case, 
when comparing all three groups of animals, the concentration of aminomalonic acid 
negatively correlated with the concentrations of serine and threonine. Aminoadipic 
acid, whose concentration, like other amino acids, was highest in the Actoflor group, 
is a metabolite in the biochemical pathway of degradation (and synthesis) of lysine. 
This suggests that its high concentration is explained, at least in part, by the fact that 
its precursor lysine is included in Actoflor®-S.

The effect of all the studied additives on the level of carboxylic acids, as well as 
their hydroxy- and oxo-derivatives, was similar—their concentration decreased or, 
at least, remained at the control level. The main exceptions were associated with 
the components of Actoflor®-S and were observed in the corresponding group of 
animals (Table 3). The concentration of formic and acetic acids in this group was 
approximately 3 times higher than the control level. The concentration of all other 
acids (Table 3, line 12) was only 28% of the control level. However, the CAC group 
contained the same acids as Actoflor®-S, but, oddly enough, their concentration in 
the blood remained below the control group.
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Earlier, [9] we studied the metabolic profile of blood in patients with ulcerative 
colitis (UC) and showed that increased or decreased concentrations of a number of 
compounds from Tables 1–5 are observed in UC patients. For example, all women 
with UC had a decreased level of succinic acid, and most of them also had a decreased 
level of l-alanine, l-aspartic acid, l-threonine, l-proline, α-aminoadipic acid, 
l-phenylalanine, glyceric acid, and creatinine. Since the level of all these compounds 
increased under the influence of Actoflor®-S, it can be assumed that Actoflor®-S has 
the corresponding therapeutic potential in treating this disease. Similarly, in patients 
with UC, the level of α-hydroxybutyric and 2,3-dihydroxybutyric acids was increased, 
while under the influence of Actoflor®-S, this level decreased.

As can be seen from the data obtained, the property to normalize the composition 
of the metabolome is inherent only to the entire set of components of Actoflor®-S 
but is not characteristic of its components—neither acetate nor the entire CAC, which 
accounts for 85% of the dry weight of the drug. The results of the work also indicate 
that all metabolites of the metabolome are important participants in maintaining 
health, often having individual activity, but to a greater extent, their activity is 
manifested through combined action.

An example of the synergistic effect of metabolites is the effect of valeric acid 
(valerate) in combination with other metabolites. Table 3 shows that the concentra-
tion of this acid, practically the only one among the acids if we do not consider the 
components of Actoflor®-S, significantly increased in the metabolome of animals. 
This acid itself had a positive effect on intestinal epithelial cells but acted to a much 
greater extent in combination with other metabolites of microbiota bacteria and 
mucin components supplied by the host organism [7]. In microbiota, valerate pro-
ducers are intestinal bacteria such as Megasphaera elsdenii, Megasphaera massiliensis, 
Oscillibacter valericigenes, etc. [10]. In relevant studies, valeric acid levels were shown 
to be negatively associated with the severity of ulcerative colitis, monocyte popula-
tion, and proinflammatory IL-6 levels [11]. Fecal levels of valeric and isovaleric 
acids were negatively correlated with the severity of Crohn’s disease in children [12]. 
Valerate is currently considered a promising therapeutic and prophylactic agent for 
both inflammatory bowel diseases and metabolic disorders [11, 13]. The decrease 
in lactic acid levels with Actoflor®-S may be because certain microbiota bacteria 
increase the rate of its consumption under the influence of Actoflor®-S. In the 
context of inflammatory bowel diseases and metabolic disorders, this reduction can 
be considered as a potential therapeutic and/or preventive effect [14–17]. In addition, 
reducing lactic acid levels, as already noted, is very attractive for athletes, since it 
leads to an increase in their endurance during prolonged physical exertion [18].

The reduction of methylsuccinate levels by Actoflor®-S may be beneficial in 
both metabolic disorders and intestinal inflammation. The level of methylsuccinic 
acid in urine is increased in children with IBD [19, 20]. In addition, an increase in 
methylsuccinate levels is characteristic of type 2 diabetes mellitus and may reflect 
more intense catabolism of isoleucine, the dysregulation of which is associated with 
a high risk of developing diabetes and insulin resistance [21]. Discussing the changes 
in the level of amino acids not included in the drug revealed under the influence of 
Actoflor®-S, it is worth noting that in metabolic disorders such as non-alcoholic fatty 
liver disease (NAFLD), a violation of the metabolism of aromatic amino acids and 
branched-chain amino acids has pathogenetic significance and may be associated 
with a change in the taxonomic composition and functional activity of the intestinal 
microbiota [22].
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An attractive effect of Actoflor®-S is the increase in the level of phenylala-
nine. Phenylalanine, a significant part of which is produced by intestinal bacteria 
such as Bacteroides thetaiotaomicron, Escherichia spp., Akkermansia muciniphila, 
Subdoligranulum variabile, and Intestinibacter bartlettii, is capable of exerting antioxi-
dant and anti-inflammatory effects. In addition, it regulates the release of intestinal 
hormones and glucose tolerance, reducing the risk of obesity and diabetes [22]. 
Impaired microbial production of phenylalanine in intestinal dysbiosis can contribute 
to the pathogenesis of NAFLD and other metabolic disorders.

However, tyrosine metabolism is most impaired in patients with NAFLD, espe-
cially in children and adolescents, and is also associated with the risk of developing 
hyperglycemia, insulin resistance, metabolic syndrome, and diabetes. Blood tyrosine 
levels positively correlate with the severity of liver steatosis [23]. Excess tyrosine, 
when its microbial metabolism is impaired, is degraded to acetyl-CoA through keto-
genesis, stimulating the synthesis of fatty acids and promoting lipid deposition in the 
liver [22]. Since blood tyrosine levels are positively associated with NAFLD, insulin 
resistance, diabetes, and obesity [24, 25], we believe that a decrease in its serum level 
during the use of Actoflor®-S can be considered as a positive (therapeutic and/or 
preventive) effect in the context of metabolic disorders.

We assessed the almost 5-fold increase in the level of L-isoleucine revealed during 
the use of Actoflor®-S as metabolically beneficial since the addition of isoleucine in 
experimental studies contributed to a decrease in blood glucose and body fat levels 
and also led to health-related changes in the intestinal microbiota [26]. The more 
than 3-fold increase in blood L-threonine concentration in the Actoflor®-S group can 
also be regarded as a positive effect since it has been previously shown that threonine 
deficiency enhances mitochondrial uncoupling in the liver, causing triglyceride accu-
mulation in the liver, and threonine supplementation can prevent the development of 
hyperlipidemia and enhance lipid metabolism in the liver [23].

6.  Conclusions

The Actoflor®-S preparation was developed as a synthetic analog of the Actoflor 
preparation, which contained highly active “bios” of the probiotic bacterium E. 
coli M-17 obtained under special conditions [5]. Naturally, it could not contain all 
the components of natural preparation. The synthetic design was based on two 
main principles: the principle of reasonable diversity of components (according to 
this principle, the number of components was limited) and the principle of reli-
ability, implying partial duplication of the functions of one component by another. 
These principles allow varying the preparation composition within certain limits 
while maintaining all its main functions. Taking these principles into account, the 
manufacturer of the preparation, Grotex LLC, is constantly working on its improve-
ment and adaptation for certain groups of the population. In particular, taking into 
account the greater sensitivity of children to carboxylic acids, Actoflor® Kids was 
developed, containing fewer carboxylic acids and more amino acids and vitamins. 
According to the results obtained in this study, “strengthening” the amino acid 
part of the drug should contribute to an increase in the total pool in the blood of 
children, suppression of undesirable inflammatory reactions, and a general healing 
effect due to strengthening the communication links of the child’s body with its 
microbiota.
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Chapter 8

Potential Probiotics for 
the Therapy of Metabolic 
Dysfunction-Associated Steatotic 
Liver Disease
Xiayun Li, Liyan Yu, Zonggen Peng, Tingxia Lv and Hu Li

Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD), a prevalent 
metabolic disorder globally, has presented an urgent need for effective therapeutic 
agents. The complex pathogenesis of MASLD and the failure of numerous clinical 
trials targeting this disease have prompted the exploration of probiotic intervention 
as a novel therapeutic strategy. Emerging evidence underscores the pivotal role of 
the gut-liver axis in MASLD progression, particularly through dysregulation of gut 
microbiota composition, impaired intestinal barrier integrity, and aberrant bacte-
rial metabolite signaling. Preclinical studies indicate that specific probiotic strains 
may ameliorate MASLD by restoring microbial homeostasis, fortifying gut barrier 
function, and attenuating hepatic inflammation via gut-liver crosstalk. Preliminary 
clinical trials further support the beneficial effects of probiotics in reducing hepatic 
steatosis and improving metabolic parameters. Future research should prioritize elu-
cidating strain-specific mechanisms, optimizing probiotic formulations, and address-
ing challenges related to long-term efficacy, safety, and personalized therapeutic 
regimens. This review comprehensively evaluates current evidence on probiotic 
applications for MASLD treatment and highlights critical directions for advancing 
translational research in this field.
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1.  Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously 
known as nonalcoholic fatty liver disease (NAFLD), is characterized by abnormal 
lipid accumulation in the liver and is often associated with metabolic risks such as 
type 2 diabetes mellitus, obesity, and other metabolic disorders [1]. The current 
prevalence of MASLD in adults is approximately 25–30% and has increased rapidly, 
thereby contributing to the global burden. Despite decades of research and hundreds 
of clinical trials aimed at exploring therapeutic targets and drugs, progress has 
been hindered by the complex pathogenesis of MASLD. Although the first drug, 
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resmetirom, has received approval for treating metabolic dysfunction-associated 
steatohepatitis (MASH), the progressive subset of MASLD, in 2024, there remains 
an urgent need for novel treatment strategies [2]. Given the established connections 
between gut microbiota dysbiosis, gut barrier dysfunction, and alterations in gut 
bacterial metabolites with MASLD, as well as the increasingly documented beneficial 
effects of gut microbes in alleviating metabolic disorders, probiotic interventions 
have emerged as a promising therapeutic approach [3].

The human gastrointestinal tract harbors approximately 100 trillion bacteria, and 
the gut microbiota is often referred to as the “second genome” of the human body. It 
is crucial to promote digestion and nutrient absorption, influence host metabolism, 
and participate in immune and drug metabolism processes. The colon, character-
ized by its anaerobic environment and largest biomass, is predominantly populated 
by anaerobic bacteria. These bacteria are distributed across several phyla, including 
Bacillota (Firmicutes), Bacteroidota (Bacteroidetes), Actinomycetota (Actinobacteria), 
Pseudomonadota (Proteobacteria), and Verrucomicrobiota (Verrucomicrobia). 
Additionally, the gut hosts a significant presence of viruses, fungi, and archaea [4]. 
With advancements in metagenomics, metabolomics, lipidomics, and transcrip-
tomics, the complex interactions between the host and various microorganisms are 
progressively elucidated. Currently, gut dysbiosis is linked to numerous diseases, such 
as obesity, type 2 diabetes, hepatic steatosis, gastrointestinal disorders, and cancer. 
Consequently, gut microbiota has emerged as a novel target for preventing and 
treating metabolic diseases. This article investigates the role of gut microbiota in the 
pathogenesis of MASLD and explores probiotic therapeutic strategies.

2.  The association between the gut-liver axis and MASLD

The bile secreted by the liver is released into the small intestine via the biliary 
system, where it participates in digestion and absorption. Concurrently, gut com-
ponents and microbiota metabolites are first exposed to the liver through the portal 
vein. Based on the developmental and anatomical relationship between the liver and 
the gut, Marshall first proposed the concept of the gut-liver axis in 1998 [5]. The gut 
microbiota serves as a bridge connecting the liver, gut, and portal vein, acting as both 
an inducer and a potential therapeutic target for the onset of liver and other metabolic 
diseases. Within the gut-liver axis, gut microbiota, gut barrier, and the presence of 
gut bacterial metabolites contribute to the progression or treatment of MASLD.

2.1 Dysbiosis of the gut microbiota

Dysbiosis of the gut microbiota is observed at every stage of metabolic disease. 
Studies comparing the gut microbiota composition of patients at various stages of 
NAFLD through 16S rRNA gene sequencing analysis have demonstrated that the 
α-diversity is highest in the control group, followed by individuals with obesity, 
nonalcoholic steatohepatitis (NASH), and those with NAFLD [6]. At the phylum 
level, patients with fatty liver or steatohepatitis exhibit significantly increased 
abundances of Pseudomonadota and Bacillota, alongside a decrease in the abundance 
of Bacteroidota [7]. This trend reflects an increase in the Bacillota (Firmicutes) to 
Bacteroidota (Bacteroidetes) (F/B) ratio [8]. Similar alterations in the gut microbiome 
of children with NAFLD, NASH, and obesity compared to healthy controls were also 
reported in a previous study [9]. NAFLD patients displayed higher abundances of 
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Anaerococcus, Bradyrhizobium, Dorea, Peptoniphilus, Propionibacterium acnes, and 
Ruminococcus, while Oscillospira and Rikenellaceae were found to be less abundant. 
Changes in microbial abundance suggest that these bacteria may function as either 
beneficial or pathogenic microbes during the progression of NAFLD, providing 
a foundation for microbiota-targeted research. For instance, liraglutide treat-
ment has been shown to modulate gut microbiota by reducing the abundance of 
Pseudomonadota in two obesity animal models, which is associated with an increased 
abundance of Akkermansia [10]. These findings indicate that gut microbiota and the 
development of NAFLD are interrelated, and targeting the microbiota presents a 
promising therapeutic strategy.

2.2 Gut barrier damage

When the intestinal epithelial barrier (IEB) is compromised, gut inflammation 
leads to damage to the gut vascular barrier (GVB), allowing intestinal components 
to enter the liver through the portal vein [11]. The liver is the first organ to encounter 
gut-derived bacteria and their pathogen-associated molecular patterns (PAMPs). 
These metabolism-associated molecular patterns (MAMPs) or PAMPs can be recog-
nized by the liver’s innate immune cells, triggering and maintaining an inflammatory 
response, thereby promoting the development of NAFLD [12]. Compared to patients 
without NAFLD, NAFLD patients exhibited 38–40% higher levels of lipopolysaccha-
ride (LPS) in serum [13]. When LPS activates the signaling pathway through Toll-like 
receptor 4 (TLR4), it triggers the activation of nuclear factor-κB (NF-κB), which in 
turn activates inflammasomes. Additionally, endotoxins can directly damage hepato-
cytes, activate Kupffer cells to produce inflammatory cytokines, and release reactive 
oxygen species (ROS), leading to inflammation, steatohepatitis, and liver fibrosis [14].

2.3 Gut bacterial metabolites

2.3.1 Short-chain fatty acids

Acetate, propionate, and butyrate are the most prevalent short-chain fatty 
acids (SCFAs) that are produced by gut microbiota, which could regulate immune 
responses through G-protein-coupled receptors (GPCRs) such as GPR43, GPR41, 
and GPR109A in immune and intestinal epithelial cells [15, 16]. Key SCFA-producing 
bacteria include Bifidobacterium, Lactobacillus, Lachnospiraceae, and Ruminococcaceae 
[17]. Other bacteria, such as Akkermansia muciniphila, can convert dietary fiber 
into SCFAs, thereby contributing to reversing antibiotic or high-fat diet-induced 
metabolic dysregulation [18, 19]. It is also reported that Lactobacillus sakei MJM60958 
alters SCFAs production in the cecum by reducing lactate and increasing acetate 
production [20]. Conversely, SCFAs in the gut also regulate the composition of gut 
microbiota, with studies showing that supplementation with acetate or propionate in 
high-fat diet-induced obese mice significantly reduced the gut F/B ratio [21].

2.3.2 Bile acids

A small portion of bile acids (BAs) escapes reabsorption in the gastrointestinal tract 
and undergoes various biotransformations, such as oxidation, esterification, hydroxyl-
shifting isomerization, and desulfation, mediated by gut bacteria [22]. This process 
generates secondary bile acids with enzymatic activity in many bacteria [23, 24].  
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The gut microbiota modifies BAs to produce conjugated bile acids (CBA), which return 
to the liver and promote hepatic steatosis by downregulating the acetylation of H3K9, 
H3K14, H3K18, and H3K27 [25]. In intestinal epithelial cells, the activation of the 
farnesoid X receptor (FXR) induces FGF19/15, which subsequently activates fibroblast 
growth factor receptor 4 (FGFR4) in hepatocytes. This cascade leads to the upregulation 
of SHP and the downregulation of CYP7A1 expression, thereby reducing bile acid levels 
and altering bile acid composition to influence lipid absorption in the gut [26].

2.3.3 Endogenous ethanol and endotoxins

Endotoxins and other harmful microbial metabolites can enter the portal vein 
through a compromised gut barrier, leading to an upregulation of pro-inflammatory 
cytokine production in the liver, exacerbating NAFLD development [27]. Recently 
reported gram-positive bacteria, including Clostridium asparagiforme, Clostridium 
bolteae, Clostridium clostridioforme, and Clostridium citroniae, have been shown to 
increase gut permeability, thereby facilitating the translocation of bacterial metabo-
lites and cellular components from the gut to the liver [28]. This process triggers fur-
ther inflammation and promotes the progression of NAFLD. In addition to bacteria, 
the gut yeast Pichia pastoris is also linked to the pathophysiology of NASH through 
fructose-dependent endogenous ethanol and triglyceride production in a species- and 
strain-specific manner [29].

2.3.4 Choline

When the gut microbiota is dysregulated, it metabolizes choline into trimeth-
ylamine (TMA) and subsequently oxidizes into trimethylamine N-oxide (TMAO) 
in the liver, which enters the bloodstream and promotes inflammation and insulin 
resistance. TMAO also influences lipid absorption and cholesterol homeostasis 
by converting cholesterol into bile acids, thereby increasing the risk of NAFLD 
[30]. A previous study demonstrated that the improvement of NAFLD in methio-
nine- and choline-deficient diet-induced mice using fibroblast growth factor 21 
(FGF21) is mediated by the gut microbiota and choline [31]. These findings sug-
gest that restoring the gut microbiota may serve as a viable pathway for regulating 
abnormal choline metabolism and subsequently intervening in the progression of 
NAFLD.

2.3.5 Tryptophan metabolites

Various metabolites derived from dietary tryptophan by the gut microbiota are 
emerging as essential markers for metabolic disorders [32]. Tryptophanase (TnaA), 
expressed in many gut bacteria, catalyzes the conversion of tryptophan into indole 
and its derivatives, such as indole-3-acetic acid (IAA) and indole-3-propionic acid 
(IPA) [33]. Bacteria like Escherichia coli, Clostridium, and Bacteroides can convert 
tryptophan into these metabolites [33]. Additionally, Peptostreptococcus species 
can convert tryptophan into indole acrylic acid (IAA) and IPA, while Lactobacillus 
and Akkermansia convert tryptophan into indole-3-acetaldehyde (IAld) and IAA 
[34, 35]. Furthermore, Ruminococcus is known to convert tryptophan into trypt-
amine, and Bifidobacterium has also been reported to produce Indole-3-lactic acid 
(ILA) [36, 37]. These metabolites also serve as potential targets for investigating the 
relationship between the gut microbiota and NAFLD.
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3.  Potential probiotics in preclinical studies

3.1 Akkermansia muciniphila

Akkermansia muciniphila (A. muciniphila) has demonstrated promising pharmaco-
logical effects in treating fatty liver disease by regulating metabolism, inflammation, 
and gut-liver interactions. It reduces body weight gain and fat mass and improves 
glucose tolerance and insulin sensitivity by modulating lipid metabolism in the liver 
and muscle, lowering fat synthesis, and alleviating endoplasmic reticulum (ER) stress 
[38]. Additionally, A. muciniphila decreases chronic inflammation by reducing plasma 
levels of LPS-binding protein (LBP) and leptin while increasing anti-inflammatory 
factors such as α-tocopherol and β-sitosterol in chow diet-fed mice [38]. Furthermore, 
A. muciniphila modulates gut microbiota composition, enhancing mitochondrial 
oxidation, bile acid metabolism, and L-aspartate metabolism [39], which collectively 
contribute to the mitigation of hepatic steatosis, inflammation, and oxidative stress. A. 
muciniphila reduces harmful gut species (e.g., Alistipes, Lactobacilli) and promotes 
beneficial ones (e.g., Ruminiclostridium, Anaeroplasma), thereby impacting bile acid 
metabolism through the FXR-FGF15 axis in high-fat-diet-related MAFLD [40]. This 
process reduces secondary bile acids that contribute to the alleviation of liver injury 
[40]. In NASH models, A. muciniphila also diminishes liver injury, steatosis, and 
inflammation by modulating immune responses, such as increasing CXCR6+ NKT 
cell activity, reducing macrophage infiltration, and inhibiting pro-inflammatory 
macrophage polarization [41]. Moreover, A. muciniphila prevented NASH by modu-
lating TLR2-activated γδT17 cells and further macrophage polarization, providing 
protection against NASH progression [42]. Besides its role in immune modulation, A. 
muciniphila enhances antioxidant defense by restoring the GSH/GSSG balance and 
increasing superoxide dismutase (SOD) activity in mice APAP-induced liver injury 
models, thereby alleviating oxidative stress [43]. It also promotes SCFAs secretion, 
which improves gut barrier function and reduces inflammation. Furthermore, A. 
muciniphila influences gene expression related to the endocannabinoid system and 
peroxisome proliferator-activated receptors (PPARs) [44]. Notably, A. muciniphila 
supplementation reduces acetaminophen-induced liver injury by enhancing the gut 
barrier, restoring oxidative balance, and activating protective signaling pathways like 
PI3K/Akt [43]. Taken together, A. muciniphila is emerging as a promising therapeutic 
agent for metabolic liver diseases [45].

3.2 Bacteroides species

The genus Bacteroides, such as Bacteroides ovatus, Bacteroides uniformis, Bacteroides 
thetaiotaomicron, and Bacteroides vulgatus, was reported to exert pharmacological 
effects by influencing the gut-liver axis, altering host metabolism, and enhancing 
immune responses [46–51]. For instance, B. ovatus could alter the F/B ratio, promote 
beneficial bacteria like Lachnospiraceae, and reduce endotoxins in the HFHC diet 
model, which collectively improves liver function and alleviates liver inflamma-
tion. Additionally, B. ovatus enhances lipid metabolism by upregulating genes for 
fatty acid oxidation, such as Ppara, and downregulating lipogenesis genes Srebf1 
[46]. Similarly, B. uniformis improves glucose metabolism and reduces adiposity, 
particularly when combined with wheat bran extract. It enhances SCFAs produc-
tion and boosts immune responses by increasing intraepithelial lymphocytes and 
type-3 innate lymphoid cells in obese mice [47]. B. uniformis also suppresses IL-22 
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signaling and liver inflammation, contributing to metabolic improvements [47, 52]. 
Furthermore, B. thetaiotaomicron enhances lipid metabolism by improving intestinal 
barrier function and reducing liver triglyceride accumulation in HFD-fed mice. It also 
restores key gut hormones GLP-1 and FGF15, which are vital for metabolic regula-
tion and lipid metabolism [48, 49]. Lastly, B. vulgatus reduces hyperlipidemia and 
inflammation by modulating bile acid metabolism and SCFA production. It also alters 
the gut microbiota, thereby improving lipid metabolism and preventing fatty liver in 
HFHC or high-fat diet mice [50, 51]. Overall, Bacteroides species exhibited promising 
therapeutic potential for treating MASLD, although their effects may vary depending 
on strain-specific interactions with the host.

3.3 Bacillus species

Bacillus species have shown promise as probiotics for treating fatty liver disease 
by modulating lipid metabolism, regulating gut microbiota, and reducing inflam-
mation. Several strains, such as Bacillus toyonensis SAU-20 and Bacillus subtilis, have 
been reported to alleviate hepatic steatosis and improve liver health [53–55]. Bacillus 
toyonensis SAU-20 alleviates hepatic steatosis and insulin resistance in type 2 diabetic 
mice by reducing hepatic fat, downregulating lipogenic genes and inflammatory 
cytokines, and alleviating oxidative stress, thereby improving liver function and 
lipid metabolism [53]. Bacillus subtilis improves liver health by restoring intestinal 
barrier function, reducing inflammatory cytokines, and altering gut microbiota 
composition, which could reduce liver fat accumulation and inflammation [54, 55]. 
Significantly, Bacillus subtilis HGCC-1 improves lipid metabolism by enhancing fatty 
acid β-oxidation and promoting lipid absorption and hepatic transport in golden 
pompanos [55]. In conclusion, Bacillus probiotics might also represent a promising 
approach for managing fatty liver disease through multiple mechanisms.

3.4 Clostridium species

Clostridium species, such as Clostridium butyricum and Clostridium tyrobutyricum, 
have emerged as promising candidates for treating MASLD [56–60]. These bacteria 
regulate lipid metabolism, modulate gut microbiota, and enhance liver health. One 
of the key therapeutic actions of C. butyricum CBM588 is its capacity to reduce lipid 
accumulation in the liver by downregulating triglyceride synthesis DGAT2 and simul-
taneously upregulating genes involved in cholesterol catabolism and bile acid excre-
tion in HFD-induced fatty liver in rats. It also enhances the expression of PPARα/γ 
and LXRα, which are pivotal transcription factors in regulating lipid metabolism [57]. 
Similarly, C. tyrobutyricum has shown benefits in HFD-induced obese mice by reduc-
ing liver triglycerides, cholesterol, and non-esterified fatty acids. The mechanisms 
involve downregulating PPARγ and upregulating AMPK, PPARα, and lipid metab-
olism-related enzymes, such as ATGL and HSL, which could improve hepatic lipid 
profiles [60]. Additionally, modulation of the gut microbiota is crucial for metabolic 
health. C. butyricum reshapes the microbiota by increasing beneficial bacteria like 
Lactobacillus and producing butyrate, which enhances gut health, reduces inflam-
mation, and provides additional liver protection. Moreover, both species have been 
shown to reduce oxidative stress and inflammatory markers, such as TNF-α and IL-6. 
In conclusion, C. butyricum and C. tyrobutyricum represent promising therapeutic 
strategies for MASLD.
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3.5 Parabacteroides species

Parabacteroides species, such as Parabacteroides distasonis, Parabacteroides goldstei-
nii, and Parabacteroides merdae, have shown promise for the management of MASLD 
[61–65]. Their therapeutic effects primarily stem from the modulation of gut micro-
biota, bile acid metabolism, and inflammation. Notably, P. distasonis is particularly 
effective in altering bile acid profiles by increasing levels of lithocholic acid (LCA) 
and ursodeoxycholic acid (UDCA), which activate the FXR pathway in ob/ob and 
HFD-fed mice. This activation improves liver metabolism, maintains gut integrity, 
and reduces hepatic fat accumulation as well as hyperlipidemia [61]. Additionally, 
P. distasonis boosts bile salt hydrolase (BSH) activity, which reduces the toxic effects 
of taurochenodeoxycholic acid (TCDCA) on the liver in the TAA- and MCD diet-
induced hepatic fibrosis mice model, thereby reducing hepatic stellate cell activation 
and alleviating liver fibrosis [62]. Similarly, P. goldsteinii contributes to alleviating 
obesity and insulin resistance, the common symptoms associated with fatty liver in 
HFD-fed mice. This bacterium also enhances adipose tissue thermogenesis, improves 
intestinal integrity, diminishes systemic inflammation, and modulates gut microbiota 
composition, which supports metabolic functions and reduces liver fat accumulation 
[64]. Moreover, P. distasonis used inulin to produce pentadecanoic acid, an essential 
odd-chain fatty acid, which restored gut barrier function and reduced serum lipo-
polysaccharide and liver pro-inflammatory cytokine expression in NASH models 
[63]. Besides, P. merdae can produce short-chain fatty acids that reduce inflammation 
and enhance lipid metabolism through the catabolism of branched-chain amino 
acids (BCAAs). Consequently, this process may help prevent hepatic steatosis by 
regulating the mTORC1 pathway on atherosclerosis in ApoE−/− mice [65]. In conclu-
sion, Parabacteroides species, notably P. distasonis, P. goldsteinii, and P. merdae, exhibit 
therapeutic potential for MASLD by modulating bile acid metabolism, regulating gut 
microbiota, reducing inflammation, and promoting liver protection.

3.6 Bifidobacterium species

Bifidobacterium species exhibit considerable potential in treating MASLD through 
multiple mechanisms, including the modulation of lipid metabolism, reduction 
of inflammation, and enhancement of gut barrier integrity. Various strains of 
Bifidobacterium mediate these effects, with each strain targeting specific molecular 
pathways. For example, B. animalis subsp. lactis V9 reduces hepatic triglycerides 
and free fatty acids while simultaneously increasing glycogen levels, suggesting 
improved lipid storage in rats with NAFLD [66]. Similarly, B. bifidum enhances 
propionic and butyric acid production, which improves lipid metabolism and 
intestinal permeability, ultimately reducing liver fat accumulation and inflammation 
in HFD-fed mice [67]. Moreover, B. longum BL19 alleviates NAFLD by decreasing 
liver inflammation and modulating serum metabolites such as butyric acid, which 
reduces oxidative stress in mice with NAFLD [68]. Bifidobacterium strains also 
exhibit potent anti-inflammatory effects, further supporting NAFLD management. 
As for the inflammation regulation, B. animalis subsp. lactis V9 suppresses inflam-
matory cytokines by inhibiting pathways such as TLR4, TLR9, NLRP3, and ASC 
[66]. B. adolescentis preserves gut barrier function, reducing LPS levels and prevent-
ing liver inflammation through the TLR4/NF-kB signaling pathway in mice on a 
CDHFD [69]. Additionally, B. lactis SF exerts anti-inflammatory pathways through 
the TLR4/NF-κB and PI3K-Akt/AMPK pathways in the NAFLD mouse model, while 
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B. pseudolongum significantly suppressed NAFLD-HCC progression by secreting 
acetate, which bound to hepatic GPR43 (G-coupled protein receptor 43) via the gut-
liver axis and suppressed the oncogenic IL-6/JAK1/STAT3 signaling pathway [70, 71]. 
These strains also regulate the gut-liver axis by maintaining the integrity of the gut 
barrier. For example, B. lactis SF restores intestinal flora and prevents LPS transloca-
tion into the liver, while B. animalis subsp. lactis B420 significantly alleviated S100-
induced experimental autoimmune hepatitis (EAH) by enhancing intestinal barrier 
function and reducing endotoxins, improving liver function [70, 72]. Additionally, 
B. longum and B. bifidum enhance bile acid signaling, which improves oxidative 
phosphorylation and regulates metabolism, thereby protecting against obesity and 
fatty liver disease. B. lactis MG741 influences lipid metabolism by modulating key 
enzymes such as ACC, FAS, and SREBP-1 in HFD-fed mice [72]. In conclusion, 
Bifidobacterium species also present a multifaceted therapeutic potential for NAFLD 
through mechanisms that include modulation of lipid metabolism, enhancement of 
gut barrier function, regulation of metabolites, and reduction of inflammation.

3.7 Lactic acid bacteria

Lactic acid bacteria, including genera such as Lactobacillus, Lactococcus, 
Limosilactobacillus, and Lacticaseibacillus, showed significant therapeutic potential 
in managing MASLD by targeting liver metabolism, inflammation, oxidative stress, 
and gut microbiota composition. Firstly, these bacteria effectively regulate lipid 
metabolism. For instance, Lactobacillus plantarum NA136 activates the AMPK path-
way, which subsequently phosphorylates ACC, thereby inhibiting de novo lipogenesis 
and promoting fatty acid oxidation on HFD and fructose (HFD/F)-induced NAFLD 
[73]. Similarly, Lactobacillus acidophilus YL01 regulates lipid metabolism through the 
AMPK/ACC pathway, reducing body weight and fat accumulation in high-fat mice. It 
also increases beneficial bacteria that produce SCFAs, thus enhancing gut-liver cross-
talk [74]. Moreover, Lactobacillus salivarius SNK-6 regulates lipid metabolism through 
the miR-130a-5p/MBOAT2 signaling pathway, resulting in decreased liver triglycerides 
and improved liver enzyme levels, while also modulating bile acids such as cholic and 
ursodeoxycholic acids in a NAFLD model [75]. Inflammation is another central factor 
in MASLD progression, and several lactic acid bacteria exhibit anti-inflammatory 
properties. Lactobacillus helveticus R0052 inhibits hepatic pro-inflammatory cyto-
kines such as TNF-α and NF-κB in D-galactosamine-treated rats, while Lactobacillus 
plantarum C88 protects against aflatoxin B1-induced liver injury in mice via inhibi-
tion of NF-κB-mediated inflammatory responses and excessive apoptosis [76, 77]. 
Additionally, lactic acid bacteria contribute to the attenuation of oxidative stress. 
Lactobacillus reuteri DSM 17938 reduces oxidative stress and improves liver function 
in drug-induced liver injury (DILI) by activating the AMPK pathway and enhancing 
mitochondrial biogenesis and energy supply [78]. Similarly, Lactobacillus rhamnosus JL1 
upregulates fatty acid oxidation and downregulates lipogenesis-related genes, reducing 
oxidative stress in high-fat diet mice [79]. Lactic acid bacteria also positively influence 
gut microbiota composition. For example, Lactobacillus plantarum NA136 modulates 
the microbiome by increasing beneficial bacteria Bifidobacterium and Lactobacillus and 
decreasing pathogenic species, thereby improving gut health and reducing systemic 
inflammation [73]. Lactobacillus reuteri CCFM8631 also increases beneficial bacteria 
and reduces harmful ones, improving lipid metabolism and alleviating hypercholester-
olemia in mice fed a Paigen atherogenic diet [80]. In terms of metabolic health, lactic 
acid bacteria also improve insulin sensitivity. Lactobacillus plantarum NA136 alleviates 
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insulin resistance and reduces hepatic lipid content in NAFLD mice [73]. Lactobacillus 
gasseri BNR17 reduces body weight, fat accumulation, and liver inflammation while 
enhancing glucose tolerance in obese mice [81]. Furthermore, lactic acid bacteria show 
promise in preventing liver fibrosis. Lactobacillus reuteri GMNL-263 reduces liver and 
heart fibrosis in high-fat diet-induced hamsters by reducing lipid metabolic stress and 
suppressing TGF-β expression [82]. Lactobacillus salivarius SNK-6 also alleviates liver 
fibrosis in an NAFLD chicken model through metabolic modulation and increased 
SCFA production [75]. Additionally, L. acidophilus exerts a protective function against 
NAFLD-HCC by producing valeric acid, which enhances intestinal barrier integrity 
and inhibits the Rho-GTPase pathway via the GPR41/43 receptor on hepatocytes [83]. 
Lactobacillus reuteri CCFM8631 reduces plasma cholesterol and liver triglycerides while 
simultaneously increasing liver superoxide dismutase (SOD) levels, which aids in 
alleviating oxidative stress [80]. Lactobacillus fermentum TY-S11 prevents the loss of gut 
microbiota diversity and promotes SCFA production in high-cholesterol diet-fed apoli-
poprotein E-deficient mice [84, 85]. In conclusion, lactic acid bacteria offer promising 
therapeutic potential in managing MASLD through multiple mechanisms, including 
the regulation of lipid metabolism, inflammation, gut microbiota, insulin sensitivity, 
liver fibrosis, and cholesterol content.

3.8 Others

Several other bacteria have shown promise in treating MASLD through various 
mechanisms. For example, Faecalibacterium prausnitzii has demonstrated potential 
in treating NASH by regulating gut microbiota, improving gut barrier function, and 
reducing hepatic lipid accumulation, fibrosis, and liver damage [86]. Furthermore, 
F. prausnitzii promotes fatty acid oxidation, enhances adiponectin signaling, and 
improves insulin sensitivity in adipose tissues, boosting mitochondrial respiration 
and altering gut microbiota composition, thereby benefiting liver and adipose tissue 
health [87]. Research also indicates that F. prausnitzii restores serum lipid profiles and 
reduces oxidative stress by modulating gut microbiota, which enhances tryptophan 
and branched-chain amino acid metabolism [88]. Furthermore, Desulfovibrio vulgaris, 
enriched by APS from Astragalus mongholicus, produces acetic acid that inhibits FASN 
and CD36, leading to alleviated hepatic steatosis in HFD-fed mice [89].

In contrast, Roseburia species, particularly R. intestinalis, could enhance gut 
barrier function, reduce intestinal permeability, and alleviate hepatic inflammation 
and steatosis [90]. Enterococcus faecalis EF-2001 reduces hepatic lipid deposition and 
alleviates liver function in diet-induced obese mice by activating the AMPK pathway 
and downregulating lipid accumulation-related proteins [91, 92]. Enterococcus faecium 
GEFA01 shows cholesterol-lowering effects by modulating gut microbiota and enhanc-
ing cholesterol metabolism in the liver [93]. Lastly, Extibacter muris does not directly 
affect cholesterol but could produce DCA, which influences liver proteomics and ben-
efits lipid homeostasis [94]. Overall, these strains highlight the therapeutic potential 
of gut microbiota modulation in improving lipid metabolism and liver health.

4.  Application of probiotics for MASLD in clinical trials

The current clinical application of probiotic therapy for MASLD (NAFLD) could 
be summarized as single-strain probiotics, multistrain probiotics, and synbiotics 
(Table 1). These representative strains have demonstrated varying degrees of efficacy 
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Component Outcomes Objects Ref.

Single-strain probiotics

Lactobacillus rhamnosus GG Serum LT, PG-PS IgA↓ Obese children [95]

Bacillus coagulans Serum ALT, GGT, TNF-α, 
NF-κB activity;
hepatic steatosis↓

NAFLD patients [96]

Bacillus coagulans TCI711 Fatty liver grade↓ NAFLD patients [97]

Bacillus clausii Blood glucose↓, plasma HDL↑ T2DM patients [98]

Bifidobacterium animalis subsp. lactis 
CECT 8145

CECT 8145: WC, Conicity 
index, BMI↓,
Heat killed CECT 8145: VFA↓, 
DBP, HOMA index↓

Abdominally 
obese subjects

[99]

Bifidobacterium breve BBr60 Weight, BMI, FBG↓ Overweight or 
obese adults

[100]

Bifidobacterium lactis IDCC 4301 Total fat mass, LAR, BMI, 
leg fat↓

Volunteers with 
obesity

[101]

Lactobacillus sakei CJLS03 Body fat mass, WC↓ Adults with 
obesity

[102]

Lactobacillus sakei OK67 VFA↓ Overweight 
individuals

[103]

Lactobacillus rhamnosus CGMCC1.3724 Weight loss, fat mass, leptin in 
women↓,

Obese men and 
women

[104]

Lactobacillus reuteri V3401 Plasma IL-6, sVCAM-1↓ Adults with MetS [105]

Lactobacillus plantarum LMT1-48 Body weight, VFA↓; serum 
insulin, IR, leptin↓

Volunteers with 
obesity

[106]

Lactobacillus gasseri SBT2055 VFA, subcutaneous fat 
areas, body weight, BMI, 
waist, hip↓; serum HMW 
adiponectin↑

Adults with obese 
tendencies

[107]

Lactobacillus gasseri BNR17 WC, VAT↓ Obese adults [108]

Lactobacillus casei Shirota Body weight↓; Serum 
HDL-cholesterol↑

Obese children [109]

Lacticaseibacillus rhamnosus HA-114 Plasma insulin, HOMA-IR, 
LDL-cholesterol, TC↓

Adults with 
overweight

[110]

Multistrain probiotics

VSL#3:
Streptococcus thermophilus,
Bifidobacteria breve,
Bifidobacteria infantis,
Bifidobacteria longum,
Lactobacillus acidophilus,
Lactobacillus plantarum,
Lactobacillus paracasei,
Lactobacillus delbrueckii subsp. bulgaricus

BMI↓; Serum GLP-1, aGLP1↑ Children with 
NAFLD

[111]

Lepicol probiotic:
Lactobacillus plantarum,
Lactobacillus delbrueckii,
Lactobacillus acidophilus,
Lactobacillus rhamnosus,
Bifidobacterium bifidum

IHTG, Serum AST↓ NASH patients [112]
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Component Outcomes Objects Ref.

“Symbiter”:
Lactobacillus spp.,
Lactococcus spp.,
Bifidobacterium spp.,
Propionibacterium spp.

FLI; Serum AST, GGT, TNF-α, 
IL-6↓

NAFLD Patients [113]

MCP® BCMC® strains: Lactobacillus 
spp.,
Bifidobacterium spp.

BMI, Fibrosis score, Fasting 
glucose↓

NAFLD Patients [114]

Lactobacillus acidophilus,
Bifidobacterium breve,
Bifidobacterium longum,
Lactobacillus delbrueckii susp. Bulgaricus,
Lactobacillus helveticus,
Lactobacillus plantarum,
Lactobacillus rhamnosus,
Lactobacillus casei,
Lactococcus lactis susp. Lactis,
Streptococcus thermophiles

NAFLD fibrosis score, VAI; 
Serum AST, TG↓

Obese patients [115]

Lactobacillus acidophilus,
Bifidobacterium lactis

APRI score↓ NASH patients [116]

Lactobacillus casei,
Lactobacillus acidophilus,
Lactobacillus rhamnosus,
Lactobacillus bulgaricus,
Bifidobacterium breve,
Bifidobacterium longum,
Streptococcus thermophilus

FBS; Serum insulin, IR, IL-6↓ NAFLD patients [117]

Lactobacillus acidophilus CBT LA1,
Lactobacillus rhamnosus CBT LR5,
Lactobacillus paracasei CBT LPC5,
Pediococcus pentosaceus CBT SL4,
Bifidobacterium lactis CBT BL3, 
Bifidobacterium breve CBT BR3

VFA, IHF fraction, Serum 
TG↓

Obese NAFLD 
patients

[118]

Bifidobacterium breve BR03 and B632 
strains

Weight↓ insulin sensitivity at 
fasting↑

Obesity and 
insulin resistance 
on diet

[119]

Lacticaseibacillus paracasei BEPC22, 
Lactiplantibacillus plantarum BELP53

Body fat index, body weight↓ Overweight 
participants

[120]

Lactobacillus curvatus HY7601,
Lactobacillus plantarum KY1032

Body weight, visceral fat mass, 
WC↓ adiponectin↑

Overweight 
individuals

[121]

LactoLevureR: Lactobacillus acidophilus, 
Lactobacillus plantarum, Bifidobacterium 
lactis,
Saccharomyces boulardii

Blood HbA1c, FBG, TC↓ Adults with T2D [122]

Symbiter: Lactobacillus, Lactococcus, 
Bifidobacterium, Propionibacterium, 
Acetobacter

HOMA-IR↓; Serum HbA1c, 
TNF-α, IL-1β↓

Patients with T2D [123]

Synbiotics

Lactobacillus casei, Lactobacillus 
rhamnosus, Streptococcus thermophilus, 
Bifidobacterium breve, Lactobacillus 
acidophilus,
Bifidobacterium longum, Lactobacillus 
bulgaricus
FOS

Hepatic steatosis↓; serum FBS, 
TAG, AST↓

NAFLD patients [124]
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Component Outcomes Objects Ref.

Lactobacillus casei, Lactobacillus 
rhamnosus, Lactobacillus bulgaricus, 
Bifidobacterium longum, Streptococcus 
thermophilus
FOS

Liver stiffness, BMI, Serum 
ALT, Chol↓

NASH patients [125]

Lactobacillus casei, Lactobacillus 
rhamnosus, Lactobacillus acidophilus, 
Lactobacillus bulgaricus, Bifidobacterium 
breve,
Bifidobacterium longum, Streptococcus 
thermophilus
FOS

Serum FBS, Chol, LDL, AST↓ NAFLD patients [126]

Lactobacillus casei, Lactobacillus 
rhamnosus, Streptococcus thermophilus, 
Bifidobacterium breve, Lactobacillus 
acidophilus,
Bifidobacterium longum, Lactobacillus 
bulgaricus
FOS

Serum ALT, AST, GGT, 
hs-CRP, TNF-α, NF-κB p65↓; 
fibrosis score↓

NAFLD patients [127]

Bifidobacterium animalis subsp. lactis 
GCL2505
Inulin

REE score↑ Overweight or 
mildly obese 
adults

[128]

Lactobacillus acidophilus NCFM,
Bifidobacterium lactis HN019
Polydextrose

Fasting glucose, insulin, 
HOMA-IR, TG↓
HDL-cholesterol↑

Overweight or 
obese individuals

[129]

Saccharomyces boulardii
SOD

Body weight, BMI, fat mass, 
HOMA Index↓
Serum insulin, UA↓

Obese adults [130]

Lactobacillus reuteri
Guar gum and inulin

Steatosis, weight, BMI, WC↓ NASH patients [131]

Table 1. 
Clinical application of probiotics.

in alleviating liver function, inflammation, insulin resistance, and hepatic steatosis 
in patients with fatty liver. The clinical effects of single-strain probiotics, such as 
Lactobacillus rhamnosus GG, Lactobacillus casei, and Bacillus species, include reduc-
tions in liver function indicators such as Alanine Aminotransferase (ALT), Aspartate 
Aminotransferase (AST), γ-Glutamyl Transferase (GGT), Alkaline Phosphatase 
(ALP), and bilirubin, as well as alterations in gut microbiota profiles, including 
Bacteroidota, Actinomycetota, and Bacillota [95–97, 132]. Additionally, these strains 
have been found to decrease serum levels of LPS and TNF-α in NAFLD patients. 
Multistrain probiotics, such as those that combine multistrain including Lactobacillus 
spp. and Bifidobacterium spp. et al., are associated with improvements in hepatic 
steatosis, liver stiffness, metabolic liver function, and inflammatory indicators 
[111, 133]. Regarding synbiotics, the predominant prebiotic is fructo-oligosaccharide, 
which theoretically could positively impact host health by promoting the growth 
of beneficial bacteria, improving intestinal health, enhancing mineral absorption, 
and regulating immune function. The beneficial effects of these synbiotics are also 
primarily observed in decreased liver function, improved systemic metabolic param-
eters, and a balanced microbial community.
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Although these preliminary clinical applications of probiotics on MASLD dem-
onstrate varying degrees of therapeutic effects, they are far from satisfying, with 
inconsistent results across studies and, in some cases, no significant improvements 
observed. For example, in a study on Bifidobacterium breve Bif195, no significant 
differences in intestinal permeability or gastrointestinal symptoms were observed 
between the Bif195 and placebo groups, suggesting that its protective effects may not 
be primarily related to small bowel permeability in exercise-induced challenges [134]. 
Similarly, in a randomized placebo-controlled trial of the VSL#3® probiotic (a mix-
ture of eight probiotic strains), no significant improvement was found in cardiovascu-
lar biomarkers or liver injury in patients with NAFLD, although a correlation between 
endothelial dysfunction and inflammation was noted [133]. However, a randomized 
clinical trial on obese children with NASH showed that VSL#3 significantly improved 
the severity of NAFLD, which was evidenced by a marked reduction in fatty liver 
severity and an increase in GLP-1 levels, which may contribute to the beneficial effects 
observed in this population [111]. Therefore, large-scale, randomized, controlled 
trials are urgently needed to identify the most effective probiotics or symbiotics.

5.  Conclusions

From the current evidence, regulating the microbiome and the gut-liver axis 
appears to be a promising strategy for treating MASLD. Certain potential probiot-
ics reported in animal studies, such as A. muciniphila, Lactobacillus strains, and 
Bifidobacterium species, have demonstrated particularly beneficial effects, while 
other less-studied probiotics like Roseburia and Faecalibacterium also show potential. 
The beneficial effects of these potential probiotics are likely due to alterations in gut 
microbiota, improved intestinal barrier integrity, and changes in microbial metabo-
lites, which contribute to the enhancements in liver function, reductions in fat accu-
mulation, decreased systemic inflammation, and even fibrosis. However, the effects 
observed in animal models do not directly translate to satisfied clinical outcomes, and 
challenges such as small sample sizes, strain variability, and a lack of long-term data 
persist. Consequently, there is an urgent need for large-scale, randomized, controlled 
trials to identify the solid, effective probiotic strains, combinations, or synbiotics for 
MASLD. Furthermore, additional research is essential to deepen our understanding 
of the underlying mechanisms through which probiotics affect the gut-liver axis. It is 
also necessary to discover new probiotic strains with specific therapeutic properties 
based on microbiome sequencing techniques, develop personalized and strain-specific 
probiotic therapy schemes, and explore combination therapy strategies in the future.
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Abbreviations

aGLP-1 activated GLP-1
ALT alanine transaminase
APRI AST to platelet ratio index
AST aspartate aminotransferase
BAs bile acids
BMI body mass index
BMISDS body mass index standard deviation score
Chol cholesterol
DBP diastolic blood pressure
F/B ratio firmicutes/bacteroidetes ratio
FBG fasting blood glucose
FBS fasting blood sugar
FOS fructooligosaccharides
GGT γ glutamine transaminase
GLP-1 glucagon-like peptide 1
HDL high density lipoprotein cholesterol
HMW high molecular weight
HOMA-IR homeostasis model assessment estimated insulin resistance
hs-CRP high-sensitivity C-reactive protein
IHTG intrahepatic triglyceride content
IL-6 interleukin-6
IR Insulin resistance
LAR log leptin/adiponectin ratio
LDL low density lipoprotein
LPS lipopolysaccharide
MASH metabolic dysfunction-associated steatohepatitis;
MASLD metabolic dysfunction-associated steatotic liver disease
MetS metabolic syndrome
NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
NF-κB nuclear factor-kB
PG-PS IgA peptidoglycan-polysaccharide immunoglobulin A.
REE resting energy expenditure
SCFAs short-chain fatty acids
SOD superoxide dismutase
sVCAM-1 soluble vascular cell adhesion molecule 1
TC total cholesterol
TG triglycerides
UA uric acid
VAI visceral adiposity index
VFA abdominal visceral fat area
WC waist circumference
WHtR waist-height ratio
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