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What this book series is about… Current healthcare: What is behind the issue? For 
many acute and chronic disorders, the current healthcare outcomes are considered as 
being inadequate: global figures cry for preventive measures and personalised 
treatments. In fact, severe chronic pathologies such as cardiovascular disorders, 
diabetes and cancer are treated after onset of the disease, frequently at near end-
stages. Pessimistic prognosis considers pandemic scenario for type 2 diabetes 
mellitus, neurodegenerative disorders and some types of cancer over the next 10-20 
years followed by the economic disaster of healthcare systems in a global scale. 
Advanced healthcare tailored to the person: What is beyond the issue? Advanced 
healthcare promotes the paradigm change from delayed interventional to predictive 
medicine tailored to the person, from reactive to preventive medicine and from 
disease to wellness. The innovative Predictive, Preventive and Personalised Medicine 
(PPPM) is emerging as the focal point of efforts in healthcare aimed at curbing the 
prevalence of both communicable and non-communicable diseases such as diabetes, 
cardiovascular diseases, chronic respiratory diseases, cancer and dental pathologies. 
The cost-effective management of diseases and the critical role of PPPM in 
modernisation of healthcare have been acknowledged as priorities by global and 
regional organizations and health-related institutions such as the Organisation of 
United Nations, the European Union and The National Institutes of Health. Why 
integrative medical approach by PPPM as the medicine of the future? PPPM is the 
new integrative concept in healthcare sector that enables to predict individual 
predisposition before onset of the disease, to provide targeted preventive measures 
and create personalised treatment algorithms tailored to the person. The expected 
outcomes are conducive to more effective population screening, prevention early in 
childhood, identification of persons at-risk, stratification of patients for the optimal 
therapy planning, prediction and reduction of adverse drug-drug or drug-disease 
interactions relying on emerging technologies, such as pharmacogenetics, pathology-
specific molecular patters, sub/cellular imaging, disease modelling, individual patient 
profiles, etc. Integrative approach by PPPM is considered as the medicine of the future. 
Being at the forefront of the global efforts, The European Association for Predictive, 
Preventive and Personalised Medicine (EPMA, http://www.epmanet.eu/) promotes 
the integrative concept of PPPM among healthcare stakeholders, governmental 
institutions, educators, funding bodies, patient organisations and in the public domain. 
Current Book Series, published by Springer in collaboration with EPMA, overview 
multidisciplinary aspects of advanced bio/medical approaches and innovative 
technologies. Integration of individual professional groups into the overall concept of 
PPPM is a particular advantage of this book series. Expert recommendations focus on 
the cost-effective management tailored to the person in health and disease. Innovative 
strategies are considered for standardisation of healthcare services. New guidelines are 
proposed for medical ethics, treatment of rare diseases, innovative approaches to early 
and predictive diagnostics, patient stratification and targeted prevention in healthy 
individuals, persons at-risk, individual patient groups, sub/populations, institutions, 
healthcare economy and marketing.

Springer and the Series Editors welcome book ideas from authors. Potential 
authors who wish to submit a book proposal should contact Nathalie L'horset-
Poulain, Executive Editor (e-mail: nathalie.lhorset-poulain@springer.com)
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Preface

The human body is inhabited by trillions of diverse microorganisms collectively 
called “microbiome” or “microbiota” consisting of bacteria, viruses, and fungi, 
amongst others. Microbiota composition is highly individual, being reciprocally 
involved in development and progression of metabolic particularities. Multi-faceted 
effects of microbiome are associated with human physical and mental health status, 
and can act as supportive or protective factors, in favour or against a developing 
pathology depending on the personalised patient profile. Consequently, an individ-
ual microbiome composition provides an option to modulate modifiable risk factors 
and, therefore, creates a highly attractive operational area for the translational bio-
medical research with multi-professional expertise and healthcare-relevant output 
in the framework of predictive, preventive and personalised medicine (PPPM/3PM).

Microbiota composition modulates individual immunity at the local (such as 
skin, gut and airway) and global (systemic immune reactions distal from sites of 
their colonisations) levels. For example, microbiota plays a crucial role in individual 
vulnerability/resistance against the SARS-CoV-2 infection. On the other hand, 
microbiota profiles are highly relevant for vaccination efficacy, determining, there-
fore, individual outcomes and mortality rates, e.g. under the COVID-19 pandemic 
conditions.

Microbiome plays a pivotal role in the urogenital health in female and male 
populations. To this end, patient phenotyping and stratification are highly recom-
mended to include individualised microbiota composition tests, e.g. in female 
patients diagnosed with the vulvar-vaginal dryness. Immune system and vaginal 
microbiota composition interplay represents the modifiable risk factor in HPV-
induced carcinogenesis. Consequently, relevant bio-fluids (vaginal swabs and 
cervico-vaginal lavage/secretions) provide important information about novel 
immunological targets for advanced diagnostics and therapy algorithms. Similarly, 
urinary tract infections are associated with primary PCa risks: a specific urinary 
microbiota composition is decisive for the low-grade inflammation frequently asso-
ciated with more aggressive forms of metastatic PCa. Further, the microbiome of 
semen is of great interest of translational medicine as strongly impacting the repro-
ductive health of men, the health of the couple and even the health of offspring.
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Since individual microbiome composition is a strong contributor to potential 
organ damage and chronic pathologies, personalised microbiota correction and 
application of pre- and probiotics are at the forefront of advanced treatments tai-
lored to the person.

Advanced 3PM strategies implementing in the microbiome area patient stratifi-
cation, predictive and companion diagnostics, targeted preventive measures and 
personalised treatment algorithms, seem to hold a promis of therapeutic modalities 
without side-effects, significantly improve individual outcomes and overall cost-
efficacy of healthcare. According to the accumulated research data, corresponding 
diagnostic and treatment approaches are applicable to primary (health risk assess-
ment in individuals with sub-optimal health conditions and prevention of a disease 
development), secondary (personalised treatment of clinically manifested disorders 
preventing a disease progression) and tertiary (optimal management of non-curable 
diseases) care.

In the current book, we do highlight the implementation potential of the 
microbiome-relevant research in the framework of predictive diagnostics, targeted 
prevention and treatments tailored to the individualised patient profile.

Bonn, Germany�   Olga Golubnitschaja

Uzhhorod, Ukraine�	 Nadiya Boyko

Preface
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What This Book Series Is About…

Why currently applied reactive medicine is unsatisfactory for healthcare?
First two decades and the running third one of the twenty-first century are char-

acterised by epidemics of both communicable (COVID-19) and non-communicable 
diseases. Regarding the latter, there is an unprecedented decrease in the age of the 
affected subpopulation including mood disorders, “young” strokes (below 50 years 
of age) and aggressive metastatic cancers reported for the 20+ years old patients 
with particularly poor outcomes. Consequent socio-economic burden is tremendous.

EPMA promotes the paradigm change from reactive to predictive, preven-
tive and personalised medicine (PPPM / 3PM) benefitting healthcare and soci-
ety as a whole

Nobody lives forever, but everyone wants to remain mentally sharp and physi-
cally fit as long as they live. Traditional reactive medicine provides medical services 
to the group of people who are already ill. In contrast, predictive, preventive and 
personalised medicine (3PM) aims to keep the whole population healthy. 3PM is 
thus superior, both from an ethical and a cost perspective.

The current book series, published by Springer in collaboration with EPMA, 
overviews advanced bio/medical approaches and innovative technologies focused 
on predictive diagnostics, targeted prevention and personalisation of treatments tai-
lored to the person. Patient needs are in the focus. Integration of professional groups 
with complementary expertise into holistic concepts of 3PM is a particular advan-
tage of this book series. Highly innovative technological tools are presented and 
steadily updated for health risk assessment in individuals with sub-optimal health 
conditions and prevention of a disease development, secondary care (personalised 
treatment of clinically manifested disorders preventing a disease progression), and 
tertiary care (making palliation to an optimal management of non-curable diseases). 
Expert recommendations are focused on the cost-effective management tailored to 
the person in health and disease. Innovative strategies are considered for transla-
tional research and standardisation of healthcare services. New guidelines are pro-
posed for health policy, medical ethics and improved healthcare economy.

Bonn, Germany�   Olga Golubnitschaja
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Chapter 1
Microbiome in the Framework 
of Predictive, Preventive and Personalised 
Medicine

Nadiya Boyko, Vincenzo Costigliola, and Olga Golubnitschaja

Abstract  The human body is inhabited by trillions of diverse microorganisms col-
lectively called “microbiome” or “microbiota”. Microbiota consists of bacteria, 
viruses, fungi, protozoa, and archaea. Microbiome demonstrates multi-faceted 
effects on human physical and mental health. Per evidence there is a multi-functional 
interplay between the whole-body microbiome composition on the epithelial sur-
faces including skin, nasal and oral cavities, airway, gastro-intestinal and urogenital 
tracts on one hand and on the other hand, the individual health status. Microbiota 
composition as well as an option to modulate it – together create a highly attractive 
operation area for the translational bio/medical research with multi-professional 
expertise and healthcare-relevant output in the framework of predictive, preventive 
and personalised medicine (PPPM/3 PM). Advanced PPPM strategies implemented 
in the microbiome area are expected to significantly improve individual outcomes 

N. Boyko 
RDE Center of Molecular Microbiology and Mucosal Immunology, Uzhhorod National 
University, Uzhhorod, Ukraine 

Department of Clinical Laboratory Diagnostics and Pharmacology, Uzhhorod National 
University, Uzhhorod, Ukraine 

Ediens LLC, Uzhhorod, Ukraine
e-mail: nadiya.boyko@uzhnu.edu.ua 

V. Costigliola 
European Association for Predictive, Preventive and Personalised Medicine, EPMA,  
Brussels, Belgium 

European Medical Association, EMA, Brussels, Belgium
e-mail: vincenzo@emanet.org 

O. Golubnitschaja (*) 
Predictive, Preventive and Personalised (3P) Medicine, Department of Radiation Oncology, 
University Hospital Bonn, Rheinische Friedrich-Wilhelms-Universität Bonn, Bonn, Germany

3PMedicon, Taufkirchen an der Pram, Austria 
e-mail: olga.golubnitschaja@ukbonn.de

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
N. Boyko, O. Golubnitschaja (eds.), Microbiome in 3P Medicine Strategies, 
Advances in Predictive, Preventive and Personalised Medicine 16, 
https://doi.org/10.1007/978-3-031-19564-8_1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-19564-8_1&domain=pdf
mailto:nadiya.boyko@uzhnu.edu.ua
mailto:vincenzo@emanet.org
mailto:olga.golubnitschaja@ukbonn.de
https://doi.org/10.1007/978-3-031-19564-8_1


2

and overall cost-efficacy of healthcare. According to the accumulated research data, 
corresponding diagnostic and treatment approaches are applicable to primary care 
(health risk assessment in individuals with sub-optimal health conditions and pre-
vention of a disease development), secondary care (personalised treatment of clini-
cally manifested disorders preventing a disease progression) and tertiary care 
(making palliation to an optimal management of non-curable diseases). In the cur-
rent book, we do highlight the implementation potential of the microbiome-relevant 
research in the framework of predictive diagnostics, targeted prevention and treat-
ments tailored to the individualised patient profile.

Keywords  Predictive Preventive Personalised Medicine (PPPM/3PM), 
Microbiome · Microbiota composition · Suboptimal health · Primary, secondary, 
tertiary care · Male and female health · Bacteria, viruses, fungi, protozoa, archaea · 
Immunity · Gut · Skin · Airway · Urogenital tract · Gastro-intestinal tract · Prostate 
· Vagina · Microbiota-host interaction · Inflammation · Wound healing · 
Phenotyping · BMI · Overweight · Underweight · COVID-19 · Organ damage · 
Chronic diseases · Cancers · Muti-level diagnostics · Treatment · Individual 
outcomes

1.1 � Microbiota Composition Modulates Individual Immunity 
with Far-Reaching Consequences

The microbiota colonisation of the human body starts at birth establishing a symbi-
otic lifelong relationship with the host by performing a great number of functions 
such as preventing pathogen colonisation and modulating individual immunity [1] 
As recently analysed in detail by de Jong SE et al. [2] there are two levels of the 
immune response modulation by microbiota, namely the local and global ones. The 
local immune response modulation can be well exemplified by skin, gut and airway 
microbiota. The gut immune system is capable to response towards specific metabo-
lite patterns produced and regulated by the intestinal microbiota. Microbiota-host 
interaction at the skin can activate the interleukin-1 (IL-1) signalling pathway to 
trigger the recruitment of innate lymphoid cells as demonstrated immune-related 
skin disorders. Although being less diverse than in the gut, microbiota is also pres-
ent in the lung locally modulating the immune response. To this end, tissue-resident 
memory T cells in the lung can be reactivated by metabolites produces by micro-
flora present in the lung.

Besides the local interplay, microbiota modulates systemic immune reactions 
distal from sites of their colonisations. The evidence-based mechanisms are the sys-
temic circulation of bacterial products and dissemination of the microbiota-derived 
metabolites. Consequently, low microbiota diversity early in life is associated  
with a development of corresponding immune phenotypes, which in turn might be 
decisive for a lifelong disease predisposition that should be taken into account 
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considering individual patient profiles and predictive approach for treating acute 
and chronic pathologies. To this end, microbiota profile has been demonstrated as 
being highly relevant for individual vaccination outcomes [2] such as under 
COVID-19 pandemic conditions (see below subchapter).

1.2 � Microbiome and Individual COVID-19 Outcomes

Per evidence, microbiota plays a crucial role in individual COVID-19 outcomes. To 
this end, over 50% of deaths in COVID-19-infected patients are associated with 
bacterial superinfections [3]. For the patients with poor COVID-19 outcomes spe-
cifically high levels of Prevotella, Staphylococcus and Fusobacterium representing 
periodontopathic bacteria were demonstrated as the specific feature of their micro-
biota profiles. For 80% of patients treated at intensive care units, a particularly high 
oral bacterial load has been recorded. To this end, altered oral microbiome profiles, 
systemic inflammatory processes and poor oral health are well acknowledged risk 
factors specific for some vulnerable patient cohorts with poor COVID-19 outcomes, 
such as elderly, diabetes mellitus, hypertension and cardiovascular disease [4]. The 
disease-progression specific interaction between the viral particles and the systemic 
host microbiota is the proposed pathomechanism of the COVID-19 infection [5]. 
Since an aspiration of periodontopathic bacteria induces the expression of 
angiotensin-converting enzyme 2—the receptor for SARS-CoV-2—and production 
of inflammatory cytokines in the lower respiratory tract, poor oral hygiene and peri-
odontal disease have been proposed as leading to the COVID-19 aggravation [6]. 
Consequently, the issue-dedicated expert recommendations are focused on the opti-
mal oral hygiene [7] as being crucial for improved individual outcomes and reduced 
morbidity under the COVID-19 pandemic conditions [3, 8]. For an effective preven-
tion, an application of oral probiotics has been proposed connecting the gut-lung 
axis with the viral and microbial pathogenesis, inflammation, secondary infections 
and severe complications linked to COVID-19 [9, 10].

1.3 � Microbiome in Female Health

Vulvar-vaginal dryness (VVD) affects both pre- and postmenopausal women at any 
age and may lead to severe concomitant pathologies including female genital can-
cers. VVD carries a multi-factorial character, and there are several modifiable risk 
factors considered as preventable within the primary care. Consequently, treatment 
algorithms tailored to the individualised patient profile have a potential to milden or 
even reverse the VVD. To this end, VVD-relevant individualised patient profiling is 
highly recommended to involve phenotyping (e.g. Flammer Syndrome and Sicca 
Syndrome) and follow-up examinations including biomarker panels reflecting 
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abnormal BMI, stress overload, disturb microcirculation and microbiota composi-
tion, amongst others [11].

Further, the immune system and vaginal microbiota composition interplay repre-
sents the modifiable and important risk factors in HPV-induced carcinogenesis. In 
turn, HPV infection leads to a gradually increasing colonisation by anaerobic bac-
teria significantly contributing to the severity of cervical dysplasia. This evidence is 
of great clinical utility for prediction of the malignant potential. Identifying micro-
biota profiles specific for high- versus low-grade dysplasia is helpful to identify 
patients at high risk of the disease progression. To this end, any unnecessary surgi-
cal treatment of cervical dysplasia negatively affects obstetrical outcomes and life 
quality of the treated patients. Therefore, microbiome-based therapies tailored to 
the individualised patient profiles are pivotal for the clinically relevant decision, 
conservative disease management of HPV-associated pre-cancer conditions and 
improved individual outcomes. From the practical point of view, a detailed evalua-
tion of HPV capabilities to evade immune mechanisms from various bio-fluids 
(vaginal swabs, cervico-vaginal lavage/secretions, or blood) could promote the 
identification of new immunological targets for novel individualized diagnostics 
and therapy. Associated health risk assessment may represent the crucial tool for 
predictive diagnostics and personalised mitigating and preventive measures essen-
tial for improving state-of-the-art primary, secondary and tertiary care in individuals 
predisposed to the disease, patients with cervical pre-cancer conditions and cervical 
malignancies [12].

1.4 � Microbiome in Male Health

Human microbiome plays an important and nuanced role in controlling immunity 
and cancer development in male subpopulations. With about 1.41 million new cases 
annually registered, prostate cancer (PCa) is the world leading male cancer. The 
corresponding socio-economic burden is enormous: the costs of treating PCa are 
increasing more rapidly than those of any other cancer [13]. Anti-cancer mRNA-
based therapy is a promising approach but pragmatically considered, it will take 
years or even decades to make mRNA therapy working for any type of cancers, and 
if possible, for individual malignancy sub-types which are many specifically for the 
PCa. Multi-professional expertise is pivotal to create and implement anti-PCa pro-
grammes in the population considering primary (health risk assessment), secondary 
(prediction and prevention of metastatic disease in PCa) and tertiary (making pallia-
tive care to the management of chronic disease) care in the framework of predictive, 
preventive and personalised medicine [13].

To this end, urinary tract infections are associated with a primary PCa risk linked 
to chronic inflammation, in which a specific urinary microbiota composition plays 
a crucial role. Corresponding pathomechanisms consider the chronic inflammation 
initiated by microbial species persisting in the urinary tract as the trigger which 
promotes prostate inflammatory atrophy increasing the risk of PCa development. 
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Moreover, specifically the low-grade inflammation could be associated with the 
presence of more aggressive forms of PCa on one hand and, on the other hand, with 
specific microbiota composition of the genital-urinary tract [14]. The prostate 
microbiota includes viral, bacterial, fungal, and parasitic contributions. Based on 
the urine samples, a unique microbiota signature has been demonstrated for higher 
Gleason score cancers with a marked number of viral genomic insertions into host 
DNA; microbiota profiles are distinguishable between the prostate malignancy and 
benignancy [15] The gut microbiota composition is also associated with the prostate 
cancer development and progression, apparently by an impaired balance between 
inflammatory and anti-inflammatory bacterial lipopolysaccharides, production of 
bile salts, and metabolism of dietary fiber to short chain fatty acids. Collectively gut 
and urogenital microbiomes impact both  – the PCa development and individual 
treatment outcomes [15].

Finally, the microbiome of semen is of increasing scientific interest: per evi-
dence, the seminal microbiota set-up strongly impacts the reproductive health of 
men, the health of the couple and even the health of offspring, owing to transfer of 
microorganisms to the partner and offspring [16]. This field is currently under 
development with highly promising clinically relevant output.

1.5 � Outlook in the Framework of 3P Medicine: 
Microbiome-Relevant Fields Exemplified

1.5.1 � Microbiome Is Instrumental for Primary Healthcare 
Towards Suboptimal Health Conditions: Focus 
on Reversing Epidemic Trends 
of Non-communicable Diseases

First two decades of the twenty-first century are characterised by epidemics of non-
communicable diseases. There is an unprecedented decrease in the age of the 
affected subpopulation including mood disorders, “young” strokes (below 50 years 
of age), aggressive metastatic cancers reported for 20 + years old patients with par-
ticularly poor outcomes. Consequent socio-economic burden is tremendous. To 
reverse the trend, the paradigm shift from reactive medical services to predictive 
approach, targeted prevention and personalization of treatments has been proposed 
by the European Association for Predictive, Preventive and Personalised Medicine 
(EPMA, Brussels, www.epmanet.eu). Particularly modifiable risk factors are instru-
mental for the cost-effective prevention of illnesses in the population. To this end, 
many persons complain poor healthy perception but are not in diagnosable disor-
ders. This intermediate state between health and a diagnosable disease is known as 
suboptimal health status, which is a reversible borderline condition between optimal 
health and clinically manifested pathology. Consequently, suboptimal health condi-
tions are considered the operational timeframe for implementing predictive 
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diagnostics and cost-effective targeted prevention in the population. For advanced 
health risk assessment, specifically liquid biopsy (body fluids) and microbiome 
analysis are strongly recommended as essential pillars of the comprehensive indi-
vidualised patient profiling at the level of suboptimal health (primary health-
care) [17].

1.5.2 � Microbiome of Overweight Versus Underweight 
Individuals: A Disease-Specific Phenotyping

Microbiotic profiles differ significantly between overweight and underweight indi-
viduals: whereas 75% of the obesity-enriched genes originate from Actinobacteria 
(compared with 0% of lean-enriched genes; the other 25% are from Firmicutes), 
42% of the lean enriched genes originate from Bacteroidetes (compared with 0% of 
the obesity-enriched genes) [18]. To this end, microbiota composition specific for 
individuals with abnormally high BMI is in focus of many studies dedicated to 
metabolic syndrome with complications. Although being highly clinically relevant, 
only little evidence is currently available about the microbiome set-up characteristic 
for individuals with a low BMI. In extreme cases, underweight patients are, further 
diagnosed with anorexia nervosa (AN) which is one of the prominent eating disor-
ders linked to cascading pathologies such as mood disorders, amongst others, which 
in turn, are associated with a shifted enteric microbiota composition. To this end, 
diseased eating significantly limits gut flora diversity that, per evidence, results in 
intestinal dysbiosis (ID) typical for AN. ID of a different severity grade, presents a 
disruption to the microbiota homeostasis caused by an imbalanced microflora. 
Compared to healthy individuals with normal BMI, Phylum Bacteroidetes is 
decreased, whereas Phylum Firmicutes is increased in AN. Consequently, intestinal 
microbiota profiling may be of pivotal importance to predict persistence, recovery 
from and/or relapse of the eating disorders and evidence-based personalised diet 
prescription.

In conclusion, being amongst others linked to abnormal BMI, a disease-specific 
phenotyping is pivotal for individualised prediction and targeted prevention as sche-
matically presented in Fig. 1.1. Currently available evidence demonstrates micro-
biota composition as reciprocally involved in development and progression of above 
listed metabolic particularities and associated pathologies. Advanced PPPM strate-
gies implemented in the microbiome area are expected to significantly improve 
individual outcomes and overall cost-efficacy of healthcare. According to the accu-
mulated research data, corresponding diagnostic and treatment approaches are 
applicable to primary care (health risk assessment in individuals with sub-optimal 
health conditions and prevention of a disease development), secondary care  
(personalised treatment of clinically manifested disorders preventing a disease pro-
gression) and tertiary care (making palliation to an optimal management of 
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Fig. 1.1  Phenotyping is instrumental for the health risk assessment: Anorexic versus obese phe-
notype [18]

non-curable diseases). In the current book, we do highlight the implementation 
potential of the microbiome-relevant research in the framework of predictive 
diagnostics, targeted prevention and treatments tailored to the individualised 
patient profile.
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Chapter 2
Artificial Intelligence-Based Predictive, 
Preventive, and Personalised Medicine 
Applied to Bacteraemia Diagnosis

Oscar Garnica , José M. Ruiz-Giardín , and J. Ignacio Hidalgo 

Abstract  One of the most promising aspects of applying artificial intelligence is in 
the field of predictive, preventive, and personalised medicine (PPPM). PPPM prin-
ciples can be applied to all medical domains. To this aim, PPPM can use methodolo-
gies, techniques, and tools provided by any other discipline, such as mathematics or 
engineering. Among them, one of the most promising is computer science, particu-
larly artificial intelligence. Artificial intelligence is the new paradigm that will 
change how many of the tasks currently done by humans will be done shortly. This 
potential has been envisioned by World Health Organization that has deposited 
great expectations on how artificial intelligence will improve health care 
provisioning.

This chapter illustrates the application of PPPM principles to early bacteraemia 
prediction using machine learning techniques.

Bacteraemia can produce severe sepsis, one of the most common causes of mor-
bidity and mortality, and its prognosis depends on a rapid diagnosis and an appro-
priate antibiotic treatment. Currently, the bacteraemia diagnosis is based on 
laboratory tests that can take up to 6 days. An early prediction based on machine 
learning techniques using electronic health records of hospital patients along with 
the physician analysis of patient variables would shorten up to 6 days the start of 
early administration of personalised antibiotics and additional treatments that would 
prevent subsequent complications.

The chapter summarises the current approach to treating bacteraemia, its deficits 
and its clinical, economic, and structural consequences. Afterwards, it presents all 
the steps to apply machine learning of hospital records: cleaning the data, detecting 
bias, handling missing data, and applying machine learning techniques. Data have 
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been analysed using three machine learning techniques: Support Vector Machine, 
Random Forest, and K-Nearest Neighbours.

The machine learning techniques provide state-of-the-art results in metrics of 
interest in predictive medical models with values that exceed the medical practice 
threshold and previous results in the literature using classical modelling techniques 
in specific types of bacteraemia.

Keywords  Predictive preventive personalised medicine (PPPM/3 PM) · Artificial 
intelligence · Bacteraemia · Modelling · Machine learning · Bid data analysis · 
Expert recommendations

2.1 � Predictive, Preventive and Personalised Medicine 
and Bacteraemias

The predictive, Preventive and Personalised Medicine (PPPM/3PM) paradigm is 
being promoted to improve healthcare practices. A core element in 3P medicine is 
the need for a predictive patient-tailored medicine focused on predicting disease 
development and customising the physician practices to the patient’s variables [20]. 
In addition, preventing the disease also avoids the severe complications accompany-
ing many of them.

Sepsis with bacteraemia is one of the medical complications with higher morbid-
ity and mortality [87]. Hence, sepsis provokes around 19 million cases, 5 million 
deaths annually worldwide [17], and according to [58], the case-fatality bacterae-
mia rate is 12%.

Many diseases targeted by 3PM are originated by bacteraemia or have bacterae-
mia among their complications. For such a reason, 3PM principles can be used to 
predict the risk of complications in bacteraemia, prevent them, and customise the 
medical practice [21, 77].

The application of preventive actions has had several successes, as for example, 
the Michigan-keystone project that was focused in reducing the catheter-related 
bloodstream infections in children [54]. A personalised patient-tailored antibiotic 
treatment follows the prediction of bacteraemia and its source; that is, each patient 
needs a specific antibiotic treatment according to the bacteraemia’s focus and his/
her clinical situation: i.e., age, vaccination coverage, fever, hemodynamic situation, 
source of infection, type of bacterial infection, laboratory markers, if he has suffered 
previous hospital incomes, received antibiotics before, or been exposed to invasive 
procedures, or if a multiresistant microorganism has colonised him, among others. 
The correct antibiotic election is intimately related to the morbidity and mortality of 
the patient [19, 57, 76].
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2.2 � Relevance of Bacteraemia Prediction

Bacteraemia prognosis primarily depends on a rapid diagnosis. A patient-tailored 
antibiotic treatment should be promptly administered whenever a serious bacterial 
infection is suspected, but, if possible, after taking blood cultures [23, 68]. For such 
a reason, the bacteraemia prediction will bring an improvement in patient healthcare.

Bacteraemia is detected via blood cultures that can take up to 6 days to provide 
a definitive diagnosis. So, the prediction of bacteraemia would reduce this diagnosis 
lag, shortening up to 6 days the diagnosis. In conjunction with patient variables, this 
prediction should be considered to initiate the early administration of personalised 
antibiotic treatment and medical services, select specific diagnostic techniques, and 
determine the need for additional treatments that would prevent or reduce the sub-
sequent bacteraemia complications.

Therefore, the bacteraemia prediction would decrease its morbidity and mortal-
ity by starting an early, appropriate, and specific antibiotic treatment.

2.3 � Artificial Intelligence as a Key Technology for PPPM

Predicting bacteriemia and its complications applying artificial intelligence (AI) 
techniques on the patient’s data in the electronic hospital records is a case of using 
multidisciplinary PPPM/3PM strategies to improve healthcare. Hence, AI tech-
niques will improve the prevention of bacteraemia by identifying patients with bac-
teraemia and their specific bacteraemia source earlier. The bacteraemia’s source is 
key knowledge because it determines the diagnostic techniques to search its origin, 
the specific and most appropriate antibiotic treatment, and it helps determine addi-
tional treatments that sometimes must be combined with the antibiotic treat-
ment [85].

Bacteriemia prediction is just one of many examples where AI techniques can 
contribute to predicting some diagnosis and provide physicians with relevant infor-
mation that help them make informed decisions. In this way, ML techniques will 
contribute an important added value to the three pillars of 3P medicine.

2.4 � World Health Organisation’s Recommendations About 
Artificial Intelligence

AI is transforming our society thanks to its ability to perform tasks that previously 
seemed reserved for human beings. AI techniques are widely known in our day-to-
day in multiple domains, such as internet searches, automatic recommendation sys-
tems, conversational bots, natural language processing, or computer programs 
capable of beating human champions in games like chess or go.

2  Artificial Intelligence-Based Predictive, Preventive, and Personalised Medicine…
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ML is a type of AI that focuses on techniques that allow computers to generate 
models for decision-making in predictions from observed behaviour on previously 
collected data sets. To do this, the algorithm analyses large volumes of data, identi-
fies and synthesises patterns and, based on them, generates predictions about the 
behaviour of new data not used during model training. For all these models, it is 
critical to have a significant volume of data: the larger the volume of input data, the 
more relevant patterns it will be able to identify, the more information can be 
extracted from the patterns, and the more accurate the model’s predictions on data 
will be -a.k.a. the generalisation of the model-.

Currently, AI is being applied in many different sectors. In [52], the World Health 
Organisation (WHO) exposes the great expectations that AI offers, and therefore 
machine learning, to improve the provision of health care and medicine around the 
world. In this report, WHO proposes that the governance of AI be based on six prin-
ciples. Especially relevant from a computational point-of-view are two of those six 
guiding principles:

•	 Ensuring transparency, clarity, and intelligibility of AI, and
•	 promoting responsibility and accountability.

In order to satisfy transparency and clarity, AI applications on health projects will 
document with sufficient information the conception of AI technology to be used in 
the project, establishing regular meetings with all stakeholders to facilitate knowl-
edge and debate on the design and possible use to be made of this technology.

2.5 � Interpretability Is a Key Issue in Artificial Intelligence 
for Health

On the other hand, ML’s intelligibility and accountability are related to the interpret-
ability of the generated models. Interpretability can be assessed as the degree to 
which a human can consistently predict the model’s result [31]. Not only do we 
want to know the model’s prediction, but we also want to know why the prediction 
was taken; that is, the model should explain the outputs [15].

2.6 � Machine Learning Model’s Taxonomy According 
to Its Interpretability

ML models can be classified into black-box models and white-box models regard-
ing interpretability. The former are created directly from data and are inherently 
non-interpretable; even the designers who created them cannot understand how 
variables are combined to provide the outputs. On the other hand, white-box models 
are intrinsically interpretable; it is possible to know the variables’ importance to 
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generate the output. Unfortunately, the most successful ML classifiers in the litera-
ture are black-box models (neural networks, random forest (RF), support vector 
machine (SVM)). Among the latter, the advantage of interpretability is opposed by 
a low performance in terms of precision. However, there are post-hoc interpretation 
techniques of the models that serve to interpret the predictions based on the values 
of the variables: for example, permutation variable importance or Shapley additive 
explanations, to name two very frequently used. These techniques can be used on 
black-box models (for example, RF or SVM) to provide a post-hoc interpretation of 
the predictions of the ML model that can serve for the intelligibility and account-
ability of the generated model.

2.7 � Examples of the Usage of Artificial Intelligence 
in Medicine

ML techniques have had a successful history in their applications to many areas of 
medicine [62]: neural networks [74] and K-Nearest Neighbours (KNN) [44] for the 
cancer diagnosis, neural networks for blood glucose levels prediction [80], bladder 
cancer [9] or colorectal cancer [46], ensemble classifiers in bioinformatics [83], 
deep residual networks for carcinoma subtype identification [18], Tree-Lasso logis-
tic regression [28], Bayesian networks for the prediction of the causal pathogen in 
children with osteomyelitis [86], decision trees [70], Markov chains and bioinspired 
algorithms [27], drug identification using Support Vector Machine (SVM) [38], or 
predicting risk of disease using Random Forest (RF) [29] to cite some illustrative 
examples.

2.8 � Bacteraemia’s Definition

Bacteraemia is the presence of bacteria in the bloodstream. The blood does not 
contain bacteria in healthy patients, so its presence is associated with infections that 
can impact the patient’s life [75].

2.8.1 � Bacteraemia’s Origin

The most frequent origin for bacteraemia is an infection in a specific location in the 
body that facilities the bacteria’s movement into the blood. The infections that most 
frequently produce bacteraemia are urinary (prostatitis or pyelonephritis), respira-
tory (pneumonia), and vascular (infected catheters). Approximately 70% of hospi-
talised patients receive some type of venous catheter, and between 15% and 30% of 
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all nosocomial bacteraemias are associated with intravascular devices [61, 65]. In 
Spain, 49% of nosocomial bacteraemias were related to venous catheters [66, 82], 
according to the 2016 National Study of Nosocomial Infections [59]. Other origins 
for bacteraemia are bones (osteomyelitis), skin and soft tissues (cellulitis or myosi-
tis), or digestive (cholecystitis or cholangitis).

Some medical procedures also facilitate bacteria’s movement from sites usually 
colonised by bacteria into the blood, i.e., endoscopies of the digestive tract (colo-
noscopies) or urinary catheters in the bladder. Similarly, habits such as the use of 
intravenous drugs can facilitate the movement of bacteria from the skin to the 
blood [69].

The bacteria in the blood can spread the infection to other places in the body, 
producing osteomyelitis, arthritis, endocarditis, meningitis, or brain abscesses, 
among others. There is a connection between the type of bacteraemia microorgan-
ism, the acquisition site, and the associated mortality. Hence, bacteraemia-related 
mortality varies between 11% and 37% depending on the type and place of micro-
organism [10].

A high mortality rate is associated with bacteraemias, and blood cultures are the 
gold standard for diagnosing bloodstream infections. Due to the high morbidity and 
mortality associated with bacteraemia, it is mandatory to initiate effective antibiotic 
treatment as soon as possible to reduce the death rate [33, 34].

2.8.2 � Bacteraemia and Acquisition

Depending on the bacteraemia way of acquisition, bacteraemias are classified as 
nosocomial-acquired bacteraemias which are suffered after 48  h of hospital in-
come, healthcare-associated bacteraemias which are related to diagnosis or treat-
ment procedures but without hospital incomes, and community-acquired 
bacteraemias which are acquired in the community and unrelated to hospital income 
or health care.

2.8.3 � Diagnosis of Bacteraemia and Blood Cultures

A high mortality rate is associated with bacteraemia, and the mean of detecting 
them is via blood cultures in vials that contain growth media of two types: aerobic 
and anaerobic. The diagnosis of bacteraemia is probably one of the most critical 
functions of microbiology laboratories. There are two types of blood culture meth-
ods: conventional methods with manual systems (such as biphasic blood culture, 
manometer methods, lysis filtration–centrifugation) and automatic systems. Both 
provide results within 2–5 days.

The blood cultures proceed as follows. The patient’s blood—between 20 and 
40 ml – is drawn and introduced into vials. The blood volume extracted for each 
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blood culture is the most important variable when harvesting bacteria and fungi 
from patients with bacteraemia [11, 81]. Next, the vials are placed within a system 
that maintains the optimal environmental conditions (humidity, temperature, light) 
for the microorganism’s growth. The microorganism’s growth produces CO2, and 
the system detects its production. This process can take between hours and 5 days. 
If the system does not detect CO2 during this time frame, it reports a negative culture 
(no bacteraemia), whereas if it does detect CO2 production, then it reports a positive 
culture. Nevertheless, a positive culture does not imply bacteraemia. Therefore, it is 
also important to determine if this growth is true bacteraemia or a contaminant 
(negative bacteraemia) [50, 53].

2.8.4 � Contamination and Blood Cultures

Blood culture contamination is common, very costly for the health system, and 
often confuses physicians. Blood culture contamination rate should be less than 3%, 
and contamination rates above this value should be studied and corrected with edu-
cational programs [64].

To discard contamination once the positive culture appears, it is needed to iden-
tify the bacteria species in the vials. The complete process of identifying the micro-
organism can take up to three extra days. In many cases, the species identified came 
from the skin or was introduced in the blood sample during the blood extraction or 
culture. In these cases, the culture is considered contaminated and has no bacterae-
mia. Therefore, proper skin preparation for venepuncture minimises the risk of 
blood culture contamination with normal skin flora.

2.8.5 � Timing and Diagnosis of Bacteraemia

The prediction of true bacteraemia has two important milestones. First, when the 
physician decides to extract blood from the patient for the blood culture. Blood 
cultures should be obtained under severe sepsis, suspected infection with organ dys-
function, high blood lactate levels, infectious processes associated with bacteraemia 
(for example, severe pneumonia, meningitis, pyelonephritis, cholangitis, suspected 
endocarditis, or endovascular infections), or patients with fever and at least another 
sign or symptom of infection in the absence of a known alternative diagnosis. 
Nevertheless, blood cultures should not be decided indiscriminately because the 
number of contaminated blood cultures would lead to unneeded antibiotic therapy 
and increase economic costs.

The second milestone is when the blood culture is positive (i.e., the system 
detects CO2). Nevertheless, the conclusive identification of the microorganism can 
take two or three extra days. Once identified, only those cultures where bacteria 
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species come from an infection are declared true bacteraemia, whereas those with 
contaminants species will be considered negative bacteraemia.

2.8.6 � Bacteraemia and Physicians

It would be extremely useful for the physician to predict bacteraemia before decid-
ing to obtain blood cultures. Unfortunately, physicians have difficulties in predict-
ing which patients have bacteraemia. These difficulties are appreciable in the low 
rate of true positive blood cultures; reports rates between 5% and 8% and reports 
values as low as 3.6% per analysis [3, 39, 45].

The type of positive blood culture (aerobic or anaerobic) and the time-lapse to 
detect CO2 could be useful variables so that the physician could predict whether the 
bacteria is true or negative in the middle of the procedure to obtain a conclusive 
identification of the microorganism.

2.8.7 � Bacteraemia and Treatment

The association between mortality and the origin of bacteraemia seems to depend 
on the use and timing of treatment with adequate empirical antibiotics [2, 43, 67].

Regarding the timing, the start times for adequate antibiotic therapy are critical 
for the prognosis of patients with sepsis and bacteraemia. For this reason, physi-
cians should be notified whenever a positive blood culture is detected because the 
microorganism can often represent an infection that may lead to death.

Regarding the treatment of bacteraemia, one of the most important issues is the 
interpretation of positive blood cultures. When identified in blood cultures, some 
organisms should never be considered contaminants, such as Staphylococcus 
aureus, gram-negative roads, or Candida spp. On the other hand, organisms such as 
Corynebacterium sp. or coagulase-negative Staphylococcus spp. are common skin 
contaminants, and they usually do not need antibiotic treatment. However, some-
times this last group, usually contaminants, could produce bacteraemia mostly 
related to catheters or prosthetic valves. These considerations influence the decision 
regarding antibiotic treatment and how long a patient should be treated.

An ML model capable of predicting true bacteraemia could help the physician 
start earlier the treatment and make the appropriate decision about the antibiotic 
treatment. In this sense, PPPM/3PM has a very important point of intervention in 
suspected bacteraemia and its treatment.
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2.9 � Clinical, Economic and Structural Consequences 
of Positive Blood Cultures

The usefulness of blood cultures in predicting bacteraemia varies between 4.1% and 
7% [3, 55], whereas false-positive results due to contamination vary between 0.6% 
and over 8.0% [63]. The low usefulness of blood culture has an important economic 
effect, increasing a 20% hospital costs for patients with false-positive blood cultures 
[25, 60]. In this sense, economic analyses estimate the costs of a single false-positive 
blood culture between $6878 and $7502 per case [1].

To reduce the medical waste and the overuse of blood culture, in 2012, the 
American Board of Internal Medicine introduced the Choosing Wisely campaign 
that set clear guidelines for the use of blood cultures. Studies assessing risk factors 
for bacteraemia have led to multiple stratification systems without consensus [84].

2.10 � Bacteraemia and Prediction Models

Specialised prediction models aim to provide patient risk stratification to support a 
tailored clinical decision. They use variables thought to be associated, either nega-
tively or positively, with the outcome of interest [73]. Risk prediction models can be 
used to estimate the probability of either having (diagnostic model) or developing a 
particular disease or outcome (prognostic model) [26].

Regarding prediction models for bacteraemia, the physician’s bacteraemia suspi-
cion is not a good predictor since it lacks specificity, sensitivity, or predictive values 
to be clinically useful. Due to this, bacteraemia clinical prediction models have been 
developed for specific infections (pneumonia [30, 35], skin infections [40], and 
community-acquired bacteraemias [42]) using classical methodologies, from step-
wise logistic regression, multivariable analysis, or multiple mutually exclusive step-
wise logistic regression [30]. Unlike theirs, our model applies to any intra- or 
extra-hospital bacteraemia source and uses ML techniques.

2.11 � Applying Machine Learning to Predict Bacteraemias

It would be a major improvement to predict which patients suffer from true bacter-
aemia before the two milestones mentioned above: before deciding on blood sample 
extraction or when the blood culture is positive. The prediction would reduce the 
diagnosis lag and avoid waiting for up to 6 days for the definitive results.

To the best of our knowledge, there are no useful clinical, analytical, or epide-
miological studies that allow physicians to predict bacteraemia at the patient’s ini-
tial assessment nor the application of ML techniques to create diagnostic bacteraemia 
models. Hence, our work’s main objective is to implement ML techniques on a set 
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of patient data from electronic hospital records to predict the appearance of bacter-
aemia, thus eliminating the lag for the results of blood cultures and anticipating the 
application of therapeutic treatments.

This work explores the application of three ML techniques: Support Vector 
Machine (SVM), Random Forest (RF), and K-Nearest Neighbours (KNN). The 
potential of these models in terms of PPPM/3PM is that they can be useful in the 
decision-making process regarding blood culture collection, clinical monitoring, 
and empirical antimicrobial therapy when used in conjunction with clinical judge-
ment. Therefore, the benefits of this work are twofold: first, the possibility of start-
ing the personalised patient’s treatment earlier; second, the number of blood cultures 
would be reduced since they would only be prescribed in cases where the tech-
niques’ predictions did not have high reliability.

2.12 � Databases Have to Represent the Patient’s Casuistry

ML techniques must be provided with datasets that faithfully and fairly represent 
the distribution values in the patient’s health and demographic parameters so that 
their prediction is unbiased.

The Hospital Universitario de Fuenlabrada, Madrid, Spain, has provided our 
database. It is a 350-bed hospital with the following services: general surgery, urol-
ogy, orthopaedic surgery, gynaecology and obstetrics, paediatrics, intensive care 
units (ICUs), haematology-oncology, internal medicine, and cardiology. The data-
base was gathered from 2005 to 2015, and it consists of 4357 anonymous patient 
records containing 117 variables per patient, 43.9% female with age 65.1 ± 19.7 year, 
and 56.1% male with age 62.7 ± 20.2 year. Each record contains demographic and 
medical data (medical history, clinical analysis, comorbidities, etc.) and the blood 
culture result that take one of two values: bacteraemia and no bacteraemia. The 
database contains 2123 bacteraemia (51.3%), including aerobic, strictly anaerobic, 
and facultative anaerobic bacteria, and 2234 no bacteraemia (48.7%), including 
1844 contaminations. The final classification of true bacteraemia was done in pro-
spective time by an infectious disease physician, using all the previous data, includ-
ing microbiological, clinical, and analytical data.

47 out of the 117 variables were discarded from the database because they were 
derived from other variables, irrelevant to the study, or assessed after the blood 
culture.

2.13 � Two Datasets for Predictions at Two Different Times

Two datasets were created as of the hospital database. The first dataset contains the 
variables known previously to the blood culture, accounting for 65 variables. We 
call it the pre_culture dataset. The second dataset, called mid_culture, contains the 
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data at the second milestone stated in Sect. 2.8.5; that is, data available when the 
concentration of CO2 rises, accounting for 69 variables; the variables in pre_culture 
plus four new ones: the time to CO2 detection, the type of media with bacterial 
growth, either aerobic or anaerobic, and the first vial where the growth is detected 
(Refer to Appendix in [19] for an enumeration of the variables understudy). As 
stated in that section, this rise of CO2 does not necessarily mean bacteraemia since 
it could be due to true bacteraemia or contamination (a.k.a. no bacteraemia) of the 
blood sample during extraction.

2.14 � Data Preprocessing Is Mandatory Previous to Applying 
Machine Learning Techniques

The dataset can contain numerous artefacts that bias the ML outcomes. They should 
be detected and fixed, if possible, previous to applying ML techniques. These arte-
facts are mostly related to bias in data gathering, the handling of categorical vari-
ables and missing data, and data values in different scales.

2.15 � Detection of Data Bias During Information Gathering

The distribution of values in the dataset should be analysed. Hence, datasets should 
contain a balanced percentage of values, and missing data should not be statistically 
related to the predicted variable. This analysis attempts to identify if the gathering 
process was accomplished under some biased assumption about the behaviour of 
the data. The biased variable should be removed from the dataset in case of 
such a bias.

2.16 � Handling Categorical Variables

Many ML techniques, for example, SVM and KNN, require a definition of distance 
to measure the separation between instances. This requirement constraints how the 
categorical variables can be mapped into numerical values: when a notion of dis-
tance does not exist among the categorical values, the mapping into numerical val-
ues should avoid creating it. The one-hot encoder is the most used codification 
technique to avoid this problem. It loops through the dataset, and for each class of a 
categorical variable creates a new variable with only two values: true or false. Once 
the categorical variables have been removed, the Euclidean distance is chosen.
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2.17 � Handling Missing Data

Hospital records do not contain all the values for all the variables. These values that 
have not been recorded are called missing data, and they can reduce the statistical 
power of the analysis and bias the ML techniques. The best method to handle miss-
ing data depends on the nature of the data missingness that can be classified into 
three categories [41]:

•	 Missing completely at random (MCAR) in which the missingness is random, 
unrelated to the outcomes, and does not contain valid information for analysis,

•	 Missing at random (MAR) when the missingness depends on the outcomes 
observed, and

•	 Missing not at random (MNAR) when missingness depends on unobserved 
measurements.

Therefore, the first step is to determine the missingness of the data. To this aim, for 
each variable at a time, two classes are defined, missing and non-missing, and an RF 
classifier is built upon only this variable. If the RF classification accuracy is high, 
then a MAR behaviour is concluded for the variable and discarded from the data-
set [14].

Once the nature of the data missingness is determined, several approaches have 
been proposed to handle the high number of missing data [24].

The complete case data approach removes the instances with missing data to 
obtain a new dataset without misses; all instances have valid data in all variables. 
This approach suffers from two limitations: (i) it would not allow evaluating a new 
record with missing data once the ML model is deployed, and (ii) it significantly 
reduces the number of records in the training dataset.

A different approach attempts to keep the largest possible ratio of complete 
records in the dataset sorting the variables in the dataset according to the decreasing 
ratio of missing data and sequentially removing the variables following the ranking 
[4]. The total quantity of data in the complete instances, i.e., the number of complete 
instances times the number of instances, is calculated in each iteration. As the num-
ber of variables decreases, the total amount of non-missing data in the complete 
instances increases to a maximum, beyond which the quantity of non-missing data 
instances decreases. This maximum determines the number of variables that most 
contribute to complete case instances, and it is the best option.

Finally, the separate class approach [14] defines a new category for each variable 
to represent the missing data of such a variable. In the case of numerical variables, 
the missing data receive a value outside the range of the variable’s values. In this 
way, the required separation between the missing data and the correct values is 
created.

Each approach creates a different dataset so that the best one must be explicitly 
determined by experimentation with the dataset under study.
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2.18 � Data Values’ Renormalisation

All the numerical variables have to be renormalised so that the range of values is 
approximately the same for all of them, which is especially relevant for those tech-
niques such as SVM or KNN that use the notion of distance in a metric space. 
Hence, all numerical variables are rescaled to values in [0, 1]. The separate classes 
associated with the missing data are assigned with the value −0.5 since there are no 
negative values in any dataset.

2.19 � Machine Learning Techniques 
for Bacteraemia Prediction

The next three sections are devoted to introducing the ML techniques used in this 
study. WHO’s requirements have been satisfied by choosing ML techniques that 
pose post-hoc interpretation techniques of the models.

2.19.1 � Support Vector Machine

SVM is a supervised ML technique [7, 12] that can be used in binary classification 
problems. It classifies the instances of the dataset by defining a plane that separates 
the two classes; those instances in a side of the plane pertain to one class, whereas 
the instances on the other side pertain to another class. To this aim, this technique 
finds the equations of the plane that separates the two different classes, maximising 
the margin; that is, the distance of the closest instances in the dataset – called sup-
port vectors – to the plane. Consequently, SVM requires a definition of distance on 
the dataset’s variables to evaluate the separation between the instances and the 
plane, and all the categorical variables should be translated into numerical values.

There are two types of SVM classifiers: linear and nonlinear. In the former, SVM 
operates on the raw data under the supposition that the data are linearly separable. 
In contrast, the latter transforms the original instances by adding extra similarity 
variables, trying to create a linearly separable dataset under the supposition that the 
original was not. The most used similarity function is the Gaussian Radial Basis 
Function [71].

SVM models can also be classified into two types depending on whether a few 
instances of one class are allowed to be located within the margin region or even in 
the region assigned to the other class. A hard margin classification is defined if no 
instance of one class can be within the margin region or in the region assigned to the 
other class. On the contrary, a soft margin classification allows the miss-classification 
of some instances but provides higher margins in the classification and better gener-
alisation capabilities, lower overfitting, whereas hard margin classification typically 
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provides a clean but narrower margin. Typically, SVM implementations provide a 
hyperparameter to control the softness of the margin, C.  The highest the C, the 
strictest the classification.

2.19.2 � Random Forest

RF is a supervised ML technique used in classification and regression [8]. In binary 
classification problems, RF creates multiple binary decision trees – trees with binary 
outputs –, each providing its classification output, and combines the results of all the 
trees using an aggregation function, i.e., the majority vote of individual tree predic-
tions, to provide the classification of the given instance. Nevertheless, high accuracy 
requires the technique to satisfy certain requirements, the first of which is the inde-
pendence of the individual trees which is achieved by using different subsets of 
instances to train every individual binary classification tree. The subsets can be 
sampled using two different schemas: sampling with replacement, called bagging, 
or without replacement, called pasting. Nevertheless, even though using the same 
subset, each tree could be different if the variables are chosen in a different order 
during the training. One of the most used algorithms to train decision trees is the 
classification and regression tree (CART). For each tree’s node, CART splits the 
training subset into two subsets using a single variable and a threshold for such vari-
able, searching for the tuple variable/threshold that provides the two purest subsets 
in that node. The purity of the node classification is evaluated as a weighted mean 
of the purity of the two subsets provided by the node [47]. The purity of the subsets 
can be evaluated using any of two common metrics: the Gini impurity and the 
entropy-based impurity.

Finally, the decision tree can be regularised with the following hyperparameter 
[6]: the maximum depth of the trees, the minimum number of samples in a node to 
be split, the minimum number of samples of a leaf node, the maximum number of 
leaf nodes, and the maximum number of variables to be tested in order to split a node.

RF achieves high-accuracy predictions thanks to the aggregation of weak learn-
ers. Thus, each tree has a larger bias than trained using the complete training set, but 
the aggregation of trees provides a lower bias-aggregated classification.

2.19.3 � K-Nearest Neighbours

KNN can be used either as a supervised or unsupervised classification method. In 
the supervised flavour of this simple nonparametric ML technique to classify the 
binary-class instances [56], the output class of a given new is assigned by finding 
the k of nearest records in the dataset and aggregating their classifications (i.e., 
averaging or voting), so that the technique returns the output aggregation of the k 
nearest neighbours. Like SVM, this technique requires a definition of distance. 
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However, this technique does not need a training phase, and it achieves a very high 
capacity: the larger the training set, the higher the capacity.

The value for k should be selected according to these rules:

•	 The value should be a prime number to avoid ties.
•	 It should be less than the number of reference instances in an instance class.
•	 Its value should be large enough to avoid false classification caused by outliers.

The fine-tuning of the value for k usually requires a heuristic guided search on a 
range of reasonable values.

2.20 � Model Validation

A k-fold cross-validation method is applied to validate the obtained models. A total 
of k validation subsets of data are generated from the original dataset by dividing it 
into k parts. In particular, 10 is established as the value for k. The process uses one 
of these parts as a validation subset while the other nine compound a unique training 
subset. Consequently, the training process is repeated 10 times, and the assessment 
of the ML models will be measured as the average of the 10 models on each corre-
sponding validation subset.

Model validation also serves the purpose of detecting under and overfitting of the 
model. A model is underfitted when it is unable to learn accurately enough the data 
patterns during the training so that it mainly learns the noise. On the contrary, a 
model is overfitted when it learns the data pattern so accurately the training data that 
also learns the noise in the data. When overfitted, the model fails in the prediction 
because it is unable to filter the noise in the new unseen data.

2.21 � Data Analysis Tools

Many different tools can be applied to this goal. Among the most frequently used 
are R, Matlab, or Python, and all the tasks that comprise the creation and analysis of 
an ML model can be performed with any of them. In this work, the analysis was 
performed in Python 3.7 using sklearn 0.23 for model inference and ELI5 0.10.1 for 
the permutation importance method.

2.22 � Identification of Data Bias in Hospital Records

Fortunately, the dataset provided by the Hospital is balanced in terms of the samples 
of both no bacteraemia and bacteraemia (51/49% approx.). It should be considered 
that the no bacteraemia class includes actual negative bacteraemia results and those 
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samples corresponding to cultures that were contaminated during the analysis pro-
cess. In addition, the correlation between missing data and the predicted variable 
was checked to assure that the MAR assumption holds for the input data. Figure 2.1 
presents the classification accuracy for all the variables in the dataset, one variable 
at a time.

In Fig. 2.1, a variable stands out for the rest that corresponds to the missing class 
of the suspected source (with 40% of missing values, see Fig. 2.2), whose value in 
the histogram is 82.6%, indicating being a good predictor for the negative class. 
Conversely, the other variables present a slight bias in the prediction. A ratio of 
missing data so high indicates that the importance of the variable should be ques-
tioned, indicating a correlation between the predicted variable and the missing-data 
class. Hence, 7.2% of the missing suspected sources are bacteraemia, and 72.4% of 
the samples with a suspected source are classified as bacteraemia.

These figures state a missing at random (MAR) [41] behaviour for this variable. 
A plausible explanation for this fact could be that the physician includes the sus-
pected source in the database only when the bacteria is already detected, deciding 
whether the source of infection is interesting for no bacteraemia classification or 
not. Consequently, the suspected source was removed from the datasets.

Fig. 2.1  Accuracy of the individual variables when only two classes (missing and non-missing) 
are used to predict bacteraemia
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Fig. 2.2  Percentage of missing values for all the variables. (See [19] for a detailed description)

2.23 � Ratio of Missing Data in Datasets

In this section, the distribution and number of missing data per variable are pre-
sented. Four variables stand out from the rest: the suspected origin of the bacterae-
mia previous to culture, the results of CPR testing, the source of bacteraemia in the 
last hospital department, or the number of days in ICU previous to culture, which is 
the worst variable with around 70% of missing data. For the other three, the percent-
age is close to 40%. After them, we find other 50 variables with a ratio between 20% 
and 30% of missing data.

If a complete case strategy would be applied to the data, i.e., removing instances 
with missing values, a dataset of 476 instances would be obtained from the original 
dataset of 4357 instances. As the reader can see, this option loses a large volume of 
data, being inappropriate. Nevertheless, we evaluated its achievements to classify 
bacteraemia accurately.

A second approach could be to remove only the variables with a high number of 
missing values. Figure 2.3 illustrates the evolution of the total volume of data in all 
complete instances versus the number of complete instances. In our case, the opti-
mal number is 51 variables with 2760 instances, totalling 140,760 non-missing val-
ues in the dataset. As in the previous approach, we think this is also inappropriate 
due to the same reasons. First, some critical variables could be eliminated, as it 
would be the case of the mentioned suspected medical source of the patient’s infec-
tion. Second, we would eliminate up to 33.8% of the variables and 44.6% of 
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Fig. 2.3  Number of variables versus the number of non-missing values in the dataset

instances. As in the complete case strategy, its achievements to classify bacteraemia 
accurately were also evaluated.

The separate class method [14] was also evaluated to handle missing data. After 
comparing the performance of the three missing-data methods using RF as test-
bench, the renormalised separate class method was selected since it obtains the best 
performance.

2.24 � Method to Parameterise and Validate Machine 
Learning Techniques

A three steps procedure was used for evaluating the three ML techniques applied in 
this work:

	1.	 The dataset is divided into two sets corresponding to 80/20 percentages of the 
data for training and testing sets, respectively.

	2.	 Then a grid-search 10-fold cross-validation is run on training data to find their 
best hyperparameters of the ML techniques.

	3.	 The testing phase is performed using the corresponding dataset with the best 
hyperparameters found.

O. Garnica et al.



27

2.25 � SVM’s Hyperparameters and Performance Metrics 
for Prediction Previous to Culture

SVM models have two hyperparameters, C and 𝛄. In this work, they are combined 
swiping the ranges C = {0.1, 0.2, ..., 1, 2, ..., 10, 20, …, 100} and 𝛄 = {1/L, 1/L𝜎, 
0.1, 0.2, ..., 1} respectively, being 𝜎 the variance and L the number of variables in 
dataset, by using the Gaussian Radial Basis Function. C is the hyperparameter that 
controls the softness of the SVM margin.

Experimental results show that the best pre_culture SVM model is with 𝛄 = 1/L, 
and C = 9, implying that the instances are separable. With those hyperparameters, 
the averaged values for accuracy are 76.9 ± 1.7% in the training phase and 75.9% in 
the testing phase. Those values indicate a good generalisation capability of the 
model since the value of the accuracy in the testing phase is very close to the value 
obtained during the training phase. Table 2.1 summarises the key metrics usually 
applied for evaluating the predictive capacity of ML models for the four techniques. 
In particular, the SVM model has a sensitivity of 80.7% with a specificity of 71.4%, 
positive predictive value (PPV) of 72.8%, and negative predictive value (NPV) of 
79.6%. The values for the other ML models are commented on in the following 
subsections.

2.26 � SVM’s Hyperparameters and Performance Metrics 
for Prediction During Culture

Following the same procedure, mid_culture models were also obtained by SVM, 
obtaining the best model using 𝛄 = 1 and C = 8 as hyperparameters, which implies 
that the instances are slightly more separable than in the pre_culture dataset. In this 
case, the accuracies are 83.0 ± 1.4% and 80.5% for the training and testing phases, 
respectively. Although the difference is higher than in the pre_culture model, a good 
generalisation capability is shown. The values of the other metrics are sensitivity of 
81.3%, specificity of 79.7%, PPV of 80.5%, and NPV of 80.5%. As can be observed, 

Table 2.1  Accuracy, specificity, sensitivity, positive predictive value (PPV), negative predictive 
value (NPV), and area under the curve (AUC) of the models

Accuracy (%) Sensitivity Specificity PPV NPV AUC
ML Model Training Test (%) (%) (%) (%)

SVM pre_culture 76.9 ± 1.7 75.9 80.7 71.4 72.8 79.6 0.85
mid_culture 83.0 ± 1.4 80.5 81.3 79.7 80.5 80.5 0.88

RF pre_culture 79.5 ± 1.4 78.2 86.1 70.7 73.6 84.3 0.86
mid_culture 85.6 ± 1.4 85.9 87.4 84.4 85.2 86.6 0.93

KNN pre_culture 72.8 ± 2.3 76.5 89.6 65.2 69.0 87.9 0.85
mid_culture 78.0 ± 2.7 78.4 87.4 69.6 73.6 85.2 0.88
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the usage of intermediate results of the blood culture improves the values in all the 
metrics between 5.0% and 8.0%.

2.27 � Interpretation of SVM’s Results

In order to interpret the SVM’s results, a variables’ importance analysis has been 
deployed using importance sampling. Table 2.2 presents the top 10 most important 
variables for both SVM models. In the case of the pre_culture model, the top three 
to predict bacteraemia are chronic respiratory disease, the number of days in ICU 
before blood extraction, and the presence of catheters. According to this table, for 
the mid_culture model, three out of the four new variables rank in the top five most 
relevant variables: growth in anaerobic and aerobic vials and the number of days 
until CO2 detection.

2.28 � RF’s Hyperparameters and Performances Metrics 
for Prediction Previous to Culture

In the case of RF models, we use the Gini impurity metric, while the maximum 
depth, the minimum number of samples in a node, or any other hyperparameters 
were not constrained. However, the number of trees were evaluated in the range {1, 
2, ..., 90}. In this case, the best pre_culture RF model averages an accuracy of 

pre_culture mid_culture 

Importance Variable Variable Importance 

0.0408 ± 0.0254 ChrRes VialAnae 0.1495 ± 0.0206 

0.0381 ± 0.0228 IcuDay VialAer 0.0931 ± 0.0202 

0.0367 ± 0.0462 CatTyp CO2  0.0289 ± 0.0185 

0.0229 ± 0.0050 PolMic UriSed 0.0234 ± 0.0155 

0.0220 ± 0.0273 Dept Fever 0.0211 ± 0.0168 

0.0220 ± 0.0335 FevSym Consc 0.0165 ± 0.0079 

0.0216 ± 0.0287 UriSed LocSyn 0.0147 ± 0.0160 

0.0179 ± 0.0204 Anaero ResMani 0.0133 ± 0.0045 

0.0119 ± 0.0191 Fever CatTyp 0.0128 ± 0.0085 

0.0106 ± 0.0155 ParDrug ChrRes 0.0102 ± 0.0122 

Table 2.2  Variable importance for SVM

The left-hand side of the table ranks the top 10 variables for the pre_culture model, whereas the 
right-hand side ranks the top 10 variables for the mid_culture model. In blue, the new variables 
included in the mid_culture model. The meaning of the variable’s names is explained in Table 2.3
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79.5 ± 1.4% using 10-fold cross-validation with 86 trees and an accuracy of 78.2% 
during the testing phase. The small differences in accuracy on training and test data-
sets refutes the overfitting of the model. Table 2.1 summarises the key metrics that 
clinical practitioners use to evaluate the models’ predictive capacity. The variables’ 
importance has been evaluated using the permutation importance algorithm, and 
Table 2.4 presents the most critical variables of the model.

Variable Description

1erVial First blood culture vial with growth

Age Age

Anaero Anaerobic bacteraemia versus other bacteraemia

CatTyp Catheter type

ChrRes Chronic respiratory disease

CO2 Days to CO2 detection

Coagul Altered coagulation values

Consc Consciousness level at the moment of bacteraemia

CPR C-reactive protein level

Day Day of blood extraction

DayHosp Days in Hospital before blood extraction

Dept Speciality where bacteraemia is suspected

Fever Fever. Armpit temperature>38.0 ◦C at the time of blood extraction

FevSym Symptoms related to the source of fever

IcuDay Days in Intensive Care Unit before blood culture extraction

Leuko Leukocytes (μl−1)

LocSyn Syndromes related to the source of fever

Month The month of blood extraction

OthCom Other comorbidities

Platelets Platelets (μl−1)

PolMic Polymicrobial bacteraemia microorganisms

ResMani Respiratory manipulations

Steroi Steroids

UriSed Urine sediment

Vasopre Use of vasopressor agents at the time of bacteraemia

VialAer Growth at least in aerobic environments

VialAnae Growth at least in anaerobic environments

Table 2.3  Description of the important variables for the three ML classifiers

The variable names are sorted in alphabetical order. In blue, those variables included in the mid_
culture models
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2.29 � RF’s Hyperparameters and Performances Metrics 
for Prediction During Culture

Regarding the model with RF for prediction during the culture (mid_culture), we 
obtain that the best result (training accuracy of 85.6 ± 1.4%) is obtained with an 
ensemble model of 68 trees. The mid_culture RF model improves all the metrics for 
predicting compared with the pre_culture model. Moreover, mid_culture RF mod-
els are much better not only in training (+ 6.1%) but also in test (+7.7%). All the 
other metrics were also improved in relation to the pre_culture model (sensitivity by 
1.3%, PPV by 11.6%, specificity by 13.7% and NPV by 2.3%.) (Table 2.1).

An analysis of the importance of the variables to predict bacteraemia for RF mod-
els (see Table 2.4) shows that the most critical variables are the number of days at CO2 
detection, the positive in anaerobic vials, the first blood culture vial with growth, and 
the positive in aerobic vials in order of importance. Contrary to SVM models, the two 
RF rankings are more unbalanced than the former, although we can observe the domi-
nance of an outstanding variable in both cases, which doubles the importance of the 
second variable in the pre_culture model and which is 8× for the mid_culture model.

2.30 � KNN’s Hyperparameters and Performances Metrics 
for Both Models

KNN classifier only uses a hyperparameter, k. This study explored an integer value 
in the range [1, 20]. We obtained 15 and 9 as the best values of k for the pre_culture 
and mid_culture models, respectively. In Table 2.1, we can find the values of the 

pre_culture mid_culture

Importance Variable Variable Importance

0.0434 ± 0.0214 Dept CO2 0.1530 ± 0.0035

0.0253 ± 0.0169 CatTyp VialAnae 0.0197 ± 0.0013

0.0148 ± 0.0011 IcuDay 1erVial 0.0109 ± 0.0017

0.0094 ± 0.0011 FevSym VialAer 0.0061 ± 0.0010

0.0074 ± 0.0008 LocSyn Age 0.0028 ± 0.0006

0.0051 ± 0.0007 Month CPR 0.0026 ± 0.0005

0.0043 ± 0.0005 Platalets LocSyn 0.0024 ± 0.0005

0.0041 ± 0.0007 Fever Leuko 0.0024 ± 0.0005

0.0040 ± 0.0008 UriSed Fever 0.0024 ± 0.0005

0.0037 ± 0.0006 DayHosp Day 0.0020 ± 0.0005

Table 2.4  Variable importance for RF

The left-hand side of the table ranks the top 10 variables for the pre_culture model, whereas the 
right-hand side ranks the top 10 variables for the mid_culture model. Table 2.3 presents the mean-
ing of the variable’s names
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main predictive capacity metrics of the KNN models. In the testing phase, the best 
pre_culture KNN model averages an accuracy of 76.5%, and as in other models 
explained above, the performance of the models is improved when we include mid_
culture features, although in this case only a 1.9% of increment in testing accu-
racy; a slight decrease of 2.2% in sensitivity and of 2.7% in NPV are observed. As 
in the case of RF models, new features reduce the size of models, i.e., the number 
of relevant neighbours.

Table 2.5 presents the top 10 most important variables in the KNN model accord-
ing to importance sampling criteria.

2.31 � ROC Comparison of the Three Machine 
Learning Models

The set of ML techniques evaluated for the two datasets shows very good figures for 
ROC, as the reader can observe in Fig. 2.4. The area under the curve (AUC) values 
are 0.88 for the mid_culture SVM model and 0.85 for the pre_culture SVM model. 
As shown, RF models are better with values of 0.93 for the mid_culture RF and 
0.86 in the case of the pre_culture RF model. In the case of the KNN models, the 
AUC values indicate a lower predictive power, 0.85 and 0.88, respectively.

pre_culture mid_culture

Importance Variable Variable Importance

0.0239 ± 0.0136 Fever VialAnae 0.0186 ± 0.0061

0.0227 ± 0.0122 UriSed VialAer 0.0135 ± 0.0084

0.0222 ± 0.0069 LocSyn 1erVial 0.0122 ± 0.0061

0.0213 ± 0.0059 Vasopre UriSed 0.0080 ± 0.0025

0.0211 ± 0.0069 FevSym Anaero 0.0078 ± 0.0034

0.0183 ± 0.0099 CatTyp Vasopre 0.0069 ± 0.0119

0.0161 ± 0.0029 Steroi Fever 0.0067 ± 0.0084

0.0147 ± 0.0102 Month CatTyp 0.0064 ± 0.0043

0.0147 ± 0.0108 OthCom CO2 0.0044 ± 0.0080

0.0144 ± 0.0097 Coagul IcuDay 0.0041 ± 0.0064

Table 2.5  Variable importance for KNN

The left-hand side of the table ranks the top ten variables for the pre_culture model, whereas the 
right-hand side ranks the top ten variables for the mid_culture model. In blue, the new variables 
included in the mid_culture model. Table 2.3 presents the meaning of the variable’s names
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Fig. 2.4  ROC for the best models of SVM, RF, and KNN

2.32 � Data Interpretation

It is well known that when obtaining ML models from medical records, attention 
must be put to the nature and amount of missing data in order to avoid biassing in 
the conclusions of the ML models. Following this idea, we did not evaluate imputa-
tion methods based on ML algorithms in this study. We applied the separate class 
method to handle the missing data because it preserves the number of patients in the 
study and provides good classifier metrics. We did not consider KNN or missForest 
[78] because KNN can infer relationships among the features that could distort the 
data structure [5]. MissForest, although considered a more efficient imputation 
method, must be run with every new patient, which would increase the computa-
tional cost of every new prediction when the system is in production.

The evaluation of the importance rankings of variables for all the three ML meth-
ods considered in this study indicated a significant ratio of common top features for 
both datasets. In this sense, the number of days in ICU before blood culture extrac-
tion, the presence of catheters, fever and the presence of symptoms related to the 
source of fever, and the presence of urine sediments are critical features of major 
importance for the pre_culture models. KNN and RF features analysis detect sea-
sonality in bacteraemia since the month of the blood culture appears for both tech-
niques, although it has low importance in both technique.

Results are different for the mid_culture dataset. In this case, features added to 
the dataset, and not used in the pre_culture model, are the most important for accu-
rately predicting bacteraemia. The mid_culture RF model ranks the four new 
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features among the top, whereas SVM and KNNs only include three out of the four 
new features. The importance of the mid_culture features in the model exceeds the 
importance of all the features in the pre_culture model. This consistency highlights 
that prediction capability is a characteristic intrinsically related to the data already 
available in most hospital health records.

The feature importance for the pre_culture SVM and RF models is balanced. The 
ranking of important features can be divided into two parts. The three first features 
are within a range of 10.0% of the most important ones. Then the importance of the 
remaining seven features is gradually reduced generating accurate predictions. In 
particular, the two KNN rankings are the most balanced of the three ML techniques. 
The first five features in the pre_culture model and the first three features in the 
mid_culture model have very similar values, although the dispersion of accuracy in 
the training stage doubles the dispersion values of the other ML techniques, which 
justifies why the KNN technique produces less predictable accuracy for the model.

The feature importance of the RF model is less balanced than the KNN one since 
there is a critical feature followed by two less relevant variables, being irrelevant the 
remainder features. This behaviour is more evident in the mid_culture model, where 
the mid_culture features dominate the classification. Hence, the physician may 
make a prediction based on the presence of these features. Nevertheless, the features 
coincide in almost half of the cases.

Another important conclusion of the ML models is that the high number of fea-
tures that appear in the analysis of the models as important in the predictions justi-
fies physicians’ difficulty in generating accurate predictions.

If we use accuracy as the most important metric, the best model is the mid_cul-
ture RF model, which obtains a value of 85.9% in accuracy, while the pre_culture 
models range between 75.9% for SVM and 78.2% for RF. Hence, the accuracy of 
ML techniques is 8x human accuracy (from 3.6% to 10.0% according to [39]).

The key metrics to evaluate the predictive capacity of the model  range from 
80.7% to 89.6% for sensitivity, 65.2% to 84.4% in specificity, 69.0% to 85.2% for 
PPV, and 79.6% to 86.6% for NPV, with the mid_culture RF model outperforming 
the other models and achieving an average accuracy of 85.9  ±  1.4%, sensitivity 
87.4%, specificity 84.4%, PPV 85.2%, NPV 86.6%, and an outstanding AUC of 
0.93 with improvements of 6.7% with regards to the accuracy of second best tech-
nique, SVM, 6.1% in sensitivity, 4.7% in specificity, 4.7% in PPV, and 6.1% in 
NPV. So, we can state that the ML values of sensitivity, specificity, predictive posi-
tive, and negative values exceed the results described in the literature. This is also 
true for AUC, whose value is higher than 0.85 in all the ML models. The threshold 
AUC value of a model in the medical practice for being considered a valid model is 
0.7. Models should exceed this value to be considered, and a good predictive model 
should have at least an AUC value of 0.8. The previous results in the literature using 
classical modelling techniques in specific types of bacteraemia are as follows: pneu-
monia [35] with AUC 0.79, skin-related [40] with AUC 0.71, or any type [42] with 
AUC 0.77. ML models clearly outperform those values.

The results presented in this study indicate that good bacteraemia predictions can 
be achieved using already available hospital records with better figures of merit than 
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the physicians’ predictions. These predictions can help physicians make as soon as 
possible correct diagnosis and prevent complications with the most specific and 
personalised antibiotics and treatment for each patient.

2.33 � Interplay Between COVID-19 and Bacteraemia

In the times of COVID-19 pandemia, it would be necessary to associate it with bac-
teraemia and how ML models can help COVID-19 patients. It is worth noting that 
bacteraemia is rare in those patients, which supports the judicious use of blood 
cultures in the absence of compelling evidence for bacterial co-infection [72]. 
Although there are a reduced number of reports, bacteraemia with S. aureus in 
patients hospitalised with COVID-19 is associated with high mortality rates. The 
infection with S. aureus was also reported as a complication of other viral pandem-
ics, such as the Spanish flu in 1918–1919 and the H1N1 influenza pandemic in 
2009–2010. This indicates that the interaction of S. aureus with SARS CoV-2 is 
similar to influenza [48].

The proposed mechanisms of viral-induced bacterial co-infections include the 
viral modification of airway structures, as well as the initiation of immune-
suppressive responses [22]. A similar mechanism has been described in another 
report of oral infections where the authors suggest that poor oral hygiene and peri-
odontal disease could produce the aggravation of COVID-19 [79].

Bacteraemia as secondary to pneumonia or typical hospital-acquired infection 
has not been defined, although secondary bacteraemia was also reported in 37% 
(27/73) of patients with acute respiratory distress syndrome [88]. ML techniques 
could help physicians predict bacteraemia as a secondary infection in critical 
COVID-19 patients, who suffer these secondary infections more frequently [32].

2.34 � Conclusions and Recommendations in the Framework 
of 3P Medicine

In this study, three ML supervised techniques were applied, obtaining accurate pre-
dictive models of the blood culture outcome using hospital electronic health records. 
Records include data previous to blood extraction and data measured in the first 
hours/days of the blood culture. The coincidence of the three classifiers in terms of 
results reinforces the power of the conclusions and confirms not only the viability 
of ML techniques as a key technology for applying the PPPM/3PM principles to 
improving patients’ survival rates significantly but also providing more cost-
effective management of bacteraemia.

Early diagnosis of bacteraemia is critical and does so an appropriate early antibi-
otic treatment due to its high morbidity and mortality. ML techniques can play an 
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important role in helping physicians in diagnosing, early treating and managing 
bacteraemia. In addition, ML models can be applied to determine preventive actions 
and hence reduce the medical costs associated with bacteraemia. As an example, an 
early prediction of bacteraemia by physicians could avoid the intervention to obtain 
blood samples, could reduce the number of bottles for blood culture per patient 
(from six to four), the time-lapse devoted to the culture, and the procedures to iden-
tify possible contaminant microorganisms with theirs costs in time and money.

Another important application of bacteraemia prediction is related to the selec-
tion of antibiotic treatment and its duration, which can change depending on whether 
the patient is suffering bacteraemia or not since bacteraemia related diseases need 
longer antibiotic treatments. Using ML models, physicians could optimise the dura-
tion of the treatments in the presence or absence of bacteraemia infection. The 
shortest the duration of the antibiotic treatment, the lower the cost of the treatment 
per patient. Reducing the length in time of antibiotics implies also avoiding second-
ary effects associated, such as antibiotic resistance [13].

Automatic and continuous data extraction from electronic medical records com-
bined with models could help physicians reduce mortality and morbidity [36, 49] by 
identifying early the appearance of bacteraemia and avoiding the progression to a 
severe disease and providing timely appropriate antibiotic treatments.

Patient databases play a central role in 3P medicine [20] since ML technologies 
in the framework of 3P medicine depend entirely on the accuracy of their models, 
which is related to the availability of datasets with low missing value rates and 
structured information. Another crucial aspect is to avoid the physician’s a priori 
interpretation of the data, which can lead to biases in the missing values. This 
requirement should be included in future database design specifications and the 
design of database user interfaces.

As mentioned, the success of ML techniques also depends on the availability of 
structured datasets. Unfortunately, most health information that is stored in hospi-
tals, according to the European Commission’s Recommendation on Electronic 
Health Records [16], suffers from a lack of structured format impeding automatic 
manipulation of the features. An additional effort must be made to construct proto-
cols that permit the record of information in good conditions to extract automatic 
models and not use natural language that hinders the extraction of structured 
information.

Predictive models play a key role in bolstering decision systems, and ML tech-
niques have outstanding potential to create models with an excellent level of accu-
racy [37]. They have been used to identify useful correlations between biometric, 
genetic, and environmental data with the potential risks and benefits of certain ther-
apeutic choices [51]. They also have great potential to exceed the performance of 
physicians’ heuristics, reducing lags in diagnosis and treatment costs when their 
application is extended from the genomic and biometric data to the clinical and 
demographic data in the patient’s records.

Although we strongly recommend avoiding non-structured features (medical 
texts described in natural language), future work should also include the treatment 
of this kind of information since a lot of data could be in the database expressed in 
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natural language. Having more information could improve the accuracy of ML 
models. Automatic translation of natural language is also of interest to read this 
information. The development of an app for mobile devices that provide a predic-
tion to the physician at the bedside based on the latest available patient records 
should also be considered in the future.

These ideas are directed to improve predictive and personalised treatment in a 
disease as bacteraemia that currently continues producing a high level of mortality.
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Chapter 3
Vaginal Microbiome and Its Role in HPV 
Induced Cervical Carcinogenesis

Erik Kudela, Veronika Holubekova, Zuzana Kolkova, Ivana Kasubova, 
Marek Samec, Alena Mazurakova, and Lenka Koklesova

Abstract  HPVs representing the most common sexually transmitted disease are a 
group of carcinogenic viruses with diferent oncogenic potential. Vaginal microbi-
ome represent the modifiable and important risk factor in HPV-induced carcinogen-
esis. HPV infection significantly increases vaginal microbiome diversity and 
induces local inflammation, leading to gradual increases in the abundance of anaer-
obic bacteria and consequently the severity of cervical dysplasia. Anaerobic bacte-
ria produce pro-inflammatory mediators and induce oxidative stress with subsequent 
epigenetic alterations resulting in formation of tumor microenvironment. Delineation 
of the exact composition of the vaginal microbiome, epigenetic state of cervical 
epithelium and immune environment before HPV acquisition, during persistent/
progressive infections and after clearance, provides insights into the complex mech-
anisms of cervical carcinogenesis. It gives hints regarding the prediction of malig-
nant potential. Relative high HPV prevalence in the general population is a challenge 
for modern and personalized diagnostics and therapeutic guidelines. Identifying the 
dominant microbial as well as epigenetic and immune response biomarkers of high-
grade and low-grade dysplasia could help us to triage the patients with marked 
chances of lesion regression or progression. Any unnecessary surgical treatment of 
cervical dysplasia could negatively affect obstetrical outcomes and sexual life. 
Therefore, understanding the effect and role of microbiome-based therapies is a 
breaking point in the conservative management of HPV-associated precancerous 
lesions. Sequentially, the immune response and epigenetic rearrangement of cervi-
cal epithelium could help to control the therapy outcome. Qualitative and quantita-
tive assessment of local microbial environment and associated risk factors constitutes 
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the critical background for preventive, predictive, and personalized medicine that is 
essential for improving state-of-the-art medical care in patients with cervical pre-
cancerous lesions and cervical cancer. This chapter focuses on the influence and 
potential diagnostic and therapeutic applications of the microbial markers in HPV-
related cancers in the context of 3P medicine.

Keywords  Predictive preventive personalized medicine (PPPM/3 PM) · Vaginal 
microbiome · HPV · Cervical malignancy · Female health · Gynecology · 
Oncology · Modifiable risks · Molecular pathways · Biomarker patterns · 
Prebiotics · Probiotics

3.1 � Global Burden of HPV-Associated Cervical Cancer

Predictive, preventive, and personalized (3P) medicine has a cardinal priority in 
women’s health. 3P medicine is a cornerstone in the fight against gynecologic can-
cers and represents an innovative approach in individualized treatment strategies 
and precision medicine [1, 2].

Cervical cancer (CC) is the fourth most common malignancy in women, with an 
estimated incidence of 13.1 per 100,000 women in age-standardized rate and mor-
tality of 6.9 per 100,000 women in age-specific rate globally [3]. In 2018, around 
570,000 new cases of CC were identified and more than 311,000women die each 
year. Incidence and mortality are higher in low and middle-income countries where 
organized screening and vaccination programms are lacking [4, 5]. Globally, 4.5% 
of cancers are due to the human papillomavirus infection [6]. Moreover, almost 
95% of CC biopsies contain high-risk human papillomavirus (HPV) genotypes [7]. 
The incidence of HPV infection poses a significant burden on individuals and the 
broader healthcare system. The global burden of HPV is high, with around 630,000 
new cases of HPV-associated cancer occurring each year [8]. It is necessary to say 
that infection with high-risk human papillomavirus alone does not cause cervi-
cal cancer.

HPV infection is one of the causes of pre-invasive and invasive cervical disease 
[7]. The most HPV infections do not cause symptoms and resolve spontaneously, 
but persistent infection can cause a wide range of diseases, including benign lesions, 
precancerous lesions and cancers [9]. Persistent HPV infection has a slow progres-
sion to invasive cervical cancer (average 7–10 years), and during this period, pre-
cancerous lesions can be detected by cytological screening [10]. More than 200 
HPV genotypes belong to the Papillomaviridae family of DNA viruses, and about 
30 HPV genotypes were found in he anogenital tract. Based on their oncogenic 
potential, HPV types are classified as high-risk (HPV 16, 18, 31, 33, 35, 39, 45, 51, 
52, 56, 58, and 59) and probably high-risk (HPV 26, 53, 66, 67, 68, 70, 73, and 82) 
with an increased affinity for mucosa [11]. Low-risk HPV genotypes (HPV 6, 11, 
42, 43, and 44) have an affinity to skin and evoke a benign lesions, including genital 
warts, papillomas and many other skin lesions [12]. Mucosal HPV genotypes are 
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associated with cervical, penile, vaginal, vulvar, anal, and oropharyngeal pre-
cancers and cancers [13]. Among women with normal cytology, the most common 
HPV genotype is HPV16, but the prevalence of other genotypes varies in different 
geographic regions [14]. HPV types 16 and 18 are clear, powerful carcinogens and 
cause approximately 70% of invasive cervical cancers [9].

HPV is one of the aetiological causes of cervical cancer and belongs to the most 
common sexually transmitted diseases (STDs). Almost 80% of women are affected 
by HPV infection during the lifetime [15]. Therefore, the researchers explore the 
interaction between HPV virus and the host organism that seems to be much more 
complex as expected. Fortunately, most HPV infections are cleared spontaneously 
(79% of infections in 24 months) by the immune system and do not lead to cervical 
dysplasia [16]. In some cases, permanent HPV infection may develop low- and 
high-grade lesions [17]. Besides, 90% of screening results in US population is rep-
resented by negative cytological finding and HPV negativity. The rest iss character-
ized mainly by mild cytological abnormalities, including ASCUS (atypical 
squamous cells of undetermined significance) and LSIL (low-grade squamous 
intraepithelial lesion) either linked with presence or absence of hrHPV (high-risk 
HPV). HSILs (high-grade squamous intraepithelial lesions) represent only a small 
fraction of cytological results. Currently, management of women with mild cyto-
logical abnormalities is based on a conservative approach, as in non-suspicious col-
poscopic findings [18, 19]. HPV virus has the highest incidence in nulliparous 
women and therefore, the postponed surgical treatment of cervical lesion could have 
an auspicious effect on future pregnancies [20].

3.2 � Risk Factors Associated with HPV Infection

Behavioral modifications can be suggested to help reduce the prevalence of HPV 
infection among women. Geographical disparities in the cervical cancer disease 
burden are stark and reflect the availability, coverage, and quality of preventive 
strategies and the prevalence of risk factors [21]. It remains unclarified why the 
HPV virus can persist or form the dysplasia in cervical epithelium. Biologically 
based non-modifiable and behaviorally based modifiable risk factors likely play an 
important in preventing the progression of the viral infection and prediction of its 
course. Obviously, given the serious socio-economic burden on society, overall can-
cer management requires a shift from a reactive to 3P medicine in order to imple-
ment cost-effective and individualized healthcare that will benefit the whole society 
[22–25]. The vaginal microbiome and the innate immune system are directly linked 
to the pathogenesis of HPV-induced CC [7]; therefore, the individualized patient 
profiles and targeted preventive, early predictive, or therapeutic strategies should be 
implemented in CC management as fundamental pillars of 3P medicine in order to 
achieve better outcomes for the individual and society as a whole. In this regard, 
improved CC management requires the identification of new liquid biopsy biomark-
ers that should be obtained from specific body fluids. In summary, elucidating the 
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malignant potential of specific HPV infections and related cervical lesions with 
respect to the local microenvironment is pivotal to the preventive and personalized 
approach to state-of-the-art medicine.

3.2.1 � Non-modifiable Risk Factors

Risk factors for the development of cervical malignancy such as HPV infections, 
patient age, ethnic factors, host genetic factors, and the family history cannot be 
influenced in any way [26]. It is difficult to prevent their impact on the transforma-
tion of primary infections into persistent infections and persistent infections into 
pre-cancerous lesions. In addition, HPV infections, viral factors, viral load, and 
co-infections with multiple HPV genotypes and / or other sexually transmitted dis-
eases (STDs) are major factors in the development of malignancy [27]. Human 
papillomavirus is a well-known carcinogenic agent [28]. In study Ciccarese et al. 
[28] the persistence of genital HPV infection was statistically associated with 
female gender, HR-HPV infection, smoking, and Ureaplasma parvum infection.

The age of the virus host itself is also associated with an increased risk of devel-
oping HPV infection. HPV is most prevalent among adolescents and young adults 
between 15 and 25  years of age. It is supposed that 75% of young individuals 
acquire HPV in this age range [29–31]. On the other hand, adolescent and younger 
girls have a greater risk of HPV infection due to a lack of immune responses in 
cervical epithelium and the presence of squamous metaplasia undergoing an endo-
cervical reconfiguration to the ectocervix in response to an acidic environment. 
Therefore, basal cells in the cervical epithelium are more susceptible to HPV infec-
tion during the metaplastic transformation that may lead to cell proliferation and the 
development of cervical dysplasia or squamous cell cancer [32, 33]. It is also inter-
esting that the prevalence of HPV infection increases in postmenopausal women 
over 50 years of age. This may be due to impaired immunity and subsequent reacti-
vation of latent infections, and also the number of births and sexual partners over a 
lifetime represents a cumulative risk of worsening cervical cytology [34].

3.2.2 � Modifiable Risk Factors

Influencing factors in HPV infection include sexual behavior, lifestyle, as well as 
socioeconomic status. Moreover, cultural and geographic variations influence the 
sexual behavior of women and their partners. An estimated 33–37% of incident 
cancers in Canada are attributable to modifiable risk factors [35]. There are some 
established cofactors for progression of cervical HPV infection to cancer in the long 
run, such as early age of first sexual intercourse, multiple sexual partners, tobacco 
use, immune suppression such as co-infection with human immunodeficiency virus 
(HIV), high parity, long-term hormonal contraceptive use, and poor nutritional 
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status [36]. These factors include certain aspects of a woman’s sexual history: the 
age of first sexual intercourse, the age at first birth, parity [37], and the intake of oral 
contraceptives [38]. Also, increased HPV risk is associated with numerous sexual 
partners. According to study of Kitamura et al. [39] number of lifetime sex partners 
(≥6) and present history of sexually transmitted infection were the common signifi-
cant predictors of high-risk and low-risk HPV infection .The use of condoms and 
hormonal contraceptives are recommended to reduce the risk of HPV infection. 
Condoms moreover, have some protective effects against the transmission of HPV 
and other STDs, including HIV [40]. If the parity may influence CC risk remains 
still unclear. HPV-positive women with 7 or more reported full-term pregnancies 
have a fourfold increased risk of CC compared to HPV-positive nulliparous women 
[37]. Hormonal factors related to pregnancy and cervical trauma associated with 
delivery may increase the risk of cervical carcinogenesis [41]. Also, the question of 
the increased risk of CC in the use of oral contraceptives is still unanswered. Many 
studies show that there is an increased risk of cervical adenocarcinoma due to the 
excess of progesterone-free estrogen caused by oral tablets; endometrial cells 
respond to this hormonal imbalance through endometrial hyperplasia [42]. On the 
other hand, women using hormonal contraceptives have a lower risk of developing 
the disease because they undergo regular screening tests and are also under the 
supervision of a doctor [43].

Known risk factors for the disease are, in particular, unhealthy lifestyles, smok-
ing, alcohol and drug use. Negative life events and impacts pose a higher risk, espe-
cially for women from lower socio-economic groups. Cigarette smokers are at an 
increased risk for SIL and CC compared to HPV-positive non-smokers [44]. Cervical 
tissue turnover may be caused by the action of carcinogens in tobacco smoke, which 
cause immunosuppression. The persistence of HPV virus has also been confirmed 
in cervical mucus. Progression of HPV infection to malignancy is possible due to 
the transfer of viral DNA into the host genome. [45]. Local immunosuppression can 
result from nicotine and its metabolite cotinine that are present in cervical mucus 
and from the reduced numbers of Langerhans cells in the cervical epithelium of 
smokers [28].Substance abuse (e.g. alcohol consumption [46] and illegal drugs 
[47]) may reduce immune function and thus affect the cervical squamous epithelial 
microenvironment and support persistent HPV infection. Studies reported that 
smoking habit and HR-HPV genotypes influence virus persistance [28].

The risk of health problems is higher for women from low socio-economic back-
grounds because they have limited incomes and restricted access to health care. 
These women are often poorly informed about CC risks and suffer from nutritional 
deficiencies [48]. DNA damage can be prevented by the intake of vitamins C and E, 
carotenoids and lycopene contained in the amount of fresh fruits and vegetables 
[49]. Accordingly, fresh vegetable consumption reduced the risk of HPV persis-
tence by more than 50% [50]. A healthy lifestyle with moderate sexual behavior 
may reduce the risk of long-term HPV infection and enhance the immune response. 
In the United States women from Hispanic background experiencing a higher bur-
den of disease compared to women of Caucasian origin [51]. There are considerable 
racial and ethnic disparities in terms of burden of HPV infection and cervical 
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cancer. Interventions targeting modifiable cancer risk factors could prevent a sub-
stantial number of incident cancer cases. HPV vaccines helps to eradicate most 
types of HPV condition [52]. HPV vaccination is safe and efficacious to prevent 
persistent HPV infection, precancerous anogenital lesions and cervical cancer [53]. 
The vaccine is recommended initially for women who have not been vulnerable 
with HPV during sexual intercourse. Acceptance of HPV vaccine varies across 
racial and ethnic groups. Addition of HPV vaccination to the existing immunization 
programs calls for logical discussion and consideration to preserve the highest ethi-
cal standard in administering this vaccine to a sensitive age group of adolescence 
[36]. Before HPV vaccination, periodic Pap testing in women was the main way to 
prevent cervical cancer. Effective primary prevention and secondary prevention 
approaches can prevent most cervical cancer. Cervical cancer screening followed by 
treatment once abnormal lesions are identified can help reduce cervical cancer inci-
dence and mortality [10].

3.3 � The Vaginal Microbiome: Its Composition 
and Interactions

A complex system comprising of the mucosal epithelial barrier, the immune system, 
and a healthy VM generating lactic acid, hydrogen peroxide, halides, and antimicro-
bial peptides protects the female genital tract from infections. Furthermore, the VM 
influences local inflammatory immunological responses, such as cytokine produc-
tion [54]. Maintaining or enhancing the VM is a novel and successful treatment 
method for HPV infections and associated precancerous lesions [55].

Estrogen levels have a major impact on the diversity of the vaginal microbiota. 
Estrogen affects the volume and viscosity of vaginal secretions, the glycogen con-
tent, and the amounts of oxygen and carbon dioxide in the vagina [56]. Regular 
vaginal lubrication, an acidic vaginal pH, and maintaining a healthy vaginal micro-
biome are all vital and efficient defensive mechanisms against alien microbial infec-
tions. Vaginal dryness as a part of Sicca syndrome implies a low Lactobacillus status 
with a high proclivity for vaginal infections and even lichen sclerosus of the vulva 
[57]. Reduced estrogen levels in prepubertal and postmenopausal women are related 
to low Lactobacillus levels and presence of mixture of anaerobic bacteria [58]. The 
vaginal microbiota of pregnant women, on the other hand, is more stable and often 
dominated by L. crispatus or L. iners [59]. Two longitudinal studies found that the 
phase of the menstrual cycle and sexual activity influence changes in the vaginal 
microbiota diversity [60, 61].

Lactobacillus species can colonize both the urinary system and the rectum. 
Through direct or estrogen-mediated pathways, the female reproductive tract micro-
biome interacts with the gut (vagina–gut axis), the urinary tract (vagina–bladder 
axis), and other places such as the oral cavity. The rectum is an important lactoba-
cilli reservoir that helps to maintain a healthy vaginal microbiota and local immune 
system, resulting in a decreased infection rate [62]. Enteric bacteria are capable of 
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Table 3.1  Factors influencing the composition of vaginal microbiome [62]

Genetics/host Environmental Socioeconomic Behavioural STI

Aging Geography Education Sexual behavior Bacterial
Genomics Early life factors Income Contraception Viral
Epigenetics Toxins and carcinogens Race, ethnicity Hygiene practices Fungal
Pregnancy ATB, prebiotics, 

xenobiotics
Access to 
healthcare

Smoking Parasitic

Hormonal status Stress Social policy Alcohol 
consumption

Comorbidities HPV vaccine Diet/nutrition
Altered 
immunity

Obesity

Obesity Physical activity

STI sexually transmitted infections, ATB antibiotics

deconjugating estrogens and facilitate their reabsorption into the circulatory system 
[63]. This causes increased glycogen and mucus production, as well as thickening 
of the lower genital tract epithelium. As a result, a decrease in estrogen-metabolizing 
bacteria may impact Lactobacillus dominance in vaginal flora [64]. Moreover, vagi-
nal and fecal microbiota transplantation (VMT, FMT) is a unique, intriguing ther-
apy option being researched for women with BV or vaginal diseases [65].

Tangled interactions between the microbiome and host that increase the risk of 
gynecological malignancies can be influenced by behavioral, social, genetic, envi-
ronmental, and host factors, including early life factors such as gestation, type of 
delivery, and infancy. Table 3.1 summarizes these factors.

Recent studies have investigated the association between the composition of the 
VM and HPV infections that contribute to carcinogenesis. Ravel et al. [66] studied 
the VM and vaginal pH of 396 asymptomatic, sexually active women and discov-
ered five primary VM community state types (CSTs). L. crispatus dominated CST 
I, which occurred in 26.2% of the women, whereas L. gasseri, L. iners, and L. jen-
senii dominated CST II (6.3%), CST III (34.1%), and CST V (5.3%), respectively. 
The remaining CST IV detected in 27% of the women was heterogeneous, with 
larger proportions of strictly anaerobic bacteria such as Gardnerella, Prevotella, 
Megasphaera, and Sneathia species [66]. CST I had the lowest median pH (4.0 0.3), 
suggesting that other CSTs may create less lactic acid than group I or have different 
buffering properties [3].

3.4 � Two Faces of Lactobacillus Species

Lactobacillus spp. protect the vaginal epithelium by preventing harmful bacteria 
from adhering to the epithelial tissue via a number of barrier (self-aggregation, 
adhesion) and interference (receptor binding interference, coaggregation with 
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potential pathogens) mechanisms [67]. Lactobacillus creates organic acids by 
degrading glycogen to keep the vaginal environment acidic [68], which can pre-
vent pathogenic bacteria from invading. Lactobacilli that produce H2O2 enhance 
the release of antimicrobial compounds by epithelial cells and boost the antibac-
terial activity of preexisting protective factors (muramidase and lactoferrin) [69]. 
Lactobacilli release a variety of metabolites and surfactants, including exopoly-
saccharides, phosphorylated polysaccharides, and peptidoglycans, which have 
the ability to prevent pathogenic microbes and carcinogenesis [70–72]. 
Lactobacillus spp. also stimulates the immune system‘s cellular and humoral 
components [73].

In comparison, L. crispatus is more successful than L. iners in avoiding bacterial 
dysbiosis, which is missing a protective role in vaginal health [74]. Because L. iners 
can only run the synthesis of L-lactic acid and cannot create H2O2, it has neither 
antibacterial or antiviral action [75]. L. iners, on the other hand, generates ineroly-
sin, a cytotoxin comparable to Gardnerella vaginalis. Inerolysin causes pores to 
develop in the vaginal epithelium, increasing the risk of infection [76].

HPV clearance may be influenced by microbiome modulation using Bifidobacteria 
and Lactobacillus [77]. Lactobacillus spp. are linked to a lower detection of high-
risk HPV subtypes (OR 0.64), cervical dysplastic lesions (OR 0.53), and invasive 
malignancies (OR 0.12). L. crispatus (CST I) exhibits even superior qualities in 
terms of the occurrence of high-risk HPV (hrHPV) infections (OR 0.49) and neo-
plastic alterations (OR 0.50) [78]. Furthermore, a Lactobacillus gasseri (CST II) 
dominated microbiome promotes the quick clearance of HPV infections 
(aTRR = 4.43) [79, 80]. Moreover, a subset of less prevalent Lactobacilli, including 
L. agilis and L. sanfranciscensis, is significantly reduced in HPV-positive women 
and may have a role in cervical carcinogenesis [81]. Overexpression of H2O2-
producing L. jensenii and L. coleohominis, according to Mitra et al., inhibits the 
development of low-grade cervical dysplasia [82].

A L. iners-dominated microbiome, on the other hand, is frequently related with 
HPV positivity. Despite having a greater relative abundance in hrHPV-negative 
women (mean 19.3) than in hrHPV-positive women (11.9), L. iners remains the 
dominating species in CST IV [83]. The most common transition identified in the 
vagina is from CST III to CST IV, suggesting that L. iners is less capable of inhibit-
ing anaerobic bacterial colonization than other Lactobacillus spp. [84]. L. iners was 
even shown to be more prevalent just before to the commencement of HPV16 infec-
tions [85]. Lactobacillus depleted CST IV and L. iners are responsible for HPV 
persistence and development of preinvasive and invasive lesions [80]. Gardnerella 
vaginalis combined with L. iners or other unclassified lactobacilli enhances the like-
lihood of high-grade cervical lesions [86, 87]. This CST type increases the inci-
dence of cervical dysplasia by a factor of six [88]. Another study evaluated L. types 
and discovered that L. iners had a greater likelihood of prevalent hrHPV than 
L. crispatus (OR – 1.31). When compared to L. crispatus-dominated CST, L. iners 
is linked with nearly double the overall risk for LSIL and malignant lesions (OR 
1.95) [87].
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3.5 � Prognostic Role of Vaginal Microbiome Composition

Bacterial vaginosis (BV) is quite common (around 9% in the UK [88] and up to 
29% in the US [89]). In women with BV, invading pathogens such as Gardnerella 
vaginalis, Prevotella, and Mobiluncus species displace native vaginal flora [90]. 
The substitution of G. vaginalis for Lactobacilli results in a more basic pH, 
which promotes BV. G. vaginalis creates a biofilm that serves as a matrix for 
other pathogenic bacteria to attach to; this biofilm also lowers antibiotic potency 
[84]. CST IV in the cervicovaginal niche has been linked to an increased likeli-
hood of acquiring persistent HPV infections and, as a result, developing cervical 
lesions [91].

The nature of the VM changes between HPV-positive and HPV-negative peo-
ple. Furthermore, bacterial vaginosis is more common in persistent high-risk HPV 
infections than in cases with HPV elimination [80]. L. acidophilus, L. crispatus, 
L. jensenii, L. psittaci, L. ultunensis, and L. vaginalis typically colonize HPV 
negative women. HPV-positive women, on the other hand, have a more diversified 
microbiome that includes bacteria such as A. vaginae, G. vaginalis, D. micraeroph-
ilus, G. vaginalis, S. amnii, S. sanguinegens, and Prevotella species (P. amnii, 
P. buccalis, and P. timonensis) [83]. Shannon et al. found that HPV-positive indi-
viduals are more likely than HPV-negative women to develop cervico-VMs con-
sistent with CST-IV (58.8% vs. 29.4%) [92]. The dominance of some pathogens 
during the early stages of HPV infection may contribute to the development of 
cervical dysplasia later on [93]. A CST IV subgroup, defined by the predominance 
of Gardnerella, Prevotella, Megasphaera, and Atopobium species, was found in 
43% of women with persistent HPV infections but only 7.4% of women with HPV 
clearance. G. vaginalis is a significant risk factor for the development of cervical 
lesions (OR 10.19) [74]. Its prevalence may come from a change in immune 
responses from anti-microbial to anti-viral, with a loss of bacterial control induced 
by HPV itself [85]. Following the production of bacterial sialidase by G. vagina-
lis, a biofilm is formed that entraps anaerobic bacteria such as Prevotella and 
Atopobium, resulting in their proliferation and HPV persistence [94]. G. vaginalis 
may be a significant indicator of HPV infection progression to HSIL lesions by 
inducing higher microbiome diversity [95], which has an immunosuppressive 
impact [96]. This vicious loop alters mucosal metabolism and immunological 
responses generally [97, 98]. A pro-inflammatory milieu therefore promotes viral 
DNA integration, which is critical in cervical carcinogenesis, viral persistence, 
and disease progression [82].

HPV infection enhances VM heterogeneity and richness, resulting in a steady 
increase in the CST IV fraction and, as a result, a worsening of cervical dysplasia 
severity [99]. The mycobiome correlates with HPV infection and CIN severity in a 
similar way, with more fungal diversity in hrHPV infections (Malassezia) and 
ASCUS cytology findings (Sporidiobolaceae, Sacharomyces) [100].
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3.5.1 � Microbial Markers of LSIL

Chen et  al. identified certain microorganisms and vaginal bacterial structure as 
being linked to the advancement of CINs. For example, HPV infection without 
CINs or malignant lesions was closely related with Megasphaera, whereas 
Prevotella amnii was the most prevalent bacteria in the low-grade squamous 
intraepithelial lesion group [99]. When compared to HPV-negative women with 
low-risk microbial scores, HPV-positive individuals with high-risk microbial pat-
terns have an OR of 34.1 for LSIL development [80].

Snaethia is another common species associated with HPV infection because it 
causes severe inflammation in the vaginal microenvironment. Some research sug-
gests that it may be a sign of low-risk HPV (lrHPV) genital infection [101]. Lr 
HPV infection is also linked to an increase in Actinobacteria and Atopobium, both 
of which alter epithelial barriers [102]. Gardnerella, Bifidobacterium, 
Hydrogenophylus, Burkholderia, and Fusobacterium are also prevalent bacterial 
species in the lrHPV group, and all have carcinogenic potential [82, 103, 104].

CST IV incidence rise twofold in LSIL, thrice in HSIL, and fourfold in CC 
groups [81]. Higher amounts of Peptostreptococcus anaerobius, Anaerococcus 
tetradius, and Snaethia sanguinensis are related with HSIL lesions; these species 
may serve as biomarkers for HSIL lesions [80, 82, 105]. Mycoplasma is more com-
mon in HSIL lesions than in LSIL lesions, however it is not seen in malignancy. 
Mycoplasma spp. may be involved in the early stages of HPV infection and may aid 
in HPV persistence [93].

3.5.2 � Microbial Markers of HSIL

So et al. calculated the total risks for HSIL and CC development related to certain 
bacteria, finding the highest values for Atopobium (OR 4.33), Finegoldia (6.00), 
Prevotella timonensis (6.00), G. vaginalis (7.33), and Prevotella buccalis (11.00) 
[74, 81]. In situations of chronic hrHPV infection, Prevotella spp. might be predic-
tive of CIN2+ lesion progression [81]. CIN2 is a complex condition with a high rate 
of remission. CST IV species, such as Megasphera, Prevotella, and G. vaginalis, 
had an OR of 3.85 for 12 month persistence and an OR of 4.25 for 24 month persis-
tence [106]. CIN3 lesions had considerably different VM composition than CIN2 
(Lactobacillus spp., A. vaginae, G. vaginalis, and U. parvum), with Aerococcus, 
Leptotrichia, M. hominis, Prevotella, Snaethia, and L. crispatus prevalence declin-
ing from 70% to 47% [107, 108].

Another article by Chao X. et al. [109] evaluated the potential for the vaginal 
microbiome to be used as a marker for HSIL.  The study revealed an increasing 
abundance of Stenotrophomonas, Streptococcus, Pseudomonas, and a paucity of 
Bifidobacterium and other genera like Prevotellaceae and Faecalibacterium in 
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patients with HSIL. These findings implicated these genera as potential biomarkers 
of HSIL and their possible use in cervical screening [109].

Mitra et al. [110] confirmed the depletion of Lactobacillus species, high diversity 
of the vaginal microbiome, and high levels of pro-inflammatory cytokines in women 
with CIN. The study also evaluated the vaginal microbiome of women after exci-
sional treatment for CIN at their 6-month follow-up visit; they suggested that failure 
to re-establish a Lactobacillus-enriched CST may lead to higher risk of develop-
ment and persistence of cervical precancerous lesions, even after surgical treat-
ment [110].

According to these research, significant decreases in lactobacilli are detected in 
the third grade of dysplastic alterations of the cervical epithelium. Bacillus, 
Snaethia, Acidovirus, Oceanobacillus profundus, Fusobacteria, Veillonellaceae, 
Anaerococcus, and Porphyromonas are all related with invasive cancer [99]. 
Figure 3.1 depicts an overview of bacterial compositions in HPV infection, various 
degrees of dysplasia, and invasive malignancy.

Fig. 3.1  Vaginal microbiota composition during cervical carcinogenesis. Abbreviations: HPV 
human papillomavirus, hrHPV high-risk HPV, lrHPV low-risk HPV, LSIL low-grade squamous 
intraepithelial lesion, HSIL high-grade squamous intraepithelial lesion, CIN cervical intraepithelial 
neoplasia, L. crispatus Lactobacillus crispatus, L. gasseri Lactobacillus gasseri, G. vaginalis 
Gardnerella vaginalis, Prevotella b. Prevotella buccalis, Prevotella t. Prevotella timonensis, 
M. hominis Mycoplasma hominis, L. iners Lactobacillus iners, P. anaerobius Peptostreptococcus 
anaerobius, A. tetradius Anaerococcus tetradius, S. sanguinensis Snaethia sanguinensis
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3.6 � The Relationship Between the Microbiome 
and the Epigenome of Cervical Cells

An epigenome is composed of an enrollment of the chemical changes to the DNA 
and histone proteins of an organism. Epigenetic changes are heritable alterations 
that do not modify the DNA sequence. The most relevant regulators of gene expres-
sion are posttranslational histone modification and related chromatin remodelling, 
DNA methylation occurring in 5′-C-phosphate-G-3′ (CpG) islands, and non-coding 
RNAs [111]. Epigenetic changes can modify the cellular microenvironment and 
therefore are well studied in tumor formation, metastasis and also in cervical lesion 
progression and cervical carcinogenesis. There is a growing interest in finding bio-
markers that would be responsible for the disease progression and/or would be used 
in targeted therapy in personalized medicine.

It is assumed that also the specific microbiota influence the epigenome of cervi-
cal squamous epithelium but exact mechanism is still unclear. It is known, that 
approximately 10% of host genes is regulated by the intestinal microbiota, includ-
ing genes regulating immunity, cell proliferation, and metabolism. The host defence 
against invading pathogens or pathogen persistence is regulated through gene 
expression changes in different types of immune cells. [112]. A recent investigation 
has shown that the microbiome can induce changes in gene expression and altera-
tion of chromatin structure via epigenetic modification. Moreover, it has been shown 
that gut or intestinal microbiota can also influence the cervical microbiota [113].

The relationship between microflora and intestinal homeostasis has been studied 
more extensively. One of mechanism by which the microbiome influences the 
homeostasis is histone modification and chromatin remodelling in intestinal immune 
cells [114]. In a study on colonic epithelial cells, the treatment of a cell culture with 
live microbiota from healthy individuals confirmed changes in gene expression of 
more than 5000 host genes via changes in host chromatin accessibility and binding 
of transcription factor. For instance, the chromatin opening resulted in an increased 
expression of tropomyosin 4 (TPM4) that is responsible for binding of actin fila-
ment that may have a role in regulation of cytoskeleton and affects the host cell 
response to the microbiome [115]. Probiotic bacteria, such as L. rhamnosus GG and 
B. breve, inhibit LPS-induced expression of interleukins IL-17 and IL23 by inhibit-
ing the acetylation of histones [116]. Lactic acid and/or short-chain fatty acids 
(SCFAs) produced by Bifidobacterium and Lactobacillus species act as histone 
deacetylation inhibitors and mediate the beneficial effect of probiotics [117]. 
Peripheral tissues beyond the gut and the gut-brain axis are directly affected by the 
production of SCFAs through the regulation of neuroimmune and neuroendocrine 
functions [118].

There are also proof that the intestinal DNA methylation pattern is affected by 
the inhabiting microbiota [119–121]. DNA methylation is an essential epigenetic 
mechanism for differentiation of intestinal stem cells and maintaining intestinal 
homeostasis [119, 122, 123]. A study looking at the effect of the commensal micro-
biota on DNA methylation pattern and host gene expression in murine intestinal 
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epithelial cells revealed that transcription regulated by the microbiota was per-
formed through induction of DNA methylation changes in regulatory regions. In 
case of acute inflammation, the microbiota induced chromatin remodelling and ten-
eleven translocation protein 2/3 (TET2/3)-dependent enhancer demethylation [121]. 
Moreover, DNA methylation also plays an important role in the induction and regu-
lation of the immune response to bacteria [124]. The association of cervicovaginal 
microbiota with DNA methylation status has not been extensively studied. Nené 
et al. (2020) procured an evidence of a strong local interaction between the host 
epigenome and the cervicovaginal microbiome, The methylation pattern determined 
the specific composition of microbial communities and on the basis of the methyla-
tion status in 819 CpGs, it was possible to discriminate between communities asso-
ciated with hypomethylation with dominance of non-lactobacilli species and 
cervicovaginal samples with lactobacilli-dominant strains [125].

Unfortunately, there is a lack of studies focusing on the interaction of the cervi-
covaginal microbiota and DNA methylation. It was found that the pathogenic bac-
teria are able to induce alterations in cellular DNA methylation pattern directly via 
the regulation of TET and DNA methyltransferase (DNMT) enzymes or indirectly 
via inflammatory mediator production in response to bacterial infection [126, 127]. 
In vitro experiments on human dendritic cells (professional APCs) infected with 
Mycobacterium tuberculosis detected DNA demethylation at distal enhancer ele-
ments, mainly in genes expressing transcription factors of the immune system. The 
gene regions with the hypomethylation were characterized by elevated levels of 
5-hydroxymethylcytosine (5-hmC) that demonstrated the activation of TET 
enzymes in the process of demethylation induced by mycobacteria [126]. 
Immunohistochemical analysis of cervical tissues, showed upregulated expression 
of TET1 dioxygenase in precancerous lesions and downregulated in invasive can-
cers. TET1 interaction with chromatin-modifying suppressors (lysine-specific his-
tone demethylase [LSD1] and enhancer of zeste homolog 2 [EZH2]) subsequently 
led to silencing of epithelial-mesenchymal transition (EMT) and a reduction of 
zinc finger E-box binding homeobox 1 (ZEB1) and vimentin (VIM) expression 
[128]. Cervical cancer is frequently compared to head and neck squamous cell 
cancer (HNSCC) because of the similarities of the squamous epithelium and its 
susceptibility to HPV infection. A recent study reported Fusobacterium and 
Peptostreptococcus as the most frequent pathogenic bacteria in HNSCC cancer 
tissues and in oral rinse samples. Fusobacterium nucleatum has also been linked 
tohypermethylation and hypomethylation of the host gene promoter, presumably 
through gene dysregulation associated with the inflammatory response and cell 
proliferation through epigenetic silencing [129]. F. nucleatum was also present in 
welll differentiated cervical cancers containing cells with cancer stem cells charac-
teristics [130].

A cervicovaginal microbiome with dominance of Lactobacillus spp. was found 
as more protective against Chlamydia trachomatis infection due to production of 
lactic acid D(−) and L(+) isoforms in a pH-dependent manner [131]. A cervicovagi-
nal environment with presence of non-lactobacilli (O-type) communities was 
described to be less supportive for Lactobacillus colonisation, especially due to 
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CpG island methylation mirroring gastrointestinal differentiation [125]. L. crispa-
tus and L. jensenii modulate genes responsible for cell proliferation by decreasing 
the histone deacetylase (HDAC4) and increasing the histone acetylase (HAT) 
EP300. Lower proliferation in epithelium is mediated through an elevation in 
expression of cyclin-dependent kinase inhibitor 1A (CDKN1A) and following inhi-
bition of cyclin-dependent kinase 4 (CDK4) activity [131]. HAT EP300 is also regu-
lated by oestrogen receptor 1 (ESR1) that mediates vaginal cell proliferation through 
ligand binding to the receptor. Cervical epithelial cells exposed to L. crispatus and 
L. jensenii but not to L. iners or G. vaginalis entailed in lower expression of ESR1 
induced by EP300 that could control cell homeostasis [131].

Cervical epithelium colonised with Lactobacillus spp. communities is also pro-
tected by microbial modulation of human miRNAs. Small RNA transcriptome 
sequencing (small RNA-seq) of cervical specimens and In vivo experiments on cer-
vical epithelial cells showed abnormal miR-183, miR-193b, and miR-223 expres-
sion in dominance of Lactobacillus spp. These miRNAs are linked with transcription, 
cell cycle, cellular signalling, development, and hypoxia. Other investigated miR-
NAs (miR-203b and miR-320b-1) had no experimentally validated targets [131]. 
On the other side, non-Lactobacillus-dominant microbial communities have been 
associated with to elevated levels of miR-23a-3p and miR-130a-3p in young women 
[132]. Other in vivo study revealed significantly increased expression of miR-143, 
miR-145, miR-146, miR-148b, miR-193b, miR-223, and miR-15a in ectocervical 
cells exposed to bacteria-free supernatants from L. iners or G. vaginalis. L. crispa-
tus free bacterial supernatants did not alter miRNA expression. Interestingly, the 
significantly increased miRNAs were prominently reduced after exposure of ecto-
cervical cells to L. crispatus bacteria-free supernatant [133]. The downstream tar-
gets of these miRNAs remain unknown.

As we mentioned before, epigenetic biomarkers are well studied due to their 
potential use in early diagnosis, disease prognosis and targeted therapy. When intro-
ducing diagnostics focused on specific epigenetic biomarkers, it is necessary to 
verify the presence of the biomarker first in a small group of patients and to analyze 
the whole genome and assess all epigenetic changes. When small epigenetic changes 
are verified without the context of whole genome sequencing, it is usually impos-
sible to verify these results in larger clinical trials [134].

3.7 � Inflammation in Response to Cervical Microbiome

Resolving the dilemma of whether the changes in microbial composition in the 
distinct tissues lead to a dysregulation of physiological functions promoting cancer, 
or whether the accrue of cancer or a pro-inflammatory process in a specific tissue 
can modify the environment and promote the growth of some bacterial species 
before others, could subsequently be used in the therapeutic administration of bac-
teria or their metabolites to exploit their immunosuppressive and unique properties 
that can shape the tumor microenvironment and support a favorable local microbi-
ome [135].
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Pathogenic or commensal bacteria are a part of common microbiome that help to 
keep the homeostasis in the tissues where grow. The cervical epithelial barrier holds 
the microbiota in a mucosal layer and avoids the penetration of viruses and patho-
genic bacteria into the cervical stroma. Excreted biosurfactants produced by 
Lactobacillus form a biofilm on the cervical surface [136]. Bacterial metabolites 
and secreted factors, such as lipopolysaccharide (LPS), can induce an inflammatory 
response and disruption of the epithelial barrier [133, 137]. Epithelial cells recog-
nize pathogens by bacterial LPS through Toll-like receptors (TLRs), NOD-like 
receptors, RIG-I-like receptors, and C-type lectin receptors [138, 139]. The detec-
tion of bacteria triggers signalling pathways in innate immune cells what initiates 
the production of chemokines, cytokines and antimicrobial peptides that elicit 
defensive and inflammatory reactions. Adaptive immunity contributes to the 
immune response mediated by T and B cells that are activated by the presentation of 
bacterial antigens by antigen-presenting cells (APCs) [124]. The effect of cervico-
vaginal microbiome on epithelial barrier permeability and function of cervix has 
been studied in vitro by Anton et al. (2018). They revealed that bacterial superna-
tants derived from L. crispatus, L. iners, and G. vaginalis alter the integrity of the 
epithelial barrier by various mechanisms. Both L. iners and G. vaginalis induce 
changes in miRNA expression and inflammatory mediator profile (IL-6 and IL-8) 
leading to increased epithelial barrier permeability. In addition, L. iners is able to 
disrupt of adherent junctions through a cleavage of E-cadherin. Conversely, L. cris-
patus protect the epithelial barrier in the presence of LPS that induced increased cell 
permeability and inflammation [133]. A detailed examination of metabolites during 
vaginal dysbiosis and inflammation of the cervical epithelium may help to identify 
inflammatory-induced biomarkers that have also been described in cervical cancer. 
Such markers could aid in preventive medicine in predicting the development of 
cervical pre-canceroses.

Metabolic and immunological changes in cervical epithel induced by composi-
tion of vaginal microbiota were described by Łaniewski and Herbst-Kralovetz 
(2021). They examined the complex impact of cervicovaginal bacteria (L. crispatus 
as a commensal bacteria connected with healthy microflora and G. vaginalis, 
P. bivia, A. vaginae, and S. amnii representing microflora in BV) on cervical epithe-
lial cells in a 3D cervical cell model. The immune–metabolic analysis showed that 
S. amnii and A. vaginae had the highest pro-inflammatory potential because of their 
triggering of pro-inflammatory chemokine and cytokine production, iNOS, and oxi-
dative stress. Their results also confirmed that G. vaginalis, P. bivia, and S. amnii 
negatively influence the integrity of the epithelial barrier by reduced levels of 
mucins and matrix metalloproteinases. Contrary, phenyllactic acid produced by 
L. crispatus has an antimicrobial effect and helps to create a protective microenvi-
ronment [140]. Two-dimensional (2D) and three-dimensional (3D) cell models can 
be used in personalized medicine to understand the interaction of host and microbial 
cells and their response to external factors. There is a little information on the mech-
anism of STD-permissive microbiota interaction and increment of infection risk. 
These mechanisms can be studied partially using three-dimensional (3D) models of 
the cervical epithelium, which facilitate the study of host epithelial interactions as 
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well as sexually transmitted infectious agents, and bacteria commonly present in the 
vaginal flora. In this way, it is possible to get closer to the conditions in the infected 
human host, to better understand the complexity of human physiology that can help 
to develop preventive therapies [141].

Microbial imbalance can adjust the inflammatory response through the produc-
tion of pro-inflammatory chemokines, cytokines, and induction of oxidative stress 
[142]. A study by Anahtar et al. (2015) revealed that local immune response and 
production of pro-inflammatory cytokines is species-specific and coheres mainly 
with very diverse bacterial communities in CST-IV. Authors performed a transcrip-
tional analysis and recognized differentially expressed genes in cervical APCs in 
women with Prevotella-dominant communities compared to women with 
Lactobacillus-dominant communities. Elevated genes are involved in NF-κB, TLR, 
NOD-like receptor, and TNF-α signalling pathways. The summaries of the study 
suggest that endocervical APCs percept microbial LPS and trigger immune response 
via TLR-4 signalling and NF-κB pathways, resulting in secretion of cytokines and 
chemokines that initiate inflammation [143]. Moreover, the production of TNF-α 
and IFN-γ cytokines has negative effect on function of endocervical epithelial bar-
rier by disruption of tight junction leading to viral and bacterial translocation [144, 
145]. The presence of Fusobacterium spp. probably contributes to an immunosup-
pressive microenvironment [104] based on induced elevated expression of anti-
inflammatory IL-4 and transforming growth factor β1 (TGFβ1) in cervical cells. On 
the other hand, Fusobacterium spp. can also promote cervical carcinogenesis by 
inhibition of immune cytotoxicity [146]. A schematic difference between the epi-
thelial homeostasis and bacterial vaginosis is displayed on Fig. 3.2.

A study focusing on classification of CST and profiling of the local immune 
response assessed that a different type of inflammation is triggered and controlled 
by both the dominant non-Lactobacillus and by Lactobacillus spp. bacterial colo-
nies. One mechanism is through balance between the pro-inflammatory (IL-1α and 
IL-18) and anti-inflammatory (IL-1ra) response. The second, independent immune 
mechanism is specific to L. iners in CST-IV, with elevated inflammation and pro-
duction of pro-inflammatory factors, for example TNF-α and macrophage migration 
inhibitory factor (MIF) [147].

Prolonged inflammation and aggregated metabolites produced by immune cells 
also entail DNA damage and activate epigenetic alterations that can trigger process 
of tumorigenesis. There are parallelism in the pattern of DNA methylation in cancer 

Fig. 3.2  (continued) low levels of mucins and MMPs, and trigger TLR, NOD-like receptor, NF-κB, 
and TNF-α signalling pathways. Fusobacterium spp. creat the immunosuppressive increased 
expression of anti-inflammatory TGFβ1 and IL-4 in cervical cells was associated with the presence 
of microenvironment. Abbreviations: A. vaginae Atopobium vaginae, G. vaginalis Gardnerella 
vaginalis, L. crispatus. Lactobacillus crispatus, L. iners Lactobacillus iners, P. bivia Prevotella 
bivia, S. amnii Sneathia amnii, APC antigen presenting cells, CLR C-type lectin receptors, IL-4 
interleukin 4, IL-6 interleukin 6, IL-8 interleukin 8, iNOS inducible nitric oxide synthase, LPS lipo-
polysaccharide, miRNA microRNA, MMPs matrix metalloproteinases, mRNA messenger RNA, NK 
natural killer, NLR NOD-like receptors, RIG-I Retinoic acid-inducible gene I, RISC RNA-induced 
silencing complex, TGFB1 transforming growth factor beta 1, TLRs toll-like receptors
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Fig. 3.2  The changes in composition of cervical epithelium in epithelial homeostasis and bacterial 
vaginosis (BV); Bacterial colonies influence the epithelial cells with their metabolites and secreted 
factors, as LPS. Epithelial cells recognize pathogen by interaction with bacterial LPS through TLRs, 
NLRs, CLRs and RIG-1-like receptors,. Epithelial homeostasis is specific with presence of 
Lactobacillus spp. communities producing biosurfactants in a biofilm that protects the epithelium 
against adhesion of pathogenic bacteria. The innate immune cells (macrophages, NK cells and 
neutrophils) as a part of local epithelial immune response produce cytokines, chemokines, and 
antimicrobial peptides that trigger defensive inflammatory responses. Adaptive immunity with acti-
vated T and B cells contributes to the immune response through the presentation of bacterial anti-
gens by APCs. Bacterial vaginosis (BV) is known with strictly anaerobic non-lactobacilli species, 
as L. iners, and higher pH. L. iners and G. vaginalis elevate the permeability of the epithelial barrier 
by altered inflammatory mediator profile (IL-6 and IL-8), abnormal miRNA expression profile, and 
disruption of adherent junctions through cleavage of E-cadherin. A protective effect of L. crispatus 
produce phenyllactic acid with protective effect on the epithelial barrier is distributed. BV associ-
ated microflora in CST-IV group is represented by G. vaginalis, P. bivia, A. vaginae, and S. amnii 
species and produce pro-inflammatory cytokines and chemokines, iNOS, and oxidative stress;  
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cells and epithelial cells influenced by chronic inflammation [148]. In gastric can-
cer, there is direct proof that infection with Helicobacter pylori and chronic inflam-
mation cause CDH1 promoter methylation and differnet methylation in other CpG 
islands of genes encoding components of inflammation (TFF-2 and COX-2), DNA 
repair (hMHL-1 and MGMT), cell cycle regulation (CDKN2A), transcription factors 
(RUNX3, FOXD3, USF1 and USF2, GATA-4 and GATA-5), intracellular junctions 
(VEZT, Cx32, and Cx43), and other tumour suppressor genes [149].

Metabolic changes during bacterial infection and inflammation induce oxidative 
stress followed by elevated production of reactive oxygen and nitrogen species 
(ROS/NOS) [150–152]. Oxidative stress can be thought to be a mediator of epigen-
etic changes, especially in the state of DNA methylation. Formation of 8-OHdG, a 
typical DNA oxidative damage with mutagenic effect, can also adversely affect 
nearby cytosine DNA methylation [153, 154]. In addition, ROS are also able to 
activate DNA demethylation by oxidation of 5-mC to 5-hmC [155]. Furthermore, 
DNA methylation can be catalysed by oxidative stress through upregulation of 
DNMT expression by the formation of superoxide anions or by the formation of a 
new complex containing DNMT [156, 157]. The exact role of oxidative stress as a 
mediator in the interaction between the epigenome of the cervical epithelium, 
microbiome and inflammation remains to be elucidated.

Previous studies brought strong evidence that the microbiome plays a pivotal 
role in estimating cervicovaginal homeostasis and inflammatory response, but the 
exact mechanisms have not been fully described. The antitumor effect of microbial 
metabolites together with the activation of the local immune system may serve in 
preventive medicine to regress precancerous lesions. The intervention of new types 
of microbiome supports the expansion of favourable over pathogenic genera of 
microorganisms.

The microflora, whether intestinal or vaginal, forms a complex ecosystem. An 
imbalance develops dysbiosis, in which various exogenous and endogenous factors 
are involved. In modern precision medicine, the task will be to reconstruct and shape 
such a microflora that will restore a state of healthy balance and reverse the process 
of disease outbreak. However, this is an extremely challenging task because the 
microbiome is affected by many factors. Currently, precision medicine is practiced in 
various ways including the diet and uptake of prebiotics, probiotics and synbiotics or 
phage therapy and antibiotics as well as microbiota transplantation [158].

3.8 � Molecular Pathways Contributing to Inflammatory 
Response in the Epithelium of the Cervix

Currently, many studies identify a link between the cervical microbiome, inflamma-
tion processes, and pathological conditions such as HPV infection and carcinogen-
esis. Microbial imbalance leads to increased secretion of cytokines and chemokines 
related to inflammation that subsequently accelerate immune dysregulation in 
female reproductive organs, promoting suitable conditions for cancer development 
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[159]. Inflammation processes are associated with tissue remodeling and functional 
changes in different cells (i. e., epithelial, vascular, and immune) influenced by 
alterations in various molecular pathways involving specific signaling molecules 
such as growth factors, cytokines, or chemokines. The mechanism of immune eva-
sion is critical for persistent infection of HPV, which is necessary for the develop-
ment of cervical cancer [160]. Therefore, chronic inflammation triggers cellular 
events connected to the development of a tumor associated environment promoting 
initiation, promotion, and progression of cervical cancer. Activated immune cells 
produce pro-inflammatory signaling molecules connecting inflammation, infection, 
immunity, and cancer [161]. Recent evidence revealed an increased level of circu-
lating markers associated with inflammation, such as TNFα, IFNβ, or interleukins 
(IL-6, IL-1β) observed in HPV+ women with cervical cancer [162]. TNF regulates 
cellular mechanisms including apoptosis, inflammation, proliferation and differen-
tiation [163]. Based on current data, TNF-α is defined as a proinflammatory cyto-
kine characterized by a broad spectrum of functions such as the first line of immune 
defense against pathogens, including HPV infection. On the other hand, a systemic 
elevated level of TNF-α can influence steps leading to the initiation or promotion of 
cancer [164]. Another signaling molecule, proinflammatory IL-17 produced by dif-
ferent cells occurring in the tumor microenvironment, activates various molecular 
pathways such as JAK2/STAT3, PI3K/Akt, and NF-κB to promote the tumorigene-
sis of cervical cancer [165].

In addition, the transcription factor the nuclear factor kappa B (NF-kB) is involved 
in regulating various cellular processes such as inflammatory and immune responses, 
viral replication, and cancer development [159]. HPV infection downregulates 
NF-kB to allow its replication activated by the immune system resulting in HPV 
persistence. On the other hand, NF-kB activity is restored during the progression to 
high-grade intraepithelial neoplasia and cervical cancer. Furthermore, an elevated 
level of NF-kB signaling is connected to mutations in upstream signaling molecules 
[166]. Principally, NF-kB play a central role connecting cancer and inflammation. 
NF-kB activation is initiated by underlying inflammation or due to the inflammatory 
microenvironment associated with cancer development. Moreover, NF-kB induce 
expression of proinflammatory as well as tumor promoting signaling molecules 
including IL-6 or TNF-α, and survival genes, such as Bcl-XL [167]. Additionally, the 
induction of IL-6 by E6 protein via NF-κB, IL-6 stimulate activation of STAT3 that 
induce IL-6, IL-10 and TGF-β and support the aggregation of regulatory T cells and 
induce maintaining immunosuppressive state of tumor microenvironment [159].

Among others, Wnt/β-catenin signaling regulates inflammatory processes of the 
cell at least partly via suppressing or stimulating NF-κB pathway, while NF-κB path-
way also modulates Wnt/β-catenin in two manners; positively or negatively [168]. In 
fact, aberrantly activated Wnt/β-catenin signaling components are connected with 
various tumor types including cervical cancer [169]. Moreover, recent evidence 
reveals an important role of Notch signaling in the modulation of inflammation. In 
addition, it has been observed that Notch is associated with NF-κB pathway. 
Therefore, Notch NF-κB pathway cross-link demonstrates the ability to modulate 
inflammatory cytokines, including TNF -α and IL-1β and TLR agonists [170].
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Also, TLR play a crucial role by recognizing pathogens (endogenous and exoge-
nous), thus mobilizing immune responses. For example, TLR-4 regulate immune-
inflammatory responses in reaction to the stimulation by exogenous pathogens (bacterial 
LPS). Stimulation of MAPKs and NF-κB signal pathways and upregulation of genes 
associated with proinflammatory cytokines are induced by TLR4 activation. Indeed, 
TLR-4 play a crucial role in cancer development. TLR-4 promotes an immunosuppres-
sive state of the tumor microenvironment and facilitates HPV+ cervical cancer growth 
[171]. Increase in TLR4 expression was observed in cervical cancer cells [172].

It is well known that oxidative stress, as a consequence of the disbalance of free 
radicals and antioxidants, contributes to cell and tissue damage. Numerous clinical 
and experimental data document crosslink between uncontrolled oxidative stress that 
can lead to chronic inflammation with the potential for cancer development [173]. 
Oxidative stress through increased production of ROS accelerates oxidative damage 
of DNA, leading to inflammation, mutation of DNA and genomic instability, which 
promote carcinogenic transformation [174]. An increase levels in oxidative stress 
biomarkers (i.e., 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) and 8-nitrogua-
nine) were identified in cancer-associated inflammation. Indeed, these biomarkers 
were found in the tissues of cancer and precancerous lesions as o consequence of the 
infection, such as a human papillomavirus-related cervical cancer [175]. Moreover, 
ROS affects DNA integrity and influences the viral life cycle via anti-apoptotic and 
pro-survival effects. Furthermore, uncontrolled oxidative stress increase E6 and E7 
gene expression resulting in oncogene deregulation and expression of miRNAs [176].

Cyclooxygenase-2 (COX-2), the enzyme contributing to the synthesis of pros-
tanoids (prostaglandins and thromboxanes), is also an essential mediator of inflamma-
tion and carcinogenesis. COX-2 overexpression was documented in various epithelial 
cancer cells, including cervical cancer. Notably, Cox-2 is involved in various deregu-
lated inflammatory processes that can accelerate cancer development, mainly in a 
milieu of viral inflammation typical for cervical carcinogenesis [177]. In addition, it 
has been suggested that HPV E5, E6, and E7 could increase COX-2 and PG E2 
expressions leading to stimulation of COX-PG pathway. The activated COX-PG cas-
cade is considered as one of the major causes of inflammation induced by HPV [178]. 
Last but not least, a tumor microenvironment can be thought of as a complex ecosys-
tem, while inflammatory cells represent important components participating in carci-
nogenesis. Tumor-associated macrophages (TAMs) orchestrate cancer-associated 
inflammation by releasing different mediators such as proangiogenic VEGF or proin-
flammatory PDGF. Cyclin-dependent kinases (CDKs) are important regulators that 
coordinate cell cycle progression; for example, CDK12 is significantly upregulated in 
cervical cancer, while its knockdown accelerates macrophages infiltration and modu-
lates the immune microenvironment in cervical cancer cells [179].

Above discussed associations between cervical microbiome, inflammation, and 
cancer can be regulated by epigenetic mechanisms. Thus, a brief overview of study 
results to exemplify the possible regulation of selected pathways that can be also 
associated with inflammation and cervical cancer by epigenetic mechanisms are 
provided in Table 3.2. In addition, above-mentioned signaling pathways and associ-
ated epigenetic changes related cervicovaginal imbalance and inflammation are 
shown in Fig. 3.3.
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Table 3.2  Study results to exemplify the role of epigenetic regulation in cervical microbiome, 
inflammation, and tumorigenesis

Targeted 
pathway

Study design (e.g. 
cell line) Effect References

miRNA

TNF-α HeLa cells miRNA-21 regulates apoptosis and proliferation 
of cervical cancer cells (via TNF-α)

[180]

TNF-α, 
NF-κB

C33A and HeLa 
cells

NF-κB activation by TNF-α leads to reduced 
miR-130a expression (miR-130a downregulates 
TNF-α)

[181]

NF-κB C33A and HeLa 
cells and cervical 
cancer tissue

Involvement of miR-429 NF-κB pathway 
regulation (via IKKβ targeting); functions as a 
tumor suppressor

[182]

Notch HeLa, SiHa, 
C33A, Caski, 
ME-180, and 
SW756 cells

MiRNA-873-5p supports cervical cancer 
progression (ZEB1 regulation via notch 
signaling)

[183]

Wnt / 
β-catenin

HeLa cells miR-142-5p supports cervical cancer 
progression (LMX1A targeting via Wnt/β--
catenin pathway)

[184]

COX-2 HeLa cells miRNA-101 suppresses proliferation and 
invasion and promotes apoptosis (via COX-2 
regulation)

[185]

TNF Cervical cancer 
tissue specimens 
and cell lines

miR-484/MMP14 could inhibit proliferation and 
invasion of cervical cancer cells (via inhibition 
of TNF signaling); DNMT1-mediated silencing 
of miR-484

[163]

Oxidative 
stress 
pathway

Cervical cancer 
cells

E6 disrupts the expression of miR-23b, 
miR-218, and miR-34a; the increased 
expression of miR-15a/miR-16-1 induces the 
inhibition of cell proliferation, survival, and 
invasion

[176]

Histone modifications

Wnt / 
β-catenin

HeLa, SiHa, 
C33A, MS751, 
and End1/E6E7 
cells

HDAC10 exerts antitumor activity in cervical 
cancer (modulated via microRNA-223/TXNIP/
Wnt/β-catenin pathway)

[186]

NF-κB In silico prediction 
and in vitro assays

The interaction of HDAC1 with p50 NF-κB 
subunit (via nuclear localization sequence) 
leading to limited expression of inflammatory 
genes

[187]

DNA methylation

Notch HeLa, SiHa, 
C33A, CASKI, 
C4–1, and Ect1/
E6E7

MSX1 gene function as tumor supressor in 
cervical cancer (via notch signaling); MSX1 
promoter methylation demonstrated in 42% of 
primary cervical tumor tissues

[188]

Notch Cervical cancer 
patients (n = 110)

Alterations in promoter methylation (Notch1 
and Notch3 receptor genes) detected in cervical 
cancer

[189]
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Fig. 3.3  Signaling pathways and associated epigenetic changes related to cervicovaginal imbal-
ance and inflammation. Abbreviations: 5mC 5-methylcytosine, 8-oxodG 8-hydroxy-2′ -deoxy-
guanosine, Akt protein kinase B, COX-2 cyclooxygenase-2, HPV human papillomavirus, IFNβ 
interferon β, IL interleukin, JAK the Janus kinase, MAPKs mitogen-activated protein kinases, 
miRNA microRNA, MMP14 matrix metallopeptidase 14, MSX1 Msh homeobox 1, PDGF platelet 
derived growth factor, PGE2 prostaglandin E2, PI3K phosphoinositide 3-kinase, ROS reactive 
oxygen species, STAT3 signal transducer and activator of transcription 3, TFG-β transforming 
growth factor-β, TLR-4 Toll-like receptor 4, TNF-α tumor necrosis factor alpha, TSG tumor sup-
pressor gene, VEGF vascular endothelial growth factor
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3.9 � Personalized Diagnostics and Treatment 
of HPV-Associated Cervical Disease Based on Vaginal 
Microbiome Composition

3.9.1 � State-of-the-Art Diagnostics of VM Composition

The vaginal microbiome is constantly evolving and is heavily impacted by age-
ing, hormones, lifestyle, diet, alcohol intake, smoking, the menstrual cycle, sex-
ual activity, and contraceptive usage. These parameters should be considered 
when evaluating the association between vaginal dysbiosis and HPV infec-
tion [190].

We distinguish between culture-dependent and culture-independent approaches 
(metagenomics) for analyzing microbial composition. The precision of sequence-
based microbial profiling depends on the characteristics of the sequencing data. The 
sequencing errors lead to incorrect taxonomic classification (limited number of dif-
ferentiated microbiome genera; mostly on family or genus level only) and false 
estimates of microbial diversity [190, 191]. The correction of sequencing errors is a 
unique challenge in 16S rRNA gene sequencing output. Pyrosequencing, capillary 
Sanger sequencing, and Mi Seq or Hi Seq (Illumina) are examples of current 
sequencing technologies. Each of them has a distinct read length, accuracy, speed, 
and cost. Bio (Pacific Biosciences), Ion Torrent (Thermo Fisher Scientific), and 
MinION (Oxford Nanopore Technologies) platforms are examples of new sophisti-
cated sequencing systems [190, 192].

The evolution of bioinformatic tools based on AI-models (machine learning 
and deep learning approaches) show a promising potential in disease prediction 
bringing considerable clinical benefits [190, 193]. Moreover, Andralojc et  al. 
recently introduced a unique circular probe-based RNA sequencing (CiRNAseq) 
technology able to profile and quantify the cervicovaginal microbiome with 
improved sequencing sensitivity and specificity. CiRNAseq is a highly promising 
tool for studying the interplay between the cervico-vaginal microbiome and 
hrHPV in cervical carcinogenesis prompting the discovery of new prognostic and 
predictive biomarkers. CiRNAseq is also able to detect viral RNAs and host gene 
expression products, which may allow investigations of host-microbiome interac-
tions in a single test [83].

3.9.2 � Individualized Therapy

The complete lack of effective medical treatments for HPV infection currently con-
stitutes a serious challenge. Conization therapy is still the gold standard in situations 
with histologically proven high-grade cervical lesions with potential long-term 
complications [80]. Immunohistochemical markers such as p16 and Ki-67 improve 
the sensitivity of cytological or histological analyses. Nonetheless, no diagnostic 
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marker-based therapies are included in international guidelines. As a result, research 
priorities should shift away from the ocean of molecular markers with limited thera-
peutic utility toward the potential interactions inside and between human cells and 
their bacterial symbionts.

Bubnov et al. conducted a thorough assessment of probiotic-based regimens in 
the treatment of immunological and atopic disorders, metabolic and inflammatory 
illnesses, and malignancies [194]. There is strong evidence that the gut microbiome 
is connected to proper brain, heart, skin, pulmonary, and urogenital system func-
tioning, which is leading to innovative ways to preserving health, disease preven-
tion, and treatment of numerous chronic illnesses. As a result, the use of probiotics 
and prebiotics has the potential to have a huge impact on patient treatment [195].

3.9.3 � Probiotics

Bacterial therapeutics, probiotics, prebiotics, antibiotics, and microbiota transplan-
tation are all examples of ways to modify microbiome (sometimes known as ‘bugs 
as drugs’) [62]. World Health Organization and the United Nations’ Food and 
Agriculture Organization define probiotics as “live microorganisms, which when 
administered in adequate amounts confer a health benefit on the host” [196]. 
Probiotics, such as Bifidobacteria species, Lactobacilli, and Streptococci, that pro-
mote health, immune system, inflammatory state, favourable epigenetic pattern and 
micronutrient absorption, provide a potential therapy method for HPV-induced cer-
vical pre-cancerous conditions.

Lactobacillus is a genus with over 170 species that cannot be distinguished phe-
notypically using standard methods [197]. We can now identify microorganisms 
and their products using culture-independent molecular detection methods thanks to 
recent technical advancements. Lactobacillus spp. supernatants contain antimicro-
bials (mevalonolactone, benzoic acid, and 5-methyl-hydantoin), surfactants (distea-
rin, dipalmitin, and 1,5-monolinolein), anesthetics (barbituric acid derivatives), and 
autoinducer type 2 precursors, lactic acid, phenolics, hydrogen peroxide, sodium, 
calcium, potassium, magnesium, and DNAases [198]. This rich antimicrobial com-
position emphasizes the influence of Lactobacilli on vaginal health.

Prebiotics and probiotics that promote a lactobacillus-dominant environment in 
the VM represent possible low-cost therapy options with little negative effects 
[199]. Furthermore, probiotics are harmless and have been shown to have antiviral 
action [200]. Probiotics such as Lactobacillus paracasei and Lactobacillus rhamno-
sus acidify the vaginal milieu, inhibit bacterial adhesion, and work in tandem with 
the host immune system [201]. This straightforward treatment, using oral or vaginal 
regimens, might enhance HPV clearance or possibly reverse carcinogenesis, reduc-
ing eventual morbidity [199, 202]. HPV clearance was significantly higher in 
probiotic-using patients compared to controls (25% vs. 7.7%) [203]. The same 
results were observed in individuals with cytological abnormalities, with a twofold 
increase in clearance and normalization [204].
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Orally administered lactobacilli can enter the vagina, repair its microbiota in the 
presence of microbial imbalance, and eliminate or minimize the prevalence of uro-
genital infections [205, 206]. Probiotics that have been ingested orally climb to the 
vaginal tract after being expelled from the rectum. Vaginal administration, on the 
other hand, provides for the direct replacement of probiotics for damaged vaginal 
flora [207]. The use of probiotics including L. casei on a daily basis increased HPV 
clearance in LSIL lesions [203]. Bifidobacteria may improve cancer immunity and 
immunotherapy effectiveness [208]. Clarification of the precise relationships 
between certain bacterial kinds, the immune system, and HPV will aid in the cre-
ation of highly effective probiotics.

Recent research based on new culturomics technologies has shown a plethora of 
possible next-generation probiotics with enhanced ameliorative benefits. Prevotella 
copri, Christensenella minuta, Parabacteroides goldsteinii, Akkermansia muciniph-
ila, Bacteroides thetaiotaomicron, and Bacteroides fragilis are only a few examples 
[209, 210]. Innovative ways for monitoring and modifying the vaginal microbiota 
can result in the creation of novel biomarkers and cutting-edge customized therapy 
solutions [201].

Metabolites of probiotics may affect the epigenetics of the host organism. The 
authors Morovic and Budinoff (2021) propose a new branch of epigenetics called 
‘para-epigenetics’, which means the influence of the organism on the epigenetics of 
various organisms. Understanding the mode of action of probiotics is essential in an 
epigenetic and para-epigenetic context and is possible through meta-epigenomic 
studies using new methods and sound science. The results should be verified by 
appropriate technologies, such as CRISPR-Cas targeted demethylation, base editing 
and nuclease-deactivated cas9. Applying and validating of these strategies to probi-
otics will reduce the cost of new therapies and therapeutic products to improve 
human health [211].

3.9.4 � Prebiotics

There is also considerable interest in using prebiotics to influence other microbi-
omes inside the host, such as the female urogenital tract, where they may operate as 
bacterial growth inhibitors and virus attenuators. We now have a limited selection of 
prebiotics, which includes galactans and fructans. New compounds such as 
carbohydrate-based substances generated from plants, yeast-based substances, and 
numerous non-carbohydrate substances such as polyphenolics, fatty acids, and 
other micronutrients are anticipated to be provided [212, 213]. Furthermore, synbi-
otics, which combine the effects of fermentable chemicals with living microorgan-
isms, may be the future method of customized therapy [212].

Prebiotics also substantialy decrease HPV positivity and the incidence of low-
grade cervical lesions. Selected prebiotics improve the ectopic structure of the cer-
vical mucosa and promote maturation of the metaplastic epithelium, resulting in 
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negative colposcopic findings. Furthermore, prebiotics generate a mucoadhesive 
coating on the cervical surface that protects it from pathogenic microbial agents [55].

3.9.5 � Penile Microbiota

Surprisingly, research into the penile microbiota offers promising implications. 
Given the sexually transmitted nature of the pathogenic agents in question, it is wise 
to consider the male microbiome. Prevotella, a penile anaerobic bacterium, may 
increase the risk of genital diseases such as bacterial vaginosis. Penile Corynebacteria 
and Staphylococcus, on the other hand, are linked to a healthy cervicovaginal micro-
biota [214]. In conclusion, the penis can serve as a reservoir for BV-associated bac-
teria, and numerous interactions occur in both the male and female genital biomes 
[215, 216]. Based on the arguments presented above, topical microbicides may be 
effective in combating HPV infection in men [214].

3.10 � Signature of Immune System and the Composition 
of Cervicovaginal Microbiome in Preventive, Predictive, 
and Personalized Medicine: Association with Cervical 
Cancer and HPV Clearance

Due to the association between CC and persistent HPV, effective cancer prevention 
requires the precise understanding of the mechanisms resulting in HPV clearance 
for cancer prevention. The human microbiome is of a great importance health and 
proper immune functions [200, 217]. Therefore, the significance of microbiome in 
the concept of 3P medicine should be evaluated in terms of evidence-based knowl-
edge [194]. G. vaginallis contribute in immune responses, probably via a shift from 
anti-microbial to anti-viral responding. In addition, these bacteria are associated 
with a certain level of inflammatory surveillance in the maintenance of HPV-
negative state. Therefore, probiotics or pro-inflammatory agents could be beneficial 
in the treatment of persistent HPV [85]. Furthermore, the analysis of cervical secre-
tions revealed cervicovaginal microbiota dysbiosis to be closely related to persistent 
HPV infection; indeed, identified biomarkers of dysbiosis (supported by blood 
markers) could provide new concepts for CC prevention [218–220]. A detailed 
overview of liquid biopsy biomarkers potentially utilizable in cervical pathogenesis 
associated with HPV infection is shown in Table 3.3.

Indeed, HPV could use several mechanisms to evade immune responses to ensure 
the progression from infection to chronic dysplasia and eventually to cancer [223]. 
Invariant natural killer T (iNKT) cells are present in cervical tissue during the pro-
gression from HPV infection to CIN; therefore, this observation suggest the impor-
tant role of iNKT cells in immunosuppression, while the hindering of their 
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accumulation could result in the suppression of CIN development [224]. 
Furthermore, recent study by Gutiérrez-Hoya described that CC cells express mark-
ers that are associated with activation and inhibition of the immune responses, and 
also natural killer (NK) cells receptors. Therefore, the described observations sug-
gest that these molecules could facilitate mimicry of the immune cells and evasion 
of immune responses [225]. Still, the processes enabling HPV to evade immune 
responses could promote the identification of new immunological targets applicable 
in HPV-related cancer management, including the use of cytokines to create tumor 
milieu that favours damaging of transformed cells, DC vaccines activating Th1 and 
cytotoxic T lymphocyte responses, and NK cells activation through allogenic or 
autologous transplants to induce tumor cell lysis [226].

3.11 � Conclusions and Recommendations in the Framework 
of 3P Medicine

Virus infections are responsible for around 15% of cancer cases worldwide [227]. 
These oncogenic viruses exploit a number of carcinogenic strategies, including 
direct effects on immune responses, resulting in persistent inflammation. A com-
mon theory of virus–bacteria–host interaction involves altered host gene expres-
sion, which promotes cancer [228]. In contrast, a microbiome composed of different 
bacterial, viral, and fungal species can protect the host from viral infections. This 
defense system is strongly reliant on the microbiome‘s exact structure and its many 
interactions.

3.11.1 � Predictive Diagnostics

A disturbed VM balance is one of the most important risk factors in HPV infection. 
It might be an appealing and useful collection of indicators for stratifying dysplastic 
cervical lesions and determining the development of LSIL and HSIL lesions to inva-
sive disease. Immunoscores, for example, are novel diagnostic approaches that can 
help differentiate between non-advancing and progressing precursor lesions. 
Furthermore, a thorough examination of the local vaginal environment may reveal 
the malignant potential in the puzzling histological subgroup of cervical intraepithe-
lial neoplasia grade 2 (CIN2), which has a high likelihood of regression. A similar 
method is required in the event of chronic LSIL lesions, where the guidelines are 
still uncertain.

The development of new markers is crucial for tracking and identifying micro-
bial compositions linked with HPV infection and cervical dysplasia. Modern 
molecular methods for VM assessment may enable better and more personalized 
therapeutic techniques to reduce CC occurrence (in conjunction with HPV 
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vaccination) [229]. As we have assessed, some epigenetic and inflammatory bio-
markers can also reflect the presence of specific bacteria that can serve as predictive 
biomarkers in calculating the risk of developing cervical dysplasia in personalized 
medicine. Rapid bedside diagnostics (microchip arrays and metabolomic technolo-
gies) for detecting high-risk patients have the potential to help in triage and patient 
selection for intense monitoring and therapy [80]. Snaethia sanguinensis, 
Anaerococcus tetradius, and Peptostreptococcus anaerobius, for example, have 
been proposed as vaginal biomarkers for CIN in Caucasian, Black, and Asian 
women by Mitra et al. [82]. Similar microbiological markers might be beneficial in 
the personalized surveillance and prognosis of women with cervical lesions [106].

In the future, metabolomic studies using nuclear magnetic resonance and mass 
spectroscopy are highly likely to increase our understanding of the link between 
vaginal microbiota composition and health and disease states. It would be ideal to 
have a better understanding of the effects of certain bacterial species on epithelial 
and immunological cell function, such as L. iners, A. vaginae, and Sneathia species. 
Indeed, if the function of a certain bacterial species in HPV infection is discovered, 
microchip array or metabolomic technologies can be utilized to identify persons 
who are at a higher risk of developing high-grade cervical lesions. Furthermore, 
innovative therapeutic strategies based on pre/probiotics will be possible to alter the 
makeup of the vaginal microbiota.

3.11.2 � Targeted Prevention

The maintenance of the cervical epithelial barrier and a healthy vaginal microbiome 
has a substantial influence on women’s health, including safe pregnancy and resis-
tance to sexually transmitted diseases. In the treatment of HPV-related infections, 
prevention is equally critical. Several behavioral, environmental, and host factors 
impact vaginal microbiota and can be successfully and easily altered. Obesity, 
smoking, and a high-fat diet with a high glycemic load and nutritional density have 
all been linked to an increased risk of bacterial vaginosis [230]. Even hygiene prac-
tices, such as regular douching and the use of vaginal lubricants, might have an 
impact on the local vaginal flora [231]. Concerns regarding the functional links 
between genital microbiota and the host, as well as the interactions between sperm 
and the VM, are raised by gender-specific health concepts [232]. Several investiga-
tions [233, 234] discovered vaginal microbiome members on male penile skin, ure-
thral, urine, and sperm specimens, demonstrating that sexual partners share and 
trade microorganisms inhabiting the urogenital tracts. This conclusion underscores 
the need of gender-neutral, universal HPV prevention initiatives that focus on modi-
fiable risk factors.

E. Kudela et al.
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3.11.3 � Personalization of Medical Services

Targeting the research on the particular lactobacillus composition may provide 
insight into how to avoid persistent HPV infections and subsequent disease progres-
sion [235]. In the context of 3P medicine, the imprints of these various ecosystems, 
which are intricately tied to the immune system, may provide important insights for 
diagnosis and therapy. 3P medicine’s multidisciplinary character is crucial for 
breaking down barriers between clinical and research areas [236].

The increasing amount of information connecting HPV-related gynecological 
cancers and dysbiosis leads to the microbiota as a possible target for cancer preven-
tion and therapy. In the future, vaginal probiotics, prebiotics, novel antimicrobials, 
biofilm disruptors, and microbiome transplantation may be used alone or in combi-
nation to modulate the vaginal microbiome by restoring a healthy local microenvi-
ronment for cervical cancer prevention and/or the reduction of vaginal toxic effects 
associated with cancer therapies [62].

The cervicovaginal microbiota should be addressed in tailored treatment for each 
woman when examining the risk of acquiring cervical precancerous lesions and 
progression to cervical cancer. To help in lifestyle adjustment, information on their 
effects on genetic and epigenetic backgrounds should be included into specialized 
medical treatments. Biomarkers of cervical carcinogenesis derived from various 
biofluids (vaginal swabs, cervicovaginal lavage/secretions, or blood) provide impor-
tant evidence for personalized, preventive, and predictive medicine, which is critical 
for improving medical care in the context of twenty-first-century medicine due to 
the need for an individualized approach and reduced economic burden of traditional 
health care. The inclusion of the VM’s particular composition allows us to create a 
detailed ecosystem map for targeted prevention and the design of personalized ther-
apeutic regimens. This may reduce medicine toxicity, undesirable side effects, and 
morbidity. [237]. Furthermore, high-throughput, low-cost multi-omics technologies 
play an essential therapeutic role in cancer treatment and research, notably in the 
discovery of biomarkers necessary for the effective implementation of 3P therapy 
[238, 239].

To recapitulate, the principles of early predictive diagnosis, targeted prevention, 
and personalized patient care, together with significant developments in biomedi-
cine, give significant advantages over reactive medical therapies. The analysis of 
VM disbalance in HPV-induced CC based on the characterization of novel biomark-
ers indicates the unique approach in the work-frame of 3P medicine, and only fur-
ther in-depth research might provide effective therapeutical options for CC patients.

This chapter includes concepts to the topic developed by the authors within pre-
viously performed studies [240, 241].
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Chapter 4
Microbiome in Lean Individuals: 
Phenotype-Specific Risks and Outcomes

Olga Golubnitschaja and Rostyslav Bubnov

Abstract  Many studies provided strong evidence that thinness as a potential indi-
vidual underweight is an overlooked phenomenon in terms of health risks causality 
and associated pathologies which are much less explored compared to those associ-
ated with overweight and obesity. Disease predisposition linked to low body mass 
index has been demonstrated for individuals with Flammer Syndrome phenotype. 
This phenotype is manifested early in life and, therefore, is of great clinical rele-
vance for predictive, preventive and personalised approach in primary healthcare. 
The transition phase between sub-optimal health condition and clinical manifesta-
tion of the disease is the operational timeframe of the reversible damage to health 
protecting the affected person against disease development and progression (sec-
ondary and tertiary care). Association of the FS phenotype and shifted microbiome 
profiles has been suggested for oral and vaginal microbiome as being linked, in 
particular, to the stress overload, disturbed microcirculation, Sicca syndrome and 
delayed/impaired healing. Anorexia nervosa (AN) is considered an extreme case of 
the FS phenotype. The best acknowledged risk factors predisposing individuals 
with FS phenotype to AN and AN-associated pathologies are specific behavioural 
patterns, altered psychosocial functioning, pronounced perfectionism, and thin-
ideal internalisation, amongst others. It has been suggested that eating disorders 
may result from stress-induced maladaptive alterations in neural circuits which 
regulate feeding as demonstrated in animal models of eating disorders. The chapter 
provide in-depth analysis between the lean phenotype and microbiota profiles and 
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suggest innovative strategies based on the principles of predictive, preventive and 
personalised medicine.

Keywords  Disordered eating · Eating disorders · Body mass index · Underweight 
· Anorexia nervosa · Microbiome composition · Skin · Acne · Gingivitis · Wound 
healing · Individualised patient profile · Shifted metabolism · Irritable bowel 
disease · Flammer syndrome · Vasospasm · Thermoregulation · Behavioural 
patterns · Stress response · Epigenetic regulation · Predictive diagnostics · 
Probiotics · Prebiotics  · Starvation  · Preventable risk factors · Hypoxia · Mood 
disorders · Cancer

4.1 � Suboptimal Body Weight as a Fundamental Health 
Risk Factor

Extensive evidence has been accumulated for overweight and obesity as a strong 
contributor to severe pathologies linked to metabolic disorders and shifted microbi-
ome profiles. Contextually, an increasing interest in a physical and mental health 
raises questions about optimal body weight. It should be differentiated between the 
standardised “normal” body weight and individually optimal body weight. To this 
end, a borderline “normal” body mass index (BMI) might be optimal for one person 
but suboptimal for another one being strongly dependent a number of parameters 
including non-modifiable factors such as genetic predisposition, geographic origin 
and cultural habits as well as modifiable factors such as nutritional and lifestyle 
habits – all relevant for the comprehensive individual patient profile which is instru-
mental for predictive diagnostics, targeted prevention and personalisation of treat-
ment algorithms [1, 2]. If deviant from the individual optimum, both overweight 
and underweight are well acknowledged risk factors for a shifted metabolism which 
in turn may strongly contribute to the development and progression of severe 
pathologies – see Fig. 4.1 [1].

Many studies provided strong evidence that thinness as a potential individual 
underweight is an overlooked phenomenon in terms of health risks causality and 
associated pathologies which are much less explored compared to those associated 
with overweight and obesity [3, 4]. Increased risks of a disease predisposition, 
known syndromes and severe pathologies linked to both obese and anorexic pheno-
types, are summarised in Fig. 4.1. Multi-professional expertise is required to apply 
advanced concepts of Predictive, Preventive and Personalised Medicine (PPPM / 
3 PM) to primary, secondary and tertiary care, in order to cost-effectively operate 
within the transitional phase between sub-optimal health condition and clinically 
manifested pathology as well as for optimal disease management [5].

O. Golubnitschaja and R. Bubnov



89

Fig. 4.1  Overweight versus underweight in application of PPPM strategies in the population: 
Overweight parameters are as follows: for females, body mass index (BMI) 25–30 and for males, 
BMI 26–30; Obesity parameters are as follows: class I – BMI 30–35; class II – BMI 35–40; class 
III  – BMI  >  40; Underweight parameters are as follows: grade I: females, BMI  <  19, males, 
BMI < 20; grade 2: BMI ≤ 17; grade 3: BMI ≤ 16 [1]

4.2 � Eating Disorders: Epidemic Trends in Europe, 
Pathologies and Targeted Therapies Associated 
with Altered Microbiome Compositions

As early as at the begin of the millennium, scientists presented evidence about 
alarming trends in Europe, namely that both – disordered eating and eating disor-
ders are becoming an epidemic; in particularly, young female subpopulations are 
affected [6]. Corresponding medical complications are detected in all human organ 
systems, including cardio-vascular, neurological, gastroenterological, gynaecologi-
cal, urological, and immune disorders as well as the skin pathologies. To this end, 
skin signs were examined specifically in anorexia nervosa (AN) as one of the most 
frequently observed eating disorders in the European population. Amongst many 
clinically manifested skin pathologies, acne, gingivitis and poor wound healing 
were demonstrated [6] – per evidence, all associated with shifted metabolic profiles, 
altered microbiome composition, and chronic inflammation which, if not treated at 
early stages, may lead to cascading pathologies and systemic disorders [7–10]. 
Disease- and stage-specific molecular panels in body fluids (blood, saliva, urine, 
tears) have been demonstrated as being instrumental for predictive diagnostics 

4  Microbiome in Lean Individuals: Phenotype-Specific Risks and Outcomes



90

followed by the targeted prevention and creation of treatment algorithms tailored to 
the individualised patient profiles [11].

Being strongly associated with chronic inflammation, abnormal healing and scar 
formation, pathophysiological pathways of acne include disease-specific patterns of 
interleukin (IL)-1β, IL-17, IL-23, and tumour necrosis factor alpha (TNFα); trans-
forming growth factor-β (TGFβ), IL-6, matrix metalloproteinase (MMP), IGF-1, 
and B cells are found in keloid or hypertrophic scar tissues Biological antibodies 
targeting IL-1β, IL-17, IL-23, and TNFα could provide novel approaches for treat-
ing severe acne and related disorders [12]. Specific risk factors include shifted 
microbiome profiles. To this end, the understanding the acne pathophysiology cur-
rently undergoes a paradigm shift: acne development results from the loss of bal-
ance between the different Cutibacterium acnes phylotypes, together with a 
dysbiosis of the skin microbiome. The loss of diversity of C. acnes phylotypes acts 
as a trigger for innate immune system activation, leading to cutaneous inflamma-
tion. Through interactions with the skin microbiome, the gut microbiome is also 
involved in the acne pathophysiology. New knowledge prompts development of 
individualised acne therapies and will allow targeting pathogenic strains on one 
hand, and, on the other hand, leaving the commensal strains intact. Such alternative 
treatments, involving modifications of the microbiome, will form the advanced next 
generation of ‘ecobiological’ anti-inflammatory treatments [13] Indeed, oral and 
topical probiotics appear to be effective for the treatment of certain inflammatory 
skin diseases and demonstrate their promising role in the improved wound healing 
and novel skin cancer therapeutic approaches. However, more studies are needed to 
confirm the working hypothesis and preliminary results [14].

4.3 � A Paradox of Non-alcoholic Fatty Liver Disease in Lean 
Individuals: The Clue by Altered Microbiome

A non-alcoholic fatty liver disease (NAFLD) affects a quarter of the adult popula-
tion. Paradoxically, a significant subset of patients is lean. Lean patients demon-
strate an altered gut microbiota profile implicated in the pathophysiology of the 
disease and considered as the target for the treatment options to improve steatohepa-
titis specifically in lean NAFLD patients [15].

The intestinal microbiota is considered an important target for innovative thera-
peutic modalities focused on extra-intestinal inflammatory disorders. Specifically a 
disruption of the intestinal-mucosal macrophage interface was hypothesised as a 
key factor in intestinal-liver axis disturbances. Intestinal immune responses impli-
cated in NAFLD reflect the cross-communication between the intestinal microbi-
ome on one hand and, on the other hand, the epithelia and mucosal immunity. 
Hepatixic effects result from the pro-inflammatory activity and immune imbalances 
implicated in NAFLD pathophysiology caused by dysbiosis of the intestinal epithe-
lia. Intestinal dysbiosis and microbiota-mediated inflammation of the local mucosa 
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synergistically lead to the mucosal immune dysfunction contributing the the NAFLD 
pathogenesis. If so, the administration of probiotics and prebiotics as a cure-all 
remedy is not recommended; rather the incorporation of probiotic/prebiotic formu-
lations as adjunctive modalities based on the individualised patient profiling may be 
supportive to enhance lifestyle modification management efficacy to ameliorate 
NAFLD [16].

4.4 � Phenotyping of Underweight Individuals Is Crucial 
for PPPM Approach

4.4.1 � Flammer Syndrome Phenotype Is Linked to Low BMI 
and Identifiable Early in Life

Disease predisposition linked to low body mass index has been demonstrated for 
individuals with Flammer Syndrome phenotype [17]. This phenotype is manifested 
early in life and, therefore, is of great clinical relevance for predictive, preventive 
and personalised approach in primary healthcare. The transition phase between sub-
optimal health condition and clinical manifestation of the disease is the operational 
timeframe of the reversible damage to health protecting the affected person against 
disease development and progression (secondary and tertiary care) [5]. A series of 
recently published studies provide strong evidence that compared to the general 
population, individuals with the FS phenotype may be strongly predisposed to

–– Phenotype-specific behavioural patterns, disturbed microcirculation and thermo-
regulation, shifted sleep patterns [17];

–– stress overload and abnormal stress reactions potentially damaging mitochon-
drial health [18–21];

–– altered metabolic pathways [5, 18, 21, 22];
–– stress-associated multi-factorial disorders at young age [20, 23, 25–27, 34];
–– complications in pregnancy [22, 28];
–– delayed and impaired wound healing [9, 29, 30];
–– chronic inflammation and compromised immune response [30];
–– severe organ damage and systemic disorders such as cardio-vascular and neuro-

degenerative diseases, as well as metastatic cancer subtypes [18, 31].

amongst others.
Association of the FS phenotype and shifted microbiome profiles has been sug-

gested for oral and vaginal microbiome as being linked, in particular, to the stress 
overload, disturbed microcirculation, Sicca syndrome and delayed/impaired healing 
[24, 26, 27].
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4.4.2 � Anorexia Nervosa as an Extreme Case of the Flammer 
Syndrome Phenotype

Anorexia nervosa (AN) is considered an extreme case of the FS phenotype. The best 
acknowledged risk factors predisposing individuals with FS phenotype to AN and 
AN-associated pathologies are specific behavioural patterns, altered psychosocial 
functioning, pronounced perfectionism, and thin-ideal internalisation, amongst oth-
ers [32]. Functional magnetic resonance imaging (fMRI) studies demonstrated 
disease-specific sensitivity for sensory-interoceptive-reward processes towards 
food consumption in AN-patients that may override homeostatic needs [33]. It has 
been suggested that eating disorders may result from stress-induced maladaptive 
alterations in neural circuits which regulate feeding as demonstrated in animal mod-
els of eating disorders [34]. Follow-up studies confirmed issue-specific alterations 
in the brain structure and functionality at the development of eating disorders such 
as AN [32, 35–37].

4.5 � Microbiome Profile Is Altered in Patients 
with Anorexia Nervosa

Long-term dieting as well as malnutrition – both demonstrated as having sustain-
able effects on the systemic microbiome composition and organ-specific impacts 
such as brain activity patterns [38]. To this end, the adult gut microbiota is influ-
enced by both – non-modifiable factors such as host genetics and modifiable factors, 
namely dietary habits, xenobiotics (e.g. antibiotics), drugs intake, lifestyle, body 
activity (sport/exercise), and circadian rhythms, amongst others [39–47].

Microbiotic profiles differ significantly between overweight and underweight: 
75% of the obesity-enriched genes originate from Actinobacteria (compared with 
0% of lean-enriched genes; the other 25% are from Firmicutes), whereas 42% of the 
lean enriched genes originate from Bacteroidetes (compared with 0% of the obesity-
enriched genes) [46]. Whereas many studies are focused on microbiome alterations 
specific for individuals with abnormally high BMI, much less is known about 
microbiome alterations characteristic for lean, and in extreme case, underweight 
persons such as patients diagnosed with anorexia nervosa. Perhaps the best explored 
is the “lean” microbiome linked to the impaired wound healing in low BMI indi-
viduals [48]. To this end, diseased eating significantly limits gut flora diversity that 
per evidence leads to the intestinal dysbiosis in AN, defined as a disruption to the 
microbiota homeostasis caused by an imbalance in the microflora. This patient 
cohort suffers from mood disorders such as depression, and anxiety, peculiarity of 
which has been associated with the enteric microbiota composition [49]. A competi-
tive environment evidently shapes intestinal bacterial profiles to benefits of species 
which are better suited to a low-energy environment characteristic for AN, where 
they are more likely to survive and to dominate. Indeed, compared to healthy 
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controls with normal BMI, Phylum Bacteroidetes is decreased, whereas Phylum 
Firmicutes is increased in AN [50, 51] that facilitated comprehensive investigations 
of the intestinal microbiota in both – disordered eating and eating disorders focused 
on the clinically highly relevant question, whether intestinal dysbiosis may contrib-
ute to persistence, recovery from and/or relapse of the eating disorders [50]. If yes, 
individual microbial profiling can predict metabolic changes in organism and direct 
personalised diet prescription [52–62].

4.6 � Starvation Strongly Impacts the Gut Microbiome 
Composition and Pathophysiology of AN

Bacterial species isolated from children with kwashiorkor (an acute malnutrition 
linked to the protein-deficient diet which is often observed in population of develop-
ing countries) after transplantation into GF mice caused significant weight loss in 
the experimental mice [63]. In an acute and chronic starvation animal model of 
anorexia (ABA), starvation-induced changes in the gut microbiome profiles have 
been demonstrated [64]. These alterations suggest that intestinal barrier dysfunction 
provoked by starvation may act as a strong contributor to the pathophysiology of 
AN. Considering corresponding patho-mechanisms observed in the ABA mice los-
ing weight: a histological investigation of the colon revealed significantly decreased 
the muscularis layer thickness, while permeability of the colon became increased 
[65]. An increase in intestinal permeability was demonstrated also as being linked 
to physical exercises in both AN patients and ABA model [66]. A disturbed gut bar-
rier function has been demonstrated by several studies also for other malnourish-
ment associated disorders as well as for fasting volunteers [67]. Finally, molecular 
patterns specific for acute AN demonstrates a significantly increased in pro-
inflammatory cytokines, the level of which was normalised after the nutritional 
rehabilitation [68, 69].

4.7 � Irritable Bowel Disease Is Associated 
with AN and Specific Microflora

A strong association between irritable bowel disease (IBD) and eating disorders 
including AN has been suggested [70]. IBD is highly prevalent gastrointestinal 
pathology reported in Western countries: approximately 11% of adults in the popu-
lation are affected with strongly decreased quality of life and social function, work 
productivity that altogether creates a significant socio-economic burden to the soci-
ety [71, 72]. Specific IBD symptoms are abdominal pain, heartburn, bloating, and 
significant changes in the bowel functional patterns. IBD patients frequently suffer 
from headache, dyspepsia, and fibromyalgia, amongst others [73]. Further, up to 
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50% of IBD patients with extensive gastrointestinal symptoms demonstrate pro-
nounced psychiatric symptoms, such as anxiety, depression, somatisation; their per-
ception of negative psychosocial stressors (e.g. unemployment, bereavement) is 
stronger compared to individuals without IBD history [74]. A vicious circle has 
been demonstrated when excessive stress conditions negatively influence the micro-
biota composition; in turn, altered microbiota further negatively affects the stress 
response and behavioural patterns with concomitant visceral pain [75].

In IBD patients with particularly severe disease course, low density of microbi-
ota and exhaled methane as well as a reduced prevalence of Methanobacteriales and 
Prevotella enterotype in the micro-flora profiles have been demonstrated. Prevotella 
enterotype might be further suppressed by increased prevalence of Bacteroides 
enterotype. Noteworthy, therapies based on application of laxatives, bulking agents, 
acid suppressants (mainly proton pump inhibitors), anti-diarrheals, and antidepres-
sants drugs, are not dissociated with the microbial signature relevant for the IBS 
severity [76, 77]. Diet adapted to individualised patient profiles and application of 
probiotics, are recommended as the most appropriate treatment. In conclusions, a 
holistic approach is essential to guide clinicians towards optimal disease manage-
ment [78, 79].
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Chapter 5
Microbiome and Obesity

Tetyana Falalyeyeva, Nazarii Kobyliak, Oleksandr Korotkyi, 
Tamara Meleshko, Oksana Sulaieva, Iryna Hryshchenko, 
Liudmyla Domylivska, and Nadiya Boyko

Abstract  Obesity is a complex metabolic disease disturbing both children and 
adults. Childhood obesity is a consequence of developing this pathology and associ-
ated conditions in adulthood. The disbalance/imbalance between energy expendi-
ture and intake is the most frequent cause of overweight. Genetic susceptibility, 
inflammation and environmental and/or lifestyle factors may be involved in this 
complicated process. Modern research suggests that the microbiome plays a signifi-
cant role in the pathophysiology of obesity. As a result, the gut microbiota is gaining 
meaningful scientific interest concerning obesity and different associated metabolic 
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disorders to understand obesity’s etiology better and find modern methods of its 
prevention and/or treatment.

This review presents personalized medicine as a modern approach to the preven-
tion and treatment of obesity. First, we review obesity as a disease of civilization 
with complex health issues (unhealthy nutrition, psychosocial, behavioral, environ-
mental, epigenetic and genetic/genomic risk factors). Second, the relationship 
between obesity and gut microbiota has been presented in the context of predictive, 
preventive, and personalized (PPPM/3P) medicine. Finally, we discuss that pre and/
or probiotic therapy is considered the promising strategy for control of metabolic 
disorders by virtue of microbiota composition and/or health maintenance recovery 
in personalized medicine and could be additional development and standardization 
of innovative targeted therapies and clinical tools.

Keywords  Obesity · Obesity complications · Gut microbiota · Microbiome · 
Probiotic and prebiotic · Predictive · Preventive · Personalized · Medicine

5.1 � Introduction

Obesity and overweight are considered abnormal and/or excessive fat accumulation 
that may harm any human health [1]. Obesity causes different severe diseases and 
illnesses, e.g., cardiovascular disease [2, 3], type 2 diabetes (T2D) [4], dyslipidemia 
[5], hepatobiliary diseases (i.e. cholelithiasis, gallbladder dyskinesia and non-
alcoholic fatty liver disease, etc.) [6] and several different types of cancers [7, 8]. 
Worldwide obesity has nearly doubled from 1980 to 2014. That’s why the World 
Health Organization (WHO) has announced obesity as a global epidemic that made 
the WHO take it under control [9].

The fundamental cause of obesity and overweight is an energy imbalance 
between calories consumed and calories expended. Also, cases are an increased 
intake of energy-dense foods high in fat and sugars and a decrease in physical inac-
tivity due to the increasingly sedentary nature of many forms of work, changing 
modes of transportation, and increasing urbanization [10]. Obesity, like metabolic 
syndrome, has been thoroughly studied by experts from the European Association 
for Predictive, Preventive and Personalized Medicine (EPMA) [11]. As a result of 
these studies, effective predictive, preventive and personalized medicine (PPPM) 
solutions have been proposed, taking into account the balance between health and 
disease in humans; environmental factors in epidemics and interactions between the 
genetic component, epigenetic regulators, and environmental factors [12–14]. To 
promote anti-overweight measures the EU the European Commission has created a 
European platform with approximately 300 initiatives. The main goal is to combat 
with consequences of the severe physical and mental health of obese people [11].

The recent spread of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection and its associated coronavirus disease (COVID-19), in which 
inflammation has a crucial role, has gripped the entire international community and 
caused widespread public health concerns [12, 15]. The WHO has declared 
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SARS-Cov-2 infection a global pandemic [16, 17]. Facing the coronavirus 
COVID-19 pandemic, it is getting evident globally that the predictive approach, 
targeted prevention and personalisation of medical services is the optimal paradigm 
in healthcare, demonstrating the high potential to save lives and to benefit society as 
a whole [12, 18, 19].

Despite the high incidence and prevalence of SARS-Cov-2 infection, the leading 
cause of death worldwide remains the diseases associated with cardiovascular 
events, and at the sixth place, diabetes mellitus. It should be noted that these two 
conditions are closely associated and both have a strict relationship with overweight 
and obesity [20, 21].

Diabetes mellitus (DM) is a chronic type of disease/illness that alters the metabo-
lism of carbohydrates, fats and proteins according to the β-cells inability to secrete 
insulin and/or the peripheral cells failing to give a normal response to insulin [22]. 
Genetic susceptibility and environmental and/or lifestyle factors may be involved in 
this complicated process. It will profoundly impact the demand for health care, 
economic costs and quality of life [23]. The gut microbiota is gaining meaningful 
scientific interest concerning obesity and different associated metabolic disorders to 
understand obesity’s etiology better and finds modern methods for its prevention 
and/or treatment [24–26].

To study the current state of scientific research on the selected topic, namely 
understanding the role of the gut microbiome in the development of obesity, we 
analyzed our own research and searched for international scientific publications. In 
the scientific global medical database PubMed, when entering the keywords 
“Microbiome and Obesity”, 7954 publications were obtained from 2000 to 2022 as 
of July 2022. Over the past 5 years, from 2017 to 2022, the number of publications 
has dynamically doubled (Fig.  5.1). Eight hundred and eighteen articles were 

Fig. 5.1  The number of publications of the search query “Microbiome and Obesity” in the 
PubMed medical scientific metric database for 2017–2022
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published in the last 6 months. Such a high publication activity of scientists from all 
over the world confirms the extreme relevance of this review. In recent years research 
has clearly established that gut microbiota is considered an independent organ due 
to its multiplexity and has a central role in alimentary, immunological and 
metabolism-mediated functions [27–29].

5.2 � Gut Microbiota Composition in Obesity

The alteration composition of gut microbiota is one of the most fundamental aspects 
of obesity [27–29]. Tomasello et al. point out that the human gut microbiome is a 
composition of different genetic characteristics and environmental conditions [30]. 
Usually, adults have more than 500–1000 different bacteria species in their intesti-
nal tract. Considering molecular phylogeny, the investigation of 16S ribosomal 
RNA sequences of every microorganism represented in the human intestinal tract 
demonstrated the presence of the following domains: archaea, bacteria and eukarya. 
Bacteroidetes and Firmicutes have been identified as basic phylogenetic lines when 
studying the microbiota of fecal bacteria [31, 32].

In most cases, the gut microbiota has Firmicutes (64%), including Bacilli, 
Clostridia, and Mollicutes (most of the microorganisms, belonging to this type are 
closely connected to Clostridium and Streptococcus). Bacteroidetes (23%) are made 
up of the Proteobacteria (8%), Helicobacter pylori and Escherichia coli are exam-
ples of Gram-negative bacteria; Actinobacteria, Fusobacteria and Verrucomicrobia 
(3%), which have Bifidobacteria. Nowadays, more than 20 genera of Bacteroidetes 
have already been studied and characterized. Bacteroidales, represented by 
Bacteroides, are considered to be the most analyzed. Firmicutes are Gram-positive 
bacteria with the following three groups: Bacilli, Clostridia and Mollicutes [33–35]. 
Compared to normal-weight mice, an augmentation in the correlation of Firmicutes 
/Bacteroidetes was supported in obese mice [22, 23]. Increasement in Sphingomonas 
and Halomonas, as well as declinement in Bifidobacteria numbers, were demon-
strated in obese mice [36]. When determining the expression of intestinal microbi-
ota by real-time PCR, a decline of Bacteroidetes in the obese group compared to the 
normal-weight group was demonstrated. On contrary, Firmicutes were observed to 
be the same for all the rest groups [37]. In a more specific study of different bacteria 
types in obesity was explained: in the period of obesity there was not only a decline 
in Bacteroides Lactobacillus (L.) but there were different variants of L., where 
L. gasseri and L. reuteri notably connected with obesity, while L. paracasei were 
defined to be related to the lean position [38].

The study of cultured bacteria composition helped Zuo et  al. to have demon-
strated a decline in Bacteroides, the main of which are Bacteroidetes and Clostridium 
perfringens due to the obese conditions [39]. The key task in the study of microbiota 
was to investigate the characteristics of the impact of intestinal bacteria on host 
metabolism. Kobyliak et al. outlined metabolic processes mechanisms and obesity 
in different humans, taking into account the intestinal microbiota connection. The 
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relationship between obesity and dysbiosis is observed. It is because of lipoprotein 
lipase inhibitor (also known as a diminished fasting-induced adipose factor) and key 
enzyme controlling cellular energy position (also known as AMP-activated protein 
kinase activity). It declined absorption of vitamins, disabled short-chain fatty acids 
(SCFAs) production, reduced inflammatory mechanisms, and reduced metabolic 
endotoxemia [40]. Recently, the probiotics action process on lipid metabolism and 
certain options for its usage as an obesity treatment are being studied from different 
approaches [41–43]. Taking into account different bacteria types to supplement the 
full composition of the gut microbiome is considered to be one of the hopeful areas 
for obesity treatment. The effect of different bacteria types on weight loss and other 
metabolic parameters has recently been investigated. The important upshot was 
indicated by Bifidobacterium and/or Lactobacillus strains and by the following 
potential bacterial candidates: Akkermansia (A.) muciniphila, Enterobacter halii, 
Saccharomyces cerevisiae var. boulardii [44].

The application of various bacteria usage significantly correlates with lipid levels 
and glucose; it also helps reduce body weight and chronic systemic inflammation 
[28]. Other papers on bacteria lyophilized probiotic strains demonstrated a signifi-
cant result. The decreased visceral fat levels, leptin in adipose tissue, levels of adi-
ponectin, and total lipid metabolism changes have been observed in obese rats that 
were treated with alive bacteria and/or multistrain lyophilized [45–48].

Some investigations do not show the relationships between the variety of the 
human major groups colonic bacteria, e.g. Bacteroidetes, and the body mass index 
(BMI). The obtained data offered that different genera or phyla had a special effect 
on obesity [49]. In addition, one more study on the gut microbiota ratio in infancy 
conducted by Kalliomäki et  al. was considered a possible prerequisite for over-
weight. The great number of Bifidobacteria was demonstrated to be much higher in 
children with normal weight than in obese littermates. By the way, the low levels of 
S. aureus were outlined at normal weight ones [50].

5.3 � Preclinical Investigations and Studies: Evidence

The results obtained from preclinical studies showed that the great effects of the 
probiotics that were used as a treatment for obesity and different associated diseases 
were received mainly while studying the strains belonging to the Bifidobacterium 
(B.) and Lactobacillus (L.) genera [51, 52]. L. casei IMV B-7280 (separately) and 
composition of B. animalis VKL/B animalis VKB/L. casei IMV B-7280 are particu-
larly effective in reducing the weight of obese mice, lowering cholesterol levels, 
restoring liver morphology, and also it has been noted a positive effect on the gut 
microbiome in high-calorie obesity [42].

It should be noted that periodic administration of a mixture of probiotics (2:1:1 
L. IMVB-7280, B. animalis VKL, B. animalis VKB) to rats at the dose of 
5 × 109 CFU/kg (50 mg/kg) with monosodium glutamate (MSG) in newborns led to 
the restoration of lipid metabolism and prevention of obesity [41, 43]. The greatest 
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effect is observed in the group of multiprobiotics, which is probably associated with 
the more pronounced viability of live strains and a general synergistic effect [44]. 
For monotherapy with lyophilized probiotics, no preventive impact on the develop-
ment of obesity and non-alcoholic fatty liver disease (NAFLD) was found [18, 45–
47]. Interestingly, probiotics loaded with omega-3 fatty acids are more effective in 
reducing liver steatosis in an animal model of obesity [15].

The study of 20 articles (2013–2014) by Cani et al. represents the following idea: 
about 15 different L. strains and 3 B. strains do not totally affect the metabolic 
parameters in animals with experimental obesity. It should be taken into account 
that only 10 strains out of 18 helped to reduce both the visceral adipose and tissue 
body weight; 12 strains led to the decline of inflammatory-necrotic alterations and 
11 strains greatly influenced the liver steatosis and thyroglobulin (Tg) accumulation 
[53]. Different potential action characteristics possibly cause the represented differ-
ences and the outlined effects should be defined as strain-specified [54].

It is of great importance that the preclinical data showed an indication that the 
probiotic strains usage leads to a statistically significant reduction of body mass on 
various models of experimental obesity. That is why it is simultaneously connected 
with the following metabolic effects: glycemic control and insulin sensitivity 
improvement, intestinal permeability, lipopolysaccharide (LPS) translocation in the 
systemic cir + culation, inflammatory cytokines production, lipid profile improve-
ment, Tg decreased accumulation in the liver parenchyma and NAFLD prevention 
(Table 5.1) [55].

Different probiotic strains characterizing with anti-obesity effect have both 
Pediococcus pentosaceus LP28 and lactic acid bacteria [84] and the SCFA produc-
ers, e.g. A. muciniphila [85, 86] and Prevotela (P) copri [87]. The A. muciniphila is 
considered to be mucin-degrading bacteria, which usually live and/or colonize the 
mucus. By the way, these bacteria are of great importance in the study of the cor-
relation between A. muciniphila and different metabolic disorders [86, 88]. Scholars 
approved that the prebiotics (oligofructose) administration to the mice having 
genetically determined obesity (ob/ob) greatly increased the A. muciniphila amount 
by 100 times [88]. The variety of A. muciniphila conversely correlates with body 
mass in high-fat diet (HFD) obesity-induced models. Additionally, everyday admin-
istration of A. muciniphila to animals with diet-induced obesity (DIO) [85] in the 
period of about 4 weeks lead to weight reduction. It improves the proportionality of 
the body regardless of food consumption [85]. Moreover, A. muciniphila and its 
propionate metabolite stimulate the expression of Gpr43, Fiaf genes, histone 
deacetylases (HDACs), as well as Ppar-γ. They are essential regulators and tran-
scription factors that help control lipolysis, cell division, satiety and insulin sensitiv-
ity [89]. Kim et al. proved that administration of A. muciniphila to mice with DIO 
leads to reducing the alanine aminotransferase (ALT) in serum and triglycerides, 
interleukin (IL)-6 and sterol regulatory element-binding proteins (SREBP) expres-
sion, as well as helps to normalize the composition of the gut microbiome [90]. Wu 
et al. investigating the same experimental obesity model showed the positive influ-
ence of A. muciniphila on the human body weight, glucose tolerance together with 
the neurodegenerative processes that are associated with existing model [91]. That 
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Table 5.1  Summary of animal studies on the effect of probiotic strains on obesity and associated 
diseases (published [55] and modified for this review)

Study Probiotic type/obesity model Main results

Yoo S.R. 
et al.
[56]

L. curvatus HY7601
L. plantarum KY1032
HFHCD

↓ body mass increase
↓ hepatic lipid droplets accumulation and 
adipocytes size
↓ cholesterol in plasma and liver
↓ gene expression of fatty acid synthesis 
enzymes
↓ proinflammatory cytokines (TNF-α, IL-1β)

Park D.Y. 
et al. [57]

L. curvatus HY7601
L. plantarum KY1032
HFD

↓ body mass increase and fat accumulation
↓ insulin, leptin, total cholesterol and liver 
biomarkers
↓ proinflammatory genes (TNF-α, IL-6, 
IL-1β, MCP1) in adipose tissue
↓ genes associated with fatty acid oxidation 
(PGC1α, СPT1, CPT2 and ACOX1) in liver

Wang J. 
et al. [58]

L. paracasei CNCM I-4270,
L. rhamnosus I-3690 
Bifidobacterium/ HFD

↓ body mass increase
↓ infiltration of macrophages into epididymal 
adipose tissue
↓ liver steatosis
↑ glucose and insulin homeostasis
Strain-specific attenuation of diseases 
associated with obesity

An H.M. 
et al.
[59]

B. pseudocatenulatum SPM 1204,
B. longum SPM 1205,
B. longum SPM 1207/HFD

↓ body mass increase and fat accumulation
↓ level of total cholesterol in blood serum, 
HDL, LDL, triglycerides, glucose, leptin
↓ biomarkers of liver toxicity (AST, ALT)

Chen J. 
et al. [60]

B. adolescentis/HFD ↓ body mass increase and fat accumulation
↑ insulin sensitivity

Gauffin 
C.P. et al. 
[61]

Bacteroides uniformis CECT 7771
HFD

↓ body mass increase, visceral fat 
accumulation and liver lipid content 
(triglycerides and cholesterol)
↓ cholesterol, triglycerides, glucose, insulin 
and leptin levels
↑ oral glucose tolerance
↓ absorption of fat from food (reduced 
number of fat micelles in enterocytes)
↑ mechanisms of immune protection

Kim S.W. 
et al. [62]

L. rhamnosus GG
HFD

↓ weight and fat mass increase
↑ insulin sensitivity
↑ expression of genes associated with glucose 
metabolism (GLUT4 mRNA)
↑ production of adiponectin in adipose tissue
↑ AMPK in skeletal muscle and adipose 
tissue

Tabuchi M. 
et al. [63]

L. rhamnosus GG
STZ

↓ HbA1c
↑ oral glucose tolerance

(continued)
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Table 5.1  (continued)

Study Probiotic type/obesity model Main results

Kobyliak 
et al. [45, 
64]

Multiprobiotic Symbiter
(biomass of 14 alive strains: 
Lactobacillus, Bifidobacterium, 
Propionibacterium, Acetobacter 
genera)
vs
Lyophilized monostrains L. casei 
IMVB-7280, B. animalis VKL and 
VKB
vs
Three-strained combination
GIO

Probiotic mixtures with preference to alive 
strains led to significantly lower rates of 
obesity, decrease in HOMA-IR, 
proinflammatory cytokines levels (IL-1β, 
IL-12Bp40) and elevation of adiponectin, 
TGF-β
Lack of effect for monostrains

Park K.Y. 
et al. [65]

L. rhamnosus GG
ob/ob

↑ glucose tolerance
↑ insulin-stimulated Akt phosphorylation and 
GLUT4 translocation
↓ endoplasmic reticulum (EP) stress of 
skeletal muscle
↓ M1-like activation of macrophages in white 
adipose tissue
↑ insulin sensitivity

Yadav H. 
et al. [66]

Lactococcus lactis/HFrD ↓ HbA1c
↓ fasting blood glucose, insulin, free fatty 
acids and triglycerides

Yadav H. 
et al. [67]

L. casei/L. acidophilus
HFrD

↓ HbA1c, fasting insulin glucose, total 
cholesterol, triacylglycerol, LDL, VLDL and 
free blood fatty acids
↓ liver glycogen
↑ reduced glutathione in the liver and 
pancreas tissues

Yin Y.N. 
et al. [68]

B. L66-5, B. L75-4, B. M13-4 і 
B. FS31-12
HFD

↓ liver TG and TC, (all 4 strains, most 
pronounced for B. L66-5)
↓ TG and TC in blood serum (all 4 strains, 
most pronounced for B. L66-5 та 
B. FS31-12)
↓ weight gain – B. L66-5
↑ weight gain – B. M13-4
No changes in body mass increase тіла L75-4 
та FS31-12

Reichold A. 
et al. [69]

B. adolescentis
HFD

↓ body mass increase,liver inflammation and 
steatosis
↓ reactive oxygen species formation
↓ NFκB activation
Does not affect the expression of LPS, TLR-4 
and MyD-88 mRNA in the liver

(continued)
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Table 5.1  (continued)

Study Probiotic type/obesity model Main results

Plaza-Diaz 
J. et al. [70]

L. paracasei CNCM
I-4034, B. breve
CNCM I-4035 and L. Rhamnosus 
CNCM or mixture of 3 strains/
ob/ob

↓ liver triglyceride content (for L. rhamnosus, 
B. breve or mixtures)
↓ liver lipid content of neutral lipids (for all 4 
probiotic groups)
↓ serum LPS level (for all 4 probiotic groups)
↓ the level of CNP-α in the serum (for B. 
breve, L. rhamnosus or mixture)
↓ serum IL-6 level (for L. paracasei)

Song W. 
et al. [71]

L. coryniformis subsp. torquens 
T3, L. paracasei subsp. paracasei 
M5 and L. paracasei subsp. 
paracasei X12/HFD

↓ body weight and hepatomegaly (for T3 and 
M5)
↓ blood TG and TC levels (for T3 and M5)
↑ antioxidant indices (MDA, SOD, 
glutathione peroxidase, catalase and total 
antioxidant capacity) – for T3 and M5

Shin J.H. 
et al. [72]

“Duolak gold”, containing 2 
strains of lactobacilli (L. 
acidophilus LA1 and L. 
rharmnosus LR5), 3 bifidobacteria 
(B. bifidum BF3, B. lactis BL3 and 
B. longum BG7) and Streptococcus 
thermophilus ST3/ HFD

↓ body mass
↑ Bacteroidetes, Lactobacillus and 
Bifidobacterium
↓ Firmicutes
↓ serum levels of proinflammatory cytokines 
and chemokines
↓ levels of fatty acids, 
lysophosphatidylcholine, 
lysophosphatidylethanolamine, 
phosphatidylcholine and triglycerides

Roselli M. 
et al. [73]

L. rhamnosus GG, L. acidophilus 
LA1/K8,
mixture of B. lactis Bi1, B. breve 
Bbr8 and B. breve BL10 (B. mix)
mixture of L. bulgaricus Lb2 and 
S. termophilus Z57/HFD

Only a positive effect for the mixture (B. mix)
↓ weight gain and adipose tissue 
accumulation
↓ adipocytes size
↓ adipose tissue infiltration by macrophages 
and CD4 + T lymphocytes
↓ serum lipid levels
↓ secretion of leptin and proinflammatory 
cytokines

Kim S. 
et al. [74]

L. plantarum K10/
HFD

↓ weight gain, subcutaneous and visceral 
adipose tissue
↓ permeability of the intestinal barrier

Kim D.H. 
et al. [75]

L. kefiri DH5/
HFD

↓ body weight and epididymal adipose tissue
↓ serum triglyceride, cholesterol and LDL 
levels
↓ hepatic steatosis and adipocytes diameter
↑ expression of PPAR-α, FABP4 and 
CPT1 in epididymal adipose tissue

Lee E. et al. 
[76]

L. plantarum Ln4/
HFD

↓ body weight and epididymal adipose tissue
↓ total serum triglycerides level
↓ HOMA-IR and ↑ glucose tolerance

(continued)
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Table 5.1  (continued)

Study Probiotic type/obesity model Main results

Chen Y.T. 
et al. [77]

L. mali APS1/
HFD

↓ weight gain
↓ hepatic steatosis and the development of 
NAFLD by regulating the expression of 
SIRT-1 / PGC-1α / SREBP-1
↑ antioxidant activity of the liver by 
modulating the expression of Nrf-2/HO-1
↑ Bacteroidetes/Firmicutes ratio

Avolio E. 
et al. [78]

Streptococcus thermophilus, L. 
bulgaricus,
L. lactis subsp. lactis,
L. acidophilus,
L. plantarum;
B. lactis; L. reuteri/HFD

↓ stress-like
↓ expression of proinflammatory factors such 
as IL-1β, NLRP3, caspase-1 and NF-kB in 
the hypothalamus
↓ levels of IL-1β, NLRP3 and caspase-1, but 
not the NF-kB in blood serum

Bagarolli 
R.A. et al. 
[79]

L. rhamnosus,
L. acidophilus,
B. bifidumi/
HFD

↓ intestinal barrier permeability and LPS 
translocation
↓ systemic low-gradient inflammation
↑ glucose tolerance
↓ hyperphagia and hypothalamic resistance to 
insulin and leptin

Balakumar 
M. et al. 
[80]

L. plantarum MTCC5690
L. fermentum MTCC5689/
HFD

↑ GLP-1 level
↓ intestinal barrier permeability (occludin 
and ZO-1) and LPS translocation
↓ gene expression of proinflammatory 
cytokines (CNP-α, IL-6) in visceral fat
↑ expression of FIAF mRNA and adiponectin
↓ expression of de novo lipogenesis and 
gluconeogenesis genes in the liver

Wang G. 
et al. [81]

L. casei CCFM419/
STZ

↓ fasting and postprandial blood glucose
↑ glucose tolerance
↑ GPP-1 level and Bacteroidetes/Firmicutes 
ratio
↓ IR and proinflammatory cytokine levels 
(TNF -α and IL-6) in serum

Balcells F. 
et al [82].

Lactobacillus casei CRL 431 and/
or its cell wall
BALB/c mice HFD

↓ body weight
↑total population of enterobacteria, 
lactobacilli and anaerobes
↓IFN-γ, TNF-α, IL-12
↑IL-6
Positive effect on thymus histology that 
reactivates the function of the thymus with 
the replacement of the T lymphocyte 
population

Mulhall H. 
et al. [83].

Akkermansia muciniphila
ob/ob

↓TNF-α
↑IL-10
↓periodontitis

Note: GIO glutamate-induced obesity, HFD a diet high in fat, HFHCD a diet high in cholesterol 
and fat, HFrD a diet high in fructose, ob/ob genetically determined obesity, STZ streptozotocin-
induced diabetes
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is why, the following assumption may be given: A. muciniphila may become the 
therapeutic agent for the next generation in treating both obesity and different asso-
ciated diseases [86, 92].

Recent investigations and studies demonstrated that P. copri improves insulin 
sensitivity and glucose metabolism with the help of a process connected with suc-
cinate synthesis during dietary fiber fermentation [93]. Succinate is defined as the 
substrate. Different enterocytes use it for intestinal gluconeogenesis and, as a result, 
it leads to glucose homeostasis improvement [94].

De Vadder et al. proved that the diet with dietary fiber that are connected with the 
succinate overexpression improves insulin sensitivity and glucose tolerance [93]. 
Furthermore, such metabolic processes alterations can be defined in mice having 
DIO after colonization of P. copri and are offset by genetic knockout of the 
glucose-6-phosphatase gene (−/−). The latter is defined as a specific intestinal epi-
thelium enzyme, which regulates gluconeogenesis rate [93, 95]. The attention 
should be drawn to the opposite results of the same year obtained by Pederson et al. 
A positive connection between serum metabolome and P. copri was represented in 
patients having insulin resistance. It is characterized by the increasement of differ-
ent branched-chain amino acids. In order to experimentally confirm this relation-
ship between glucose metabolism disorder and P. copri, animals with DIO were 
treated with the help of the placebo or a probiotic. P. copri strengthens glucose 
intolerance, helps to reduce the insulin sensitivity and to increase the branched-
chain amino acids level in blood serum [96]. After gastrectomy (experimental model 
of spontaneously induced T2D) the administration of P. copri to Goto-Kakizaki 
mice is associated with the glucose tolerance improvement without any reference to 
changes in body weight through the increase level of both FXR activation and bile 
acids metabolism [97].

Christensenella minuta (also known as C. minuta) is considered to be a gram-
negative bacterium of the gastrointestinal tract. It is connected with weight loss and 
it is represented in people having a reduced body mass index. Furthermore, the 
cultured bacteria C. minuta injection to germ-free mice is associated with the 
decline in weight gain [98]. Gut bacteria observed in fat mice convert the lean phe-
notype to associated with obesity diseases [27, 99]. Further studies showed that all 
skinny germ-free mice try to plump upon for receiving a fecal transplant from a 
human donor purporting the following idea: the bacteria is aimed at digesting, as 
well as metabolizing greatly [27, 99, 100]. If the fecal transplant of the human donor 
was added with the help of C. minuta the recipient mice were thinner, demonstrating 
an anti-obesity effect [101].

Finally, the antibacterial characteristics of probiotic yeasts were represented in 
the researches of Everard et al. [102]. Saccharomyces boulardii (Biocodex) admin-
istration to mice having genetically determined T2D (db/db) and DIO adipose tissue 
growth, reduces the body mass and greatly changes the composition of the gut 
microbiome with, on the one hand, Bacteroidetes increasement, and, on the other 
hand, Firmicutes, Tenericutes and Proteobacteria declinement [102].
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5.4 � Clinically Observed and Proved Data Material

The search for new means concerning the obesity prevention is an important prob-
lem of scientific knowledge. Gut microbiota alterations with the probiotics usage 
are of significant attention because it influences appetite, eating, body, and various 
metabolic parameters. By the way, it was demonstrated in randomized clinical trials 
(RCT) (Table 5.2) [55].

In the scientific works, there is research with the evaluation of probiotic influ-
ence on the children’s growth and progress in the perinatal age and the decline of 
excess weight throughout the 10-year observation [47]. L. rhamnosus GG prescrip-
tion for 4 weeks led to the intimidation of the excess body mass in the first years of 
life. The valuable changes were fixed at the age of 4 (p = 0.063) with the lack of 
efficiency at further stages of growth and progress [47]. The survey with 5 RCT 
showed the role of probiotics, most of which include the Lactobacillus strains, in 
the metabolic parameters modulation in the patients having T2D [133]. The statisti-
cally significant decline of the primary endpoints was identified in all RCT, particu-
larly the plasma glucose on HbA1c, the empty stomach, IR, as well as insulin.

Firstly, Depommier et al. investigated the A. muciniphila clinical efficiency on 
obese patients and those who have T2D. It proved the assumption that A. muciniph-
ila is considered to be the harmless strain. The intervention is tolerated in a good 
way and it improves the metabolic parameters [134]. It should be noted that in 
3 months of consuming A. muciniphila the patients having T2D have reliable insu-
lin resistance decline, total cholesterol, insulinemia, liver function description 
markers, and chronic inflammation compared with the placebo group [86, 134].

Faecalibacterium prausnitzii (also known as F. prausnitzii) is anaerobic. This 
gram-positive bacterium is among the most important and numerous in the human 
gut microbiota. It is also one of the key butyrate producers in the human gut with 
good health. Hippe et al. discovered that the F. prausnitzii was represented in vari-
ous phylotypes in obesity conditions, T2D and patients with normal weight. The 
smallest number of F. prausnitzii was in a group of people with T2D, but the highest 
number was in a group of people with average weight [135]. The polyphenolic com-
pounds epigallocatechin gallate (EGCG) and resveratrol (RES) usage has a declin-
ing effect on F. prausnitzii and Bacteroidetes level in men, while there was no effect 
in women. Moreover, taking into consideration EGCG + RES, the oxidation of the 
fatty acids demonstrated the increase among men, but not among women [136]. Da 
Silva et al. explained whether there is a connection between NAFLD and dysbacte-
riosis. She determined that Bacteroidetes, F. prausnitzii, Firmicutes, Ruminococcus 
and Coprococcus declined under the conditions of NAFLD compared to people 
with good health. The high concentrations of serum 2-hydroxybutyrate, isobutyric 
acid, propionate, as well as L-lactic acid were represented in the investigation of the 
fecal samples metabolites [137].

To understand the hypothesis whether the gut microbiota refers to age and/or 
obesity, Chierico et al. tried to investigate microbiota profiles in adults and adoles-
cents with obesity; they compared it with the samples obtained from people with 
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Table 5.2  Summary of randomized clinical trials (RCTs) on the effects of probiotic strains and 
prebiotics on obesity and associated diseases (published [55] and modified for this review)

Research Probiotic type Research type Main results

Kadooka Y. 
et al. [103]

L. gasseri SBT2055 Multicenter, 
double-blind, 
placebo-controlled 
RCT

↓ visceral (4.6%) and 
subcutaneous (3.3%) 
adipose tissue according 
to computer 
tomography (CT)
↓ body weight and BMI 
(by 1.5%)
↑ adiponectin in serum

Luoto R. et al. 
[47]

L. rhamnosus GG Double-blind, 
promising further 
study

↓ weight during the first 
years of life – the most 
pronounced changes 
were observed at the 
age of 4 years 
(p = 0.063), with the 
lack of efficiency in 
subsequent age periods

Vrieze A. et al. 
[104]

Allogeneic microbiota from 
lean donors to recipients with 
metabolic syndrome (MS)

Double-blind, 
parallel, placebo-
controlled RCT
(FATLOSE study)

↑ insulin sensitivity 
(6 weeks after 
administration)
↑ intestinal microbiota 
that produces butyrate

Mazloom Z. 
et al. [105]

L. acidophilus,
L. bulgaricus, L. bifidum and 
L. casei

Blind, parallel, 
placebo-controlled 
RCT

↓ Tg
↓ malondialdehyde 
(MDA)
↓ IL-6
↓ IR
All changes are not 
statistically significant

Malaguarnera 
M. et al. [106]

B. longum combined with 
fructooligosaccharides (FOS)

Open study in 
patients with 
NASH

↓ TNF-α, CRP, AST
↓ LPS in blood serum
↓ HOMA-IR
↓ steatosis and NASH 
activity index

Wong V.W.S. 
et al. [107]

Probiotic formula Lepicol Open study in 
patients with 
histologically 
confirmed NASH

↓ triglycerides in the 
liver (IHTG)
↓ AST level
 � Changes in BMI, 

waist circumference, 
glucose and lipid 
profile are not 
reliable

Vajro P. et al. 
[108]

L. rhamnosus GG A double-blind, 
placebo-controlled 
pilot study of 
NAFLD in children

↓ ALT
TNF-α and ultrasound 
signs of hepatic 
steatosis did not change 
significantly

(continued)
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Table 5.2  (continued)

Research Probiotic type Research type Main results

Mykhalchyshyn 
G. et al. [109]

Multiprobiotic containing 
concentrated biomass of 14 
live probiotic bacteria

Open study in 
patients with 
NAFLD

↓ IL-6, IL-8, TNF-α, 
IL-1β, IFN-γ (subgroup 
of elevated 
transaminases)
↓ IL-6, IL-8, TNF-α,
(subgroup of normal 
transaminases)

Kobyliak et al. 
[110]

Multiprobiotic Symbiter
(biomass of 14 alive strains: 
L., B., Propionibacterium, 
Acetobacter genera)

Double-blind, 
parallel, placebo-
controlled RCT in 
patients with 
NAFLD

↓ fatty liver index (FLI)
↓ AST, γ-GT
↓ IL-6, TNF-α,
↓ lipid parameters only 
in the intragroup 
analysis, in ANCOVA 
(intergroup) not 
significant

Kobyliak et al. 
[111]

Multiprobiotic Symbiter
(biomass of 14 alive strains: 
L., B., Propionibacterium, 
Acetobacter genera)

Double-blind, 
parallel, placebo-
controlled RCT in 
patients with 
obesity and T2D

↓ HOMA-IR
↓ BMI, waist 
circumference, weight
↓ IL-6, IL-8, TNF-α
↓ HbA1c only in 
responders

Kobyliak et al. 
[112]

Symbiter-omega
(biomass of 14 alive strains: 
L., B, Propionibacterium, 
Acetobacter genera) with 
250 mg of flaxseed oil and 
250 mg of wheat germ oil 
(concentration of omega-3 
PUFA - 0.5-5)

Double-blind, 
parallel, placebo-
controlled RCT in 
patients with 
NAFLD

↓ FLI
↓ γ-GT
↓ IL-6, IL-8, TNF-α, 
IL-1β and γ-INF in 
intragroup analysis
↓ in ANCOVA 
(intergroup) analysis 
significant only for IL-6 
and TNF-α
↓ total cholesterol, 
triglycerides, LDL

Kobyliak et al. 
[32]

Symbiter-omega
(biomass of 14 alive strains: 
L., B., Propionibacterium, 
Acetobacter genera) with 
250 mg of flaxseed oil and 
250 mg of wheat germ oil 
(concentration of omega-3 
PUFA - 0.5-5)

Double-blind, 
parallel, placebo-
controlled RCT in 
patients with 
obesity and T2D

↓ HOMA-IR
↑ insulin sensitivity (S 
%)
↓ HbA1c
↓ BMI, waist 
circumference, weight
↓ IL-6, IL-8, TNF-α, 
IL-1β
↓ in ANCOVA 
(intergroup) analysis 
significant only TNF-α

(continued)
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Table 5.2  (continued)

Research Probiotic type Research type Main results

Kobyliak et al. 
[113]

Symbiter-forte
(biomass of 14 alive strains: 
L., B., Propionibacterium, 
Acetobacter genera) with 
200 mg of smectite gel

Double-blind, 
parallel, placebo-
controlled RCT in 
patients with 
NAFLD

↓ liver stiffness 
according to shear-wave 
elastography in 
ANCOVA (intergroup) 
analysis
↓ ALT and AST
↓ TNF-α and IL-1β
↓ total cholesterol

Kobyliak et al. 
[114]

Symbiter-Forte
(biomass of 14 alive strains: 
L., B., Propionibacterium, 
Acetobacter genera) with 
200 mg of smectite gel

Double-blind, 
parallel, placebo-
controlled RCT in 
patients with 
obesity and T2D

↓ HOMA-IR
↑ insulin sensitivity (S 
%)
↓ HbA1c
↓ waist circumference
↓ IL-6, IL-8, TNF-α, 
IL-1β
↓ in ANCOVA 
(intergroup) analysis 
significant only TNF-α 
and IL-6

Shavakhi A. 
et al. [115]

Probiotic Protexin plus 
metformin 500 mg (met/pro) 
vs. metformin 500 mg plus 
placebo (met/P)

Double-blind, 
parallel, placebo-
controlled RCT in 
patients with 
confirmed NASH 
histology

Met/pro improves liver 
aminotransferase better 
than metformin alone
BMI, fasting blood 
glucose, cholesterol, 
and triglycerides were 
significantly reduced in 
both groups

Khalili L. et al. 
[116]

L. casei RCT in parallel 
groups in patients 
with T2D

↓ fasting blood glucose 
and HbA1c
↓ insulin concentration 
and IR
↓ fetuin-A and ↑ SIRT1

Sabico S. et al. 
[117]

Multiprobiotic 
«Ecologic®Barrier»: B. 
bifidum W23, L. lactis W19, L. 
acidophilus W37, L. brevis 
W63, L.s lactis W58, L. casei 
W56, B. lactis W52, L. 
salivarius W24

Double-blind, 
placebo-controlled 
RCT in patients 
with T2D

↓ HOMA-IR,
↓ Tg, total cholesterol, 
LDL

Sato J. et al. 
[118]

L. casei RCT in patients 
with T2D

↑ Clostridium coccoides
↑ Clostridium leptum 
and L

Mobini R. et al. 
[119]

L. reuteri DSM 17938 Double-blind, 
placebo-controlled 
RCT in patients 
with T2D

↑ insulin sensitivity 
(ISI)
↑ deoxycholic acid
↑ secondary bile acids

(continued)
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Table 5.2  (continued)

Research Probiotic type Research type Main results

Soleimani A. 
et al. [120]

B. bifidum and L. casei Double-blind, 
placebo-controlled 
RCT in patients 
with T2D

↓ fasting blood glucose 
and HbA1c
↓ of insulinemia and 
HOMA-IR
↓ HOMA-B
↑ ISI
↑ total antioxidant 
plasma ability

Firouzi S. et al. 
[121]

3 strains of the genus 
Lactobacillus and 3 strains of 
the genus Bifidobacterium

Double-blind, 
placebo-controlled 
RCT in patients 
with T2D

↓ insulin on an empty 
stomach
↓ HbA1c

Tonucci L.B. 
et al. [122]

B. animalis subsp, Lactis 
BB-12 and L. acidophilus Lа-5

Double-blind, 
placebo-controlled 
RCT in patients 
with T2D

↓ fructosamine and 
HbA1c
↓ TNF-α and resistin

Ejtahed H.S. 
et al. [123]

B. Lactis Bb1 and L. 
acidophilus La5

Double-blind, 
controlled RCD in 
patients with T2D

↓ fasting glucose and 
HbA1c
↑ superoxide dismutase 
(SOD) of erythrocytes
↑ glutathione 
peroxidase
↑ antioxidant status

Pedret A. et al. 
[124]

B. animalis subsp. lactis 
CECT 8145

Double-blind, 
placebo-controlled 
RCT in patients 
with visceral 
obesity

↓ anthropometric data 
(waist, WHR, BMI)
↓ areas of visceral fat 
according to CT
↓ HOMA-IR
↑ population size of 
Akkermansia spp.

Minami J. et al. 
[125]

B. breve B-3 Double-blind, 
placebo-controlled 
RCT in overweight 
patients

↓ adipose tissue mass 
and fat percentage
↓ Tg level
↑ HDL

Kim J. et al. 
[126]

L. gasseri BNR17 Double-blind, 
placebo-controlled 
RCT in obese 
patients

↓ visceral adipose tissue
↓ waist

Sanchis-Chordà 
J. et al. [127]

B. pseudocatenulatum CECT 
7765

Double-blind, 
placebo-controlled 
RCT in obese 
children and IR

↓ BMI
↓ hs-CRP and CCL2/
MAP-1
↑ HDL and omentin-1
↑ Rikenellaceae, 
especially of the 
Alistipes genus

(continued)
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Table 5.2  (continued)

Research Probiotic type Research type Main results

Kaczmarczyk 
M. et al. [128]

Multiprobiotic: B. bifidum 
W23,
B. lactis W51,
B. lactis W52,
L. acidophilusW37,
Levilactobacillus brevis W63,
Lacticaseibacillus casei W56,
Ligilactobacillus salivarius 
W24,
Lactococcus lactis W19 and
Lactococcus lactis W58

Double-blind, 
placebo-controlled 
RCT in obese 
postmenopausal 
women

Probiotic intervention 
alters the influence of 
microbiota on 
biochemical, 
physiological and 
immunological 
parameters
Multiprobiotic does not 
affect diversity and 
taxonomic composition

Li Y. et al. [129] Prebiotic “Konjaku flour” The randomized, 
double-blind, 
place-controlled 
trial in obese 
volunteers aged 
25–35

↓ BMI, fat mass, PBF, 
Tg, HbA1c, AST, ALT
↑ the α-diversity and 
changed the β-diversity 
of intestinal microflora
↑ Lachnospiraceae, 
Roseburia (R), 
Solobacterium, R. 
inulinivorans, 
Clostridium 
perfringens, 
Intestinimonas 
butyriciproducens
↓ Lactococcus, 
Bacteroides fragilis, 
Lactococcus garvieae, 
B. coprophilus, B. 
ovatus, B. 
thetaiotaomicron

Fonvig C.E. 
et al. [130]

Prebiotic 2′-fucosyllactose 
(2′FL) and a mix of 2′FL and 
lacto-N-neotetraose (mix)

Double-blind, 
placebo-controlled 
RCT children with 
overweight 
(including obesity) 
ages 6–12 years

↑ Bifidobacteria
2’FL alone or a mix is 
safe and well tolerated 
in children

Kanazawa A. 
et al. [131]

Synbiotic (Lacticaseibacillus 
paracasei strain Shirota 
(previously Lactobacillus 
casei strain Shirota) and 
Bifidobacterium breve strain 
Yakult, and 
galactooligosaccharides)

Double-blind, 
placebo-controlled 
RCT in obese 
patients with T2D

↑ Total Bifidobacterium 
and Lactobacilli
No significant changes 
in inflammatory 
markers

Rahayu ES. Et 
al. [132]

Probiotic Lactobacillus 
plantarum Dad-13

Double-blind, 
placebo-controlled 
RCT in overweight 
adults

↓ BMI
No significant change in 
lipid profile, SCFAs 
(e.g., butyrate, 
propionate, acetic acid) 
and pH level

(continued)
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normal weight. It was defined that the intestinal microbiota composition differs in 
adults and adolescents with obesity. Where were the first group of people has high 
Actinobacteria levels, the second group of people – high Bacteroidetes levels. A 
negative correlation was found among the age, BMI, and a variety of F. prausnit-
zii [138].

As a result of a double-blind, placebo-controlled, randomized clinical trial, it 
was found that the administration of probiotics for 12  weeks improved markers 
associated with obesity in obese individuals. The intestinal microbial composition 
of all subjects was divided into two enterotypes according to the Prevotella 
/Bacteroides ratio. Fat, blood glucose and insulin levels were significantly increased 
in the Prevotella-rich enterotype in the placebo group. Markers that are associated 
with obesity, in particular waist circumference, total fat area, visceral fat, and vis-
ceral to subcutaneous fat area ratio, were significantly reduced in the probiotic 
group. The rate of decline in obesity-related markers was much greater in the 
Prevotella-rich enterotype than in the Bacteroides-rich enterotype [74].

It is of great interest that the published two analyses with the assessment of pro-
biotic influence on the glycemic control in patients having T2D have shown the 
disputable results concerning HOMA-IR and HbA1c [139, 140]. Kasinska’s et al. 
analysis on the of the data from 8 RCT (n = 438) inclusion shows that there is a 
statistically considerable reduction of HOMA-IR (SMD -2.10; from −3.00 to 
−1.20, р < 0.001; р = 0.0029 as of heterogeneity) and HbA1c (SMD -0.81; CI from 
−1.33 to −0.29, р = 0.0023; р = 0.0421 as of heterogeneity) after probiotic therapy 
course [139]. Li et al. tried to analyze data of 9 RCT (n = 368) and they did not find 
the possible discrepancies concerning HOMA-IR and HbA1c between control 
groups and intervention [140]. Conversely, Ruan Y. et al. included 17 RCT (n = 635) 
in analyses among the overweight groups of people, pregnancy and T2D [141]. 
Consumption of probiotics in comparison with the placebo are statistically and sig-
nificantly lower in terms of HOMA-IR (MD = 0.48; 95% CI 0.83, 0.13; р = 0.007).

Some RCT have demonstrated hopeful effects of probiotics concerning the 
improvement of IR, the liver functional status and metabolism of fats in the patients 
having NAFLD. The first RCT on probiotics in patients having the chronic liver 
disease was published by the Loguercio C. group in 2005 [142]. The patients having 
NAFLD (n = 22), alcoholic steatohepatitis (n = 2), chronic viral hepatitis C (n = 20) 
and cryptogenic cirrhosis (n = 16) were involved into the research. The patients hav-
ing NAFLD, taking the probiotic VLS #3 during 3 months had a significant decline 
of both ALT activity and lipid peroxidation markers while the proinflammatory 

Table 5.2  (continued)
Note: AST aspartate aminotransferase, BMI body mass index, CT computer tomography, CRP 
C-reactive protin, FOS fructooligosaccharides, HbA1c glycated hemoglobin, HOMA-IR insulin 
resistance score, FLI fatty liver index, IFN-γ interferon-gamma, IL interleukin, ISI insulin sensitiv-
ity, IR insulin resistance, MDA malondialdehyde, MS metabolic syndrome, TNF-α tumor necrosis 
factor-alpha, NASH nonalcoholic steatohepatitis, NAFLD nonalcoholic fatty liver disease, γ-GT 
gamma-glutamyl transferase, LDL low-density lipoprotein, PBF percentage body fat, PUFAs poly-
unsaturated fatty acids, Tg triglyceride, SIRT1 sirtuin 1, SOD superoxide dismutase, WHR 
waist to hip
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cytokines represented in the blood serum (TNF-α, IL-6) did not alter in comparison 
with the patients with alcoholic hepatitis [142].

The 4 RCT involved 134 patients with NAFLD /NASH and were generalized in 
the analysis [143]. These results demonstrated that the probiotic therapy declines 
total cholesterol, the aminotransferases activity and TNF-α levels compared with IR 
improvement. The probiotics used did not refer to the significant alterations of BMI, 
LDL and fasting glycemia [143].

Various studies represented the diet with yogurt, including the following probi-
otic strains: B. longum, L. acidophilus, Enterococcus faecium, L. plantarum 
Streptococcus thermophilus and/or B. Lactis leads to the decline of the total choles-
terol level, LDL in serum and LDL: HDL ratio improvement [144, 145]. The short-
term RCT analysis proves that fermented milk yogurt can be enriched with probiotic 
strains that reduce 4% total cholesterol and/or 5% LDL cholesterol [146].

Studies have shown that in obese patients with T2DM, the use of a multi-probiotic 
(biomass of 14 live probiotic strains L. + Lactococcus, B., Propionibacterium, 
Acetobacter) for 8 weeks is associated with a significant decrease in HOMA-IR, 
body weight, BMI, waist circumference and cytokine content (TNF-α, IL-1β, IL-6). 
Notably, in an intergroup analysis using ANCOVA (analysis of covariance), previ-
ous results were only confirmed for waist circumference and serum levels of TNF-α 
and IL-1β. Moreover, the parameters of glycemic control, as the main secondary 
endpoints of the study, were not statistically significant in intra- or intergroup analy-
sis. On the other hand, a sub-analysis was performed in which changes in HbA1c 
were analyzed in each group depending on the patient’s response to treatment. The 
effect was positive in patients with a decrease in the HOMA-IR index. A significant 
decrease in the HbA1c level by 0.39% (p = 0.022) was found only in respondents 
from the probiotic therapy group [99].

New data support the perspective of further trials to assess the potential role of 
probiotics in preventing viral upper respiratory tract infections (and possibly 
COVID-19), particularly in overweight/obese people. It was published that probiot-
ics reduce self-reported upper respiratory tract infection symptoms in overweight 
and obese adults [147]. This fack could improve the severity of the course of 
Covid-19 in obese patients.

So we conclude that obesity is associated with a lower abundance of A. muciniph-
ila and increasing Bacteroides in the gut microbiota than in healthy individuals. 
This condition leads to dysbacteriosis of the intestinal microbiota, which is accom-
panied by a disruption of the intestinal barrier, which, in turn, promotes the release 
of bacterial LPS into the bloodstream (i.e., metabolic endotoxemia). At the same 
time, A. muciniphila slows down the process of lipid overload, which is associated 
with the LDL receptor, and at the same time increases visceral adiposity and 
impaired insulin sensitivity in muscles and liver compared with a healthy individ-
ual. The production of SCFAs, which is stimulated by A. muciniphila, participates 
in host signaling by inhibiting histone deacetylase (HDAC) or by activating G 
protein-coupled receptors that trigger other metabolic pathways that collectively 
result in immune stimulation, including macrophage transmigration and changes in 
Treg proliferation. reduce the level of inflammatory cytokines in the blood serum of 
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F.Prausnitzii ↑
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Fig. 5.2  Relationship between obesity and gut microbiota. (Published [86] and modified for 
this review)
TG total triglyceride, ALT alanine aminotransferase, AST aspartate aminotransferase, LPS lipo-
polysaccharide, TLR Toll-like receptors, TNF tumor necrosis factor, IL-6 interleukin 6, IL-1β inter-
leukin 1β. Gpr43; Gpr41 G-protein-coupled receptor; glucagon-like peptide 1 (GLP-1) to increase 
insulin sensitivity. SCFAs short-chain fatty acids, Th0 T helper cell naive, Th2 Type 2 helper T cell, 
Th1 Type 1 helper T cell, Th17 Type 17 helper t cell, Treg regulatory T cell, DC Dendritic cells

healthy individuals. Engagement Gpr43; and gpr41 receptors by SCFAs have been 
shown to trigger the incretion hormone GLP-1 to increase insulin sensitivity. 
A. muciniphila coordinates the intestinal permeability and gut barrier via tight-
junction proteins and improves intestinal barrier integrity (Fig. 5.2) [86].

5.5 � Discussion/Conclusion/Obstacles and Limitation 
of Wide Implementation

The effectiveness of probiotics/prebiotics therapy has been proven in metabolic dis-
orders (insulin resistance, hyperglycemia, type 2 diabetes, obesity, hyperlipidemia, 
hypertension, nonalcoholic fatty liver disease, and metabolic syndrome). On the one 
hand, the therapy is relatively safe, with the minimum amount of side effects, 
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appropriate and well-tolerated for long-term usage. On the other hand, it may affect 
the whole body mass, fat metabolism and glucose itself, improve insulin sensitivity 
and decrease systematicity in chronic inflammation. This therapy is hoped to be a 
promising strategy for control of metabolic disorders by virtue of microbiota com-
position and/or health maintenance recovery with the help of influence on the above 
processes and mechanisms [55].

Accordingly, many scientific papers focus on the beneficial properties of probiot-
ics in the process of regulating metabolism, while at the same time, some scientific 
papers question the effectiveness and safety of probiotics. In turn, postbiotics are 
preparations of inanimate microorganisms and/or their components, which are 
directly identified with the safety of their use and the health benefits of the host. 
Also, postbiotics, unlike probiotics, are not limited to such harsh production/storage 
conditions. These components are known to include peptidoglycan-derived muro-
peptides, exopolysaccharides, teichoic acids and surface-protruding molecules such 
as fimbriae, pili or flagella constituting cell wall components, secreted 
proteins/peptides, bacteriocins such as acidophilus, reuterin and bifidin, cell-free 
supernatant, organic acids such as lactic acid and acetic acid, vitamins, short chain 
fatty acids such as butyric acid and propionate, neurotransmitters, biosurfactants, 
etc. [148, 149]. Because of chemical structure, storage stability of postbiotics it is 
found that postbiotics have many health benefits, in particular, they have a local 
effect on certain tissues of the intestinal epithelium, and also influence on many 
other organs and tissues. It is postbiotics that create the appearance of a therapeutic 
effect of probiotics, which, in turn, limits the risk of introducing living microorgan-
isms into a weakened immune defense. It should also be pointed out that postbiotics 
are more stable and also have a longer shelf life [150].

Recent scientific studies on the stated issues point to the benefits of postbiotics in 
the treatment of metabolic disorders. In this case, the so-called potential effects of 
postbiotics are taken into account, namely: anti-inflammatory, antibacterial, immu-
nomodulatory, anticarcinogenic, antioxidant, antihypertensive, antiproliferative and 
hypocholesterolemic properties, intestinal barrier functions [150].

PPPM strategies in the field of world health care for the preservation of national 
health. Through the interaction of the gut microbiota and host homeostasis, gut 
bacteria are believed to play a significant role in various diseases, including meta-
bolic syndrome, obesity and related disorders. Recent data indicate that the gut 
microbiota is involved in controlling body weight, energy homeostasis, and inflam-
mation and, accordingly, plays an important role in the pathophysiology of obesity. 
The human gut microbiota has a different community structure. Significantly, pro-
biotics alter the composition of the gut microbiota and influence food intake and 
appetite, body weight, composition and metabolic functions through the gastroin-
testinal tract and modulation of the gut bacterial community. The studies presented 
in this chapter have shown that the administration of probiotics improved markers 
associated with obesity in preclinical [30, 58–60] and clinical studies [111, 114, 
115]. The most commonly used probiotics, Lactobacillus and Bifidobacterium, have 
different effects depending on dose, duration of treatment and route of administra-
tion. For example, it has been demonstrated that enrichment of probiotics with other 
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representatives of functional foods, such as nutraceuticals, can enhance or summa-
rize the individual effects of a particular composition, which may be more beneficial 
for the treatment or prevention of various metabolic disorders [28, 32, 114]. The 
development of human-related probiotic strains and intelligent low-dose physiolog-
ical therapies to correct the gut microbiome is an important factor in personalized 
dietetics and a challenge for future medicine [14]. Considering the high biological 
activity and safety of postbiotics, it should be concluded that such a treatment vector 
will be promising in the nearest future.

5.6 � Expert Recommendations in the Framework of 3PM 
to the Practical Medicine

PPPM/3P manages and integrates these data to apply personalized, preventive, and 
therapeutic approaches. This is significant because there is an emerging need to 
develop effective and safe means to prevent and treat obesity. Restoration of the 
qualitative and quantitative composition of gut microbiota could create a window 
opportunity for PPPM of chronic diseases of civilization, first of all, obesity:

–– Prebiotics, probiotics and synbiotics could be one of the therapeutic strategies 
for obesity treatment these days.

–– Fecal microbiota transplantation (FMT) from lean to patients with obesity should 
be thoroughly examined in the future to develop predictive diagnostics methods 
and personalized treatment in obesity.

–– Postbiotics is a new way to therapy of metabolic disease probably would proba-
bly be more perspective than probiotics in the future.

–– Most researchers try to focus on genomics but seldom on investigating the 
metabolome, proteome or transcriptome. Taking into account the genomic level, 
the deep shotgun sequencing is quite expensive, representing marker-based 
amplicon with the prevailing 16SrRNA gene. By the way, the existing sequenc-
ing and analysis technologies rarely indicate the microbes at species and/or strain 
levels. Whereas the functional capacity varies between strains of the same spe-
cies, microbes and microbial genes identification connected with the disease is 
challenging.

–– New approaches, e.g. Transkingdom Network Analysis [151], as well as applica-
tion of the methods and techniques of Mendelian Randomization (MR) [152] 
have been developed. They helped to answer the following question: which 
microbes and microbial pathways/genes are under control concerning host physi-
ological processes [153]. While applying MR methods, Sanna and his colleagues 
tried to define whether different bacteria types are grouped due to the certain 
functions they usually perform in the gut and whether there is such a causal effect 
on several metabolic characteristics [154]. All in all, it was concluded that the 
increase of host-genetic-driven gut production of SCFA butyrate was connected 
with improved insulin reaction (response) after an oral glucose tolerance test 
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(P = 9.8 × 10–5). On the other hand, abnormalities in the absorption or even 
production of one more SCFA were related to a T2D (P = 0.004) increased risk. 
The data provide experience in the causal effect of the gut microbiome on meta-
bolic traits. It also tries to support the MR usage as a means to explain causal 
relationships from different microbiome-wide association findings.

Legalislation Issues  Data/Results/Biomarkers /Other approaches recommended as a Preliminary 
Protocols for the Prevention and Predictive Personalised Patients treatment and Relevance to the 
Existent Medical Protocols (Country, National, etc.)
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Chapter 6
Pathophysiology-Based Individualized Use 
of Probiotics and Prebiotics for Metabolic 
Syndrome: Implementing Predictive, 
Preventive, and Personalized Medical 
Approach

Rostyslav Bubnov and Mykola Spivak

Abstract  The modification the gut microbiota in metabolic syndrome and associ-
ated chronic diseases is among leading tasks of microbiome research and needs for 
clinical use of probiotics. Evidence lack for the implications for microbiome modi-
fication to improve metabolic health in particular when applied impersonalized. 
Probiotics have tremendous potential in personalized nutrition and medicine to 
develop healthy diets. The aim was to conduct comprehensive overview of recent 
updates of role of microbiota on human health and development of metabolic syn-
drome and efficacy of microbiota modulation considering specific properties of pro-
biotic strain and particular aspects of metabolic syndrome and patient’s phenotype 
to fill the gap between probiotic product and individual to facilitate development of 
individualized/personalized probiotic and prebiotic treatments. We discuss the rel-
evance of using host phenotype-associated biomarkers, those based on imaging and 
molecular and patrient’s history, reliable and accessible to facilitate person-specific 
appication of probiotics and prebiotic substances. Microbiome phenotypes can be 
parameters of predictive medicine to recognize patient’s predispositions and evalu-
ate treatment responses; the number of phenotype markers can be effectively 
involved to monitor microbiome modulation. The studied strain-dependent proper-
ties of probiotic strains are potentially relevant for individualized treatment for gut 
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and distant sites microbiome modulation. The evidence regarding probiotic strains 
properties can be taken to account via pathophysiology-based approach for most 
effective individualized treatment via gut, oral and vaginal and other sites 
microbiome modulation according to phenotype of the patient providing individual-
ized and personalized medical approaches. Preventive potential of probiotics is 
strong and well-documented. Recommendations for individualized clinical use of 
probiotics, and for probiotic studies design have been suggested.

Keywords  Predictive preventive personalized medicine · Lactobacillus · 
Bifidobacterium · Probiotics, gut microbiota · Patient phenotype, predictive 
preventive personalised medicine · Metabolic syndrome

Abbreviations

MetS	 metabolic syndrome
BMI	 body mass index 
WC	 waist circumference 
LAB	 lactic acid bacteria 
FED	 fat-enriched diet
FRD	 fructose-rich diet
HDL	 high density lipoprotein 
IL	 interleukin
LPS	 lipopolysaccharide 
PEMs	 peritoneal exudate macrophages
SCFA	 short-chain fatty acid 
TNF-α	 tumor necrosis factor-α
DM	 diabetes mellitus 
T2DM	 type 2 diabetes mellitus 
FBG	 fasting blood glucose
ACE	 angiotensin converting enzyme
ROS	 reactive oxygen species
COX	 cyclooxygenase
ADCF	 adipose-derived contracting factor
ED	 endothelial dysfunction
NO	 nitric oxide
EDN	 endothelin
WAT	 white adipose tissue
BAT	 brown adipose tissue
PVAT	 perivascular adipose tissue
CT	 computed tomography 
MRI	 magnetic resonance imaging
US	 ultrasound
SIBO	 small intestinal bacterial overgrowth
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NAFLD	 non-alcoholic fatty liver disease 
CKD	 chronic kidney disease 

6.1 � Introduction

6.1.1 � Microbiota and Metabolic Syndrome: Strains 
Stratification for Effective Personalized 
Probiotic Interventions

Metabolic syndrome (MetS) is a violation of metabolism including the development 
of obesity, liver disease, hypertension, dyslipidemia, hyperglycemia and insulin 
resistance and still is a large global challenge [1–3].

The diagnosis of “MetS” can be made if at least three of the following five cri-
teria [2] are met:

•	 obesity with abdominal fat distribution, determined by an abdominal circum-
ference of over 102 cm in men or over 88 cm in women;

•	 dyslipidemia (increasing Serum triglycerides greater than 150  mg/dL 
(>1.7 mmol/L);

•	 high density lipoprotein (HDL) cholesterol ≤ 40 mg/dL;
•	 hypertension of 130/85 mmHg or more;
•	 and fasting blood sugar ≥ 110 mg/dL (5.6 mmol/L), or type 2 diabetes melli-

tus (T2DM).

MetS is a condition of alteration of metabolism of lipids, carbohydrates, insulin, and 
associated with development of inflammatory reactions. Obesity in adults and chil-
dren is a global epidemic, is often associated with hyperglycemia, hypertriglyceri-
demia, dyslipidemia and hypertension and is considered as the main risk factor for 
cardiovascular diseases (CVD). WHO has predicted that CVD to remain the leading 
cause of death, and by 2030 [2]. The developing and continuous updating a panel of 
biomarkers of the MetS for diagnosis and prediction of metabolic diseases, preven-
tion and personalized treatment is an urgent task. The development and continuous 
updating of MetS biomarkers is an urgent task for the diagnosis and prognosis of 
metabolic diseases, prevention and individual treatment. The importance of the 
prognostic and diagnostic value of total cholesterol and its fractions is widely dem-
onstrated by experimental and clinical studies [4] as the main risk factor for coro-
nary heart disease. Today, cholesterol administration requires statin therapy at a 
growing target level for low-density lipoprotein (LDL) -cholesterol levels of 
4.9 mmol/L in patients with atherosclerotic cardiovascular disease [3].

The gut microbiota is considered an extension of the self and, together with the 
genetic makeup, determines the physiology of an organism, metabolism and diges-
tion. Intestinal microbial population largely represented by Bacteroidetes and 
Firmicutes, has been proven to impact on human health and maintaining 
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homeostasis [5–11]. The gut microbiota has been recognized as an important con-
tributor to pathological conditions such as obesity and metabolic disorders.

Numerous findings on Mets and obesity support evidence for manipulation of the 
gut microbiota as treatment of obesity and associated health complications, both as 
a standalone therapy and as part of interventions such as weight loss. Modification 
the gut microbiota in chronic diseases and metabolic syndrome is among leading 
tasks of microbiome research and needs for clinical use of probiotics [4, 12–18].

The aim was to to conduct comprehensive overview of the recent updates of role 
of microbiota on human health and development of metabolic syndrome and effi-
cacy of microbiota modulation considering specific properties of strain and particu-
lar aspects of metabolic syndrome and patient’s phenotype to fill the gap between 
probiotic product and individual to facilitate development of individualized/person-
alized probiotic and prebiotic treatments.

6.1.2 � Probiotics and Prebiotics

The definition of a probiotic as “live microorganisms which when administered in 
adequate amounts confer a health benefit on the host” defined by Food and 
Agriculture Organization of the United Nations (FAO) and the World Health 
Organization (WHO) in 2001 [19]; and was confirmed in 2014 by International 
Scientific Association for Probiotics and Prebiotics (ISAPP) experts [20] and later 
remain unchanged being agreed in the broad expert communities.

The studied strains meet such important selection criteria as antibiotic resistance 
according to international guidelines for probiotics like the FAO and WHO [2] and 
European Food Safety Authority (EFSA) [21, 22].

There is a large promising potential of using probiotics to develop healthy diets 
and integrated approach for immunity-related diseases treatment and prevention; 
are effective actors in the gut and in distant sites [9] with strong potential for appli-
cations in personalized medicine and nutrition [23–25].

Thus, the current ISAPP consensus panel now proposes the following definition 
of a prebiotic: a substrate that is selectively utilized by host microorganisms 
conferring a health benefit [26].

However, evidence-supported knowledge on probiotics contribution to disease 
pathophysiology and applicability to clinical care is not yet sufficient, excluding 
very few aspects. Thus, in cases of antibiotic- and Clostridium difficile-associated 
diarrhea, and respiratory tract infections, the effects of probiotics are considered 
“evidence-based” [27–29].

Evidence based probiotic treatment was summarized by Wilkins et al. according 
to the recent Cochrane and systematic reviews it was established as follows [29]:

•	 Probiotic use reduces the risk of antibiotic-associated diarrhea in children and 
adults (level of evidence A);
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•	 Probiotic use may reduce the incidence of Clostridium difficile–associated diar-
rhea (level of evidence B);

•	 Probiotics can significantly reduce the risk of hepatic encephalopathy, however, 
the evidence is insufficient in respect to the effect on nonalcoholic fatty liver 
disease (NAFLD) and nonalcoholic steatohepatitis (level of evidence B);

•	 Probiotic use increases remission rates in adults with ulcerative colitis (level of 
evidence A);

•	 Probiotics can alleviate abdominal pain in children and adults with irritable 
bowel syndrome (level of evidence B).

Evidence supporting probiotic interventions efficacy has not been completed yet in 
respect to MetS, hypercholesterolemia, liver disease, hepertension treatment and 
the modification gut microbiota in obesity.

6.1.3 � Clinical Indication Prioritization

The semi-structured interviews performed by van den Nieuwboer et al. [30] allowed 
the identification of nine major disease areas potentially equiring increased research 
attention for probiotics, as follows: metabolic disorders, allergies, auto-immune 
disorders, cancer, cardiovascular disease, gastrointestinal disorders, infections (bac-
terial and viral), neurological disorders and general conditions (e.g., acne).

Current review is a logical follow up on our previous in vitro [31, 32] and in vivo 
research on probiotic strains [11, 33] and on potential prebiotics [34–37] and disc-
cussed in [8–10], and suggesting that cumulated evidence in regard to phenotype of 
the probiotic strain should be considered for most effective individualized treatment 
via gut, oral and vaginal and other sites microbiome modulation. This can be 
implenmented according to phenotype of the patient and therefore individualized 
and personalized medical approaches. Number of microbiome phenotype variables 
can be used as parameters of predictive medicine to recognize patient’s predisposi-
tions and evaluate treatment responses; on the other hand, number of phenotype 
markers have been effectively involved during microbiome modulation.

6.2 � Patophysiology: Microbiota & MetS Interplay

6.2.1 � Relevance of In Vitro Research

Recently we have studied [31] the biological properties of LAB and Bifidobacteria 
probiotic strains, namely adhesive properties, resistance to antibiotics and biologi-
cal fluids (gastric juice, bile, pancreatic enzymes); and formulated potential ‘sec-
ondary’ effects for beneficial individualized use meeting the patient’s needs.
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The studied strains of LAB and bifidobacteria have been found to be sensitive to 
wide range of antibiotics, however, showed different resistance to gastric juice, bile 
and pancreatic enzymes [31]. The most resistant to antibiotics were L. rhamnosus 
LB-3 VK6 and L. delbrueckii LE VK8 strains. The most susceptible to gastric juice 
was L. plantarum LM VK7, which stopped its growth at 8% of gastric juice; L. aci-
dophilus IMV B-7279, B. animalis VKL and B. animalis VKB strains were resistant 
even in the 100% concentration. Strains L. acidophilus IMV В-7279, L. casei IMV 
В-7280, B. animalis VKL, B. animalis VKB, L. rhamnosus LB-3 VK6, L. del-
brueckii LE VK8 and L. delbrueckii subsp. bulgaricus IMV В-7281 were resistant 
to pancreatic enzymes.

Adhesive properties have been detected as high in strains of L. casei IMV 
В-7280, B. animalis VKL and B. animalis VKB; were moderate in L. delbrueckii 
subsp. bulgaricus IMV В-7281; and were low in strains as L. acidophilus IMV 
В-7279, L. rhamnosus LB-3 VK6, L. delbrueckii LE VK8 and L. plantarum LM VK7.

6.2.2 � Probiotic Bacterial Cell Wall Heterogeneity: A Biomarker 
to Predict Host–Bacteria Interaction [32]

Since the LAB are gram-positive bacteria, their cell walls is complex and include 
glycolipids, lipoproteins, and phosphorylated polysaccharides within a thick layer 
of PGN, a polymer of β linked N-acetylglucosamine and N-acetylmuramic acid, 
cross-linked by short peptides [38]. The Gram-positive bacteria membrane is cov-
ered by a thick cell wall consisting of multiple layers of peptidoglycan, capsular 
polysaccharide (CPS), lipoproteins, and teichoic acids [38]. Some of these mole-
cules contain specific microbe-associated molecular patterns (MAMPs) that are 
recognized by specific pattern-recognition receptors (PRRs) expressed in host 
intestinal mucosa. L. delbruеckii subsp. bulgaricus IMV B-7281, that had the most 
elastic cell wall, caused the considerable activation of the phagocytes. According to 
the patterns of cytokine, some strains of lactic acid bacteria can stimulate macro-
phages and dendritic cells to the IL-12 synthesis, which, along with IFN-γ, play a 
key role in the activation of cell-mediated immunity. All the mentioned strains can 
significantly stimulate macrophages to the IL-12 production [32].

6.2.3 � Diet and Microbiota

Nutrition is a driving factor in shaping gut microbiota composition and its func-
tional maturation from the early stages of life, resulting alterations of the gut micro-
biota composition and functional properties are associated with obesity. It is strongly 
recommended to medical professionals to make decisions on prevention and treat-
ment of disease by food and probiotics using evidence-based data [39].
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Thus, as the examples, an increasing Bifidobacterium spp. in diet may have anti-
obesity effects [40]; the recent knowledge does not support the idea that dietary fat 
or carbohydrate content per se promotes development of metabolic syndrome [41]; 
thus, high-fat vs hypercaloric-hydrocarbonate diets have not been proved as a clear 
causal trigger of obesity, consuming energy via carbohydrate or fat did not differ-
entially altered visceral adiposity and metabolic syndrome.

6.2.4 � Calorie Restriction

The findings suggest that the microbiome should be largely considered as a target 
during antiobesity programs [42], close interplay between modulation of gut micro-
biota and healthy aging has been demonstrated [43]. Thus, calorie restriction can 
effectively increase lifespan in animal models, and has potential for and health-
promoting effects in humans balancing gut microbiota via homoeostatic control of 
microbiota in the lower gut supporting competition between bacteria for nutrients. 
This so called ‘oligotrophic condition’ is recommended to preserve during lifes-
pan [43].

On the other hand underestimated values of nutrition like content of fructose and 
monosodium glutamate intake were reported in resulting hyperuricemia [44–48].

6.2.5 � Fructose Intake

Fructose is a major chemical of sweets and is one of the key, althoogh underesti-
mated, dietary promoters of metabolic syndrome development [44–48]. Dietary 
fructose is converted into glucose and organic acids in small intestine, a higher 
doses of fructose exceed capacity of intestinal fructose absorption and clearance, 
resulting in reaching fructose to both the liver and colonic microbiota [44].

Diets enriched in fructose reduce bacterial colonization, lead to dysbiosis, 
increase numbers of mucin-degrading bacteria [44].

When fructose from dietary sources is absorbed through the fructose transporter 
GLUT5 within the intestinal epithelium and transported to the liver, it is rapidly 
phosphorylated in the liver by fructokinase, causing hepatic accumulation of 
fructose-1-phosphate (F-1-P) and a simultaneously increase in AMP [44].

Fructose promotes alterations in the gut microbiota profile triggering inflamma-
tion and metabolic imbalance in the gut, liver, and in visceral white adipose tissue. 
These obesity-related features can be experimentally reversed by treatment with 
antibiotics [45]. Fructose-rich diet (FRD) induce endocrine-metabolic alterations 
and dysbiosis in mice; FRD does not alter the phyla of Bacteroidetes and Firmicutes, 
but decreases Lactobacillus spp. [45]. The beneficial effects of L. kefiri as a probi-
otic was demonstrated to alleviate effects of high fructose intake [47].
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Importantly, that even a single administration of fructose reduces uric acid excre-
tion in the ileum and long-term use of fructose suppresses renal uric excretion 
resulting in increased serum uric acid levels and gout development [44].

The preventive effect of Lactobacillus kefiri (L. kefiri) administration for FRD 
was demonstrated in a mice model [45]. More studies of the effects of fructose 
intake on health and gut microbiota are needed.

6.2.6 � Dietary Fibers – Fermentable Carbohydrates

The production of short-chain fatty acids (SCFAs) via fermentation of carbohy-
drates by probiotic bacteria is an example of balanced microbial ecosystem and key 
beneficial effects for human health [49]. A group of acetate and butyrate-producing 
bacterial strains has been identified that can be selectively promoted by increased 
availability of various fermentable carbohydrates in the form of dietary fibers [49].

Butyrate has been found to be a major energy source for intestial cells, and also 
to increase mitochondrial activity, prevent metabolic endotoxemia, improve insulin 
sensitivity, possess anti-inflammatory potential, increase intestinal barrier function 
and protect against diet-induced obesity without causing hypophagia. Propionate 
has been found to inhibit cholesterol synthesis, that is antagonizing to the choles-
terol increasing activity of acetate, and can inhibit the expression of resistin in 
adipocytes [17, 50, 51].

Monosodium glutamate (MSG, C5H8NO4Na, E 621) is widely distributed and 
is naturally occurring in various standard foods and increase food intake. MSG can 
enhance the flavor of bland food, and contain purines, which are directly metabo-
lized into uric acid, as guanylate (E626, E627, E628 and E629), inosinate (E630, 
E631, E632 and E633), and their compounds ribonucltides (E634 and E635) are 
metabolized to purines and lead to gdevelopment of hyperuricemia, gout [34]. 
Because the deleterious effects of MSG, i.e., induced overfeeding, were not seen in 
the animals fed the fiber-enriched diets [52].

A gluten-free diet (GFD) is the most commonly adopted special diet world-
wide, positive effect of a GFD on the composition of the gut microbiome have been 
reported in coeliac disease patients. GFD can modify the composition of the intes-
tinal microbiota and change the activity of microbial pathways. The most important 
observation in these studies is the difference in the number and variety of Lactobacilli 
and Bifidobacteria in treated and untreated patients [53].

The vegetarian diet that includes soy-based foods supposes increased levels of 
phytoestrogens beneficial for MetS and LF, however, might be associated with a 
higher risk of alering the male reproductive male system [54].

Genetic microbial variation trigger phenotypic diversity and influences the pre-
disposition to metabolic syndrome altering diet-induced metabolic phenotypes 
[55]. Gut microbiome contributes to the genetic and phenotypic strains diversity and 
provide a link between the gut microbiome and insulin secretion. Since, microbial 
taxa correlate with their metabolic phenotypes, the gut microbiome is a source of 
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broad genetic variation that determine different host-associated diet-induced 
metabotypes [55]. This impact of gut microbes on host physiology is suggested to 
be modulating in part by BA pool composition [55].

The promising approaches among dietary interventions to improve metabolism 
and nicrobiota seem intermitten fasting and ketonic diet (KD). Thus, KD can benefi-
cially modify gut microbiota (increasing Akkermansia muciniphila and 
Lactobacillus), and improve immune and metabolic profiles and increase endothe-
lial nitric oxide synthase (eNOS) protein expressions [56].

6.2.7 � Hereditary Factors and Family Diet History

The priority effects important to human health has an origin from the ealy life 
according to ecological theory and circumstantial evidence [57–59]. The mecha-
nisms, conditions and consequences of priority effects that might affect microor-
ganisms in the gut, bacterial community remains highly conserved between 
corresponding body sites in human hosts, while gene transcription is much more 
variable [58]. Nutrition in the early life may influence the epigenome via microbial 
metabolites, which can contribute to the development of obesity in adults [58, 59]. 
“First 1,000 days of life” concept has been suggested describing critical windows 
in organism development wheres all systems and functions are largely vulnerable in 
particular for DNA methylation [59].

Dietary and food patterns can modulate the gut microbiota composition oand 
therefore its metabolites. The difference in the presence of short-chain fatty acids 
(for example, butyrate) and bacterial metabolites important for one-carbon metabo-
lism (folic acid) depend on food habits and microbiota composition.

Thus, these substrates provide epigenetic activity, early postnatal nutrition can 
form the developing epigenome of target tissues, which can determins the predispo-
sition to obesity.

As examples, following bacterial metabolites are able to modulate the epigenome:

	1.	 folate, that is crucially involved in one-carbon metabolism and can influence 
DNA methylation to disable gene transcription;

	2.	 butyrate, a SCFA and a potent inhibitor of histone deacetylases [58].

Specific synbiotics have been reported to be effective for early life protection against 
diet-induced obesity in early life [60].

6.2.8 � Prebiotics

Prebiotics have immense ability to enhance probiotics effects and in the context of 
above has largely potential to modulate microbiome and metabolome by itself. A 
prebiotic was defined by Gibson et  al. as a “non-digestible food ingredient that 
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beneficially affects the host by selectively stimulating the growth and/or activity of 
one or a limited number of bacteria in the colon, and thus improves host health” 
[26]. The issue of the specificity of microbial changes has been defined as the key 
point to be studied.

Number food ingredients, many still underevauated, being selectively fermented, 
can induce specific changes in gut microbiota; prebiotics are beneficial to the host’s 
well-being and health have a protective effect and may be useful for many condi-
tions. The terms of prebiotic/functional food seem overly bureaucratic, since e.g., 
fecal microbiota transplantation (FMT), although not being probiotic, could be con-
sidered a fermented food, given the microbes and nutrients present. The option of 
strains that are core to FMT efficacy being used as a probiotic is also being viewed 
as a drug, but if the strains have a safe history of use in humans, this [39].

Thus, as examples, herbal-based biopolymers as fenugreek have antiobesogenic 
properties and offer effective added value as prebiotic towards the enhancement of 
probiotic activity [34]. The combined use of probiotics with nanoparticle-based 
treatment and food supplements is promisingm in particule, nanoparticles of cerium 
dioxide [35–37, 61] and gold [62, 63] have been known as strong agents against 
oxidative damage having anti-aging activity, and can demonstrate antiviral, antibac-
terial, antifungal activity, cardioprotective, neurotrophic, hepato- and nephroprotec-
tive, and anti-aging effect, have potential for various biomedical applications 
[35–37]. Nanoceria has also therapetic and preventive perspectives in reproductive 
medicine, enhancing female and male fertility [37].

6.2.9 � Antibiotics

The enormous use of antibiotics can alter and gut microbiota and host’s phenotypes 
and metabolism and can increase risk of obesity and atherosclerosis [64–66]. The 
uncontrolled antibiotic therapy has became widespread epidemics in recent decades, 
this led to the formation of associations of microorganisms with increased viru-
lence, in particular so-called “hospital strains”. Gut microbiota is a potential reser-
voir of antimicrobial resistance (AMR) genes; microorganisms including AMR 
have been extensively studied within the as so called “resistome” [65–67]. The abil-
ity for the horizontal transfer to potential pathogenic bacteria within this ecosystem 
was demonstrated [65], this antibiotic susceptibility of probiotic strain can be a 
significant specific indicator, and the antibacterial resistance was studied for LAB 
and Bifidobacterium strains [66]. The impact of antibiotics on the establishment of 
the infant gut resistome was demonstrated [67].
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6.2.10 � Molecular Mechanisms of Probiotic Effects

Molecular mechanisms of health benefits of by consumption probiotics is largely 
unknown. Bacterial metabolites were indicated to have an epigenetic function. 
Therefore, xenobiotic metabolism of gut microbiota is essential issue fo future stud-
ies and enzymes discovery [57, 68–71].

Probiotic strains can alter host’s genes, thus, administration of Lactobacillus 
paracasei CNCM I-4034, Bifidobacterium breve CNCM I-4035 and Lactobacillus 
rhamnosus CNCM I-4036 can modulate the expression of genes in the intestinal 
mucosa of obese Zucker rats [72].

Transcriptional networks regulate major basal mucosal processes and uncov-
ered remarkable similarity to response profiles obtained for specific bioactive mol-
ecules and drugs [72], probiotic strains from the species Lactobacillus acidophilus, 
L. casei, and L. rhamnosus induce differential gene-regulatory networks and path-
ways in the human mucosa of the proximal small intestine of healthy volunteers. 
Thus, consumption of L. casei can lead to mucosal gene-expression networks that 
regulating Th1 and Th2 between and cell proliferation and balance, immune 
response, metabolism, and hormonal activity regulating blood pressure. The con-
sumption of L. rhamnosus can lead to modify the expression of genes involved in 
wound repair and healing, angiogenesis, IFN response, calcium signaling, and ion 
homeostasis [72]. A core microbiota established in early life accompanies host’s 
organism during human life, and decrease in abundance along with aging [73]. In 
this regard the breast milk containing a large amount of LAB is considered as cru-
cial important programing factor for further human life.

6.2.11 � Microbiota and Immunity – Allergy 
and Autoimmune Diseases

Strachan [74] described the hygiene hypothesis that is associated with reduced 
microbial contact to microbes in early life and is suggested to be one of the main 
mechanisms of the increasing predisposition to allergic diseases over the past 
decades. Today, reduced microbial exposures (and accordingly the rise in allergic 
conditions) have been triggered by Western diet, antibiotic use, vaccinations, smaller 
household size and improved hygiene [74].

Gut microbiota is involved in regulating both Th1 and Th2 immune response. 
Thus, in patients with IBD the gut microbiota has been shown to be of less diversity, 
an altered microbial metabolite profile with reduced number of bacteria compared 
to healthy individuals has been demonstrated [75]. A similar etiology is believed to 
exist in rheumatoid arthritis, ankylosing spondylitis, multiple sclerosis, type 1 dia-
betes mellitus (T1DM), and celiac disease [76].

Obesity coincides with a low-level chronic inflammation in metabolic tissues. 
This obesity-related ‘metabolic inflammation’ involving adipose tissue, liver and 
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muscle, which are key regulators of whole-body glucose homoeostasis, drives 
immunological underpinnings of insulin resistance and CVD.

We hypothesized that according to the inflammation-centred theory the immune 
response and metabolic regulation are highly integrated and the proper function of 
each is dependent on the other [77], claiming that gut microbiota can influence 
immune function beyond the gut, would be crucially helpful for choosing appropri-
ate probiotic bacteria in the personalized clinical set.

Environmental factors, i.e. medication (antibiotics, non-steroid anti-inflammatory 
drugs and hormones), dietary habits, are of living environment, and previous infec-
tions histiory have clear influence on this immune balance [75].

6.2.12 � Cytokine Profiles of Toll-Like Receptors

Gram positive bacteria affect the formation of T-and B-cell immune response by 
altering products primarily IFN-γ and IL-12 are required for differentiation of T 
helper cells into Th1 subpopulation direction. But probiotic preparations are capa-
ble of activating both (Th1 and Th2) lymphocyte subpopulations, which provides a 
balance of cytokine production. Immunomodulatory activity of probiotic prepara-
tions most important to identify for the goods induced opposite cytokines IL-10 or 
IL-12 in experiments in vitro when stimulated macrophage cells [78]. The immune 
response against infectious diseases of probiotic drugs due to the ability to balance 
the body’s immune status at the level of receptor-ligand interactions [78].

Induction of pro-inflammatory cytokines induced by dendritic cells (DCs) 
expressing pattern recognition receptors may skew naive T cells to T helper 1 polar-
ization, which is strongly implicated in mucosal autoimmunity through a mecha-
nism that involves IL-10 and CD4+ FoxP3+ T regulatory cells to dampen exaggerated 
mucosal inflammation [79]. The ability of probiotics to affect the relevant Toll-like 
receptors (TLRs) can promote effective immune response and the initiation of an 
effective immune defense.

Interleukin (IL)-10 is an anti-inflammatory cytokine. cytokine profile of IL-10 
is associated with the gut-associated lymphoid tissue (GALT) most pronounced 
changes in the Peyer’s patch. Probiotic-mediated immune modulation in IL-10 
knock-out mice demonstrated a probiotic mechanism of treatment of gastrointesti-
nal inflammation independent of IL-10 [80].

Interleukin-22 (IL-22) has a crucial role in the early phase of host defense 
against C. rodentium. Innate immune function for IL-22 in regulating early defense 
mechanisms against A/E bacterial pathogens [81].
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6.2.13 � Defining Causality vs Correlation – Is an Inflammation 
in Focus?

The identifying the causative associations of obesity and the human microbiota is 
still a challenge [73, 77, 82]. The communication between the microbiota and 
immunity alter the metabolic responses during obesity and MetS. The beneficial 
bacteria can induce pro-inflammatory or regulatory immune responses, depending 
on the individual phenotype of gut microbiome, and dietary habits [82]. The asso-
ciations between immune modulatory and hyposholesterolemic properties of 
L. reuteri ATCC PTA 4659 probiotic strain demonstrated [82].

Lipopolysaccharide, the cell wall component of gram-negative bacteria in the 
gut, are supposed as an important trigger of chronic inflammation associated with 
obesity [83]. Gram-positive bacteria are potent inducers of monocytic proinflamma-
tory interleukin-12 (IL-12) with immunoregulatory functions, while gram-negative 
bacteria preferentially stimulate anti-inflammatory IL-10 production [84].

6.2.14 � Infections

Many routinely-used antibiotics are already ineffective in the clinic; some even 
speculate that the twenty-first century will come to be known as the ‘post-antibiotic’ 
era [84]. However, the use of probiotics might have several potential disadvantages; 
namely, the introduction of foreign microorganisms induces antagonistic activity 
against pathogenic and indigenous microorganisms and rapid elimination of probi-
otic strains. Therefore, to achieve a personalized approach, products developed and 
applied from the own strains of the body, appear promising. For this reason, some 
individual microorganisms can be grown on artificial nutrients, studying their eco-
logical compatibility, establishing the antagonistic effects of the spectrum on the 
body. A potential alternative to probiotics may be proposed by lysates of probiotic 
strains, which can also maintain immunomodulatory activity [33].

The broad associations have beenillustrated among virus action during meta-
bolic sydrome and T2DM development, including HPV infection, cellular oxidative 
stress, gene damage, multiple microbiota-related immune pathways and proteomic 
changes leading cancer and chronic disorders genesis [85, 86].

6.2.15 � Intestinal Permeability

The interrelated parameters of the metabolic disease, such as fatty liver disease, 
high values of homeostatic model assessment (HOMA), high waist circumference, 
and subclinical inflammation, ha been known associated with intestinal permeabil-
ity. Recent data show that by successfully treated overweight, increased intestinal 
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permeability may be altered to normal levels [87]. A similar effect has been found 
in obese people who have undergone a dietary intervention based on traditional 
Chinese medicines and prebiotics [88].

6.2.16 � Oxidative Stress: Emerging Role of Nanomedicine

It is known that oxidative stress has been postulated as one of the principle physio-
pathological mechanisms of number of chronic diseases, includiong the pathogen-
esis of obesity-related diseases [89, 90]. The cellular imbalance between endogenous 
antioxidant defenses and reactive oxygen species (ROS) is one of its primary char-
acteristics [89, 90]. Several mechanisms have been suggested to explain the 
enhanced oxidative stress observed in obese subjects, including altered lipid and 
glucose metabolism, chronic inflammation, tissue dysfunction, hyperleptinemia, 
and abnormal post-prandial ROS generation [89]. Thus, the nanoparticles of gold 
[62, 63] and cerium dioxide [37, 61] were reported to be effective agents against 
oxidative damage having anti-aging activity, and potential for prebiotic activity via 
modifiing intracellular ROS generation in bacteria.

However, only a few studies have been conducted on the oxygen tolerance of 
probiotic bacteria. Most of these studies have focused on Bifidobacterium spp. Little 
is known about the effect of oxygen on the physiology of L. acidophilus. L. rham-
nosus GG can potentiate intestinal hypoxia-inducible factor [91].

6.2.17 � Microbiota Profile & Microorganism-Based Biomarkers

The search for reliable phenotypic microbial markers is essential for longitudinal 
observation and reproduced in large populations, is the most important task for the 
study of microbial and probiotics in clinico. Prebiotic and probiotic therapy is aimed 
at the formation of microbiota for the improvement of health. However, the gut 
contains a large number of different microorganisms that are difficult to calculate. 
Out of these, three phyla, Bacteroidetes (Gram negative), Firmicutes (Gram 
positive) and Actinobacteria (Gram positive), are most common and they deter-
mine the dominant role in the pathophysiology of metabolic disorders, in particular 
in obesity. Other fillets also contribute, but to a lesser extent [17, 92].

Arumugam et al. [93] even identified some typical clusters of of fecal microbial 
compositions called “enterotypes”composition that are recurring in the healthy pop-
ulation and partly depend on dietary habits. Enterotypes were allocated primarily 
by levels of Bacteroides (B) and Prevotella (P) that were associated with long-
term diets, particularly protein and animal fat (Bacteroides) versus simple carbohy-
drates (Prevotella). It was suggested that the ratio of Bacteroides/Prevotella (P/B) 
may be a tool for stratification of subjects when studying the effect of interfering 
with intestinal microbiote [94]. Stratification of humans based simply on their P/B 

R. Bubnov and M. Spivak



147

ratio could allow better assessment of possible effects of interventions on the gut 
microbiota and physiological biomarkers [94].

For example, the Prevotella enterotype with a high representation of Prevotella 
spp., has been associated with high-carbohydrate, high-fiber diets.

6.2.18 � Plant- vs Animal-Based Diets

High-fat diets have been associated with harmful effects on the gut microbiota. 
These diets generally promote decreasing in Bacteroidetes representation and over-
growth of Firmicutes, including a wide range of opportunistic pathogens (such 
as LABs).

Adherence to the Mediterranean diet is associated with beneficial microbio-
logical effects in the intestine, including higher biological diversity, excessive 
Prevotella‘s presence, and lack of opportunistic pathogens.

The animal-based diet increased a large number of bile tolerant microorganisms 
(Alistipes, Bilophila, Bacteroides) and decreased levels of Firmicutes that metabo-
lize polysaccharides of dietary plants (Roseburia, Eubacterium rectale, and 
Ruminococcus bromii). Microbial activity is a mirror of difference between her-
bivorous and carnivorous mammals, reflecting compromises between carbohydrates 
and protein fermentation [95, 96].

The remarkable differences were observed in transcriptional responses and in 
gene abundance between the intestinal microbiomes elicited by plant- and animal-
based diets [95]; catabolism of amino acids against biosynthesis, as well as the 
relationships of phosphoenolipyruvate (PEP) and oxaloacetate in herbivorous and 
carnivorous mammals respectively [95].

Microbial communities that could quickly and properly self-modify their func-
tional repertoire in response to a diet change will eventually improved human flex-
ibility in diet [95, 96].

The degradation of polysaccharides by the intestinal microbiota and its influence 
on human health [51, 97].

The microbial community of the gut is one of the sources of human genetic and 
metabolic diversity, which are different among human populations, and, depend on 
age, geography and cultural traditions and is unique to different locations and life-
styles, in particular differ for modern western diet and a rural diet, and correlates 
with westernization [98, 99].

Recently, it has been observed that the composition of gut microbiota of healthy 
persons is different from that of obese diabetes, T2DM patients. Such observations 
suggested a possible relationship between the compositional pattern of gut micro-
biota and pathology of metabolic disorders.

Since human colon harbours a vast number of microorganisms which are 
extremely diverse [17, 92], the metagenomics analysis of microbiome divided 
human into three groups, namely: Enterotype 1 (Bacteriodes), enterotype 2 
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(Prevotella), and enterotype 3 (Ruminococcus) according to bacteria population 
found to be dominant [100].

The Firmicutes-to-Bacteroidetes (F/B) ratio was linked to body-weight and 
BMI [101] and was reported to be higher in obese subjects with metabolic syn-
drome. Louis et al. calculated the F/B ratio for each sample and found a high vari-
ability between individuals and time-points without correlation with BMI or other 
clinical parameters [102].

Successful weight reduction in the obese is accompanied with increased 
Akkermansia levels in feces. Metabolic co-morbidities are associated with a higher 
Firmicutes/Bacteroidetes ratio, microbiota differences might allow discrimination 
between successful and unsuccessful weight loss prior to intervention [102].

Probiotics have a significant capacity to remodel the microbiome of an individ-
ual recovering from antibiotic therapy during the recovery phase the probiotic cause 
a suppression of Enterobacteriaceae downgrowth (Shigella and Escherichia) and 
can promote a growth of Firmicutes, particularly from the Anaerotruncus genus 
[103]. L. reuteri significantly decrease the intestinal inflammation and reduce in 
proteobacterial populations [104].

Microbial diversity is an important parameter of intestinal health [105–108]. 
Thus, lower richness of gut microbiota compositions, was found in Western diet 
consumers shapes the microbial ecosystem [98, 99] and in the populations under the 
burden of obesity and metabolic disease [81, 82]. Individuals with higher diversity 
were reported to have a healthier dietary pattern [107, 108].

The lower diversity was associated with greater abdominal adiposity. Meta-
analyses across the replication in independent samples from three population-based 
cohorts including American Gut, Flemish Gut Flora Project and the extended 
TwinsUK cohort using BMI as a surrogate phenotype, demonstrtaed significant 
associations of adiposity-OTU abundances with host genetic variants in the FHIT, 
TDRG1 and ELAVL4 genes, suggesting a potential role for host genes to mediate the 
link between the fecal microbiome and obesity [108]. Variety of metabolites are 
modulated by the action of gut microbiota richness, number of recently discovered 
crosslinks between gut microbes and different circulating metabolites with high 
predictive and diagnostic potential have been recently identified.

Individuals who have a low bacterial richness (23% of the population) character-
ized by more expressed overall obesity, insulin resistance and dyslipidaemia and a 
more pronounced inflammatory phenotype compared with individuals of high bac-
terial richness [109].

Metabolically active and safe Lactobacillus species and specific strains with par-
ticular functional properties increase the biodiversity of the whole intestinal micro-
biota [110].

Focused primarily on bacteria, but priority effects are also possible across 
domains of life (that is, between bacteria and archaea and/or eukaryotic microor-
ganisms) [111].

The parameter as Alpha and Beta diversity are useful tools to evaluate microbi-
ota. Thus, Alpha diversity indicates microbial species richness – number of taxa 
within a single microbial ecosystem.
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Beta diversity – is a parameter of diversity in microbial community between 
different environments (difference in taxonomic abundance profiles from different 
samples).

Recently mycobiome has been suggested as a factor of the protective benefits via 
intestinal colonization by commensal fungi [112, 113] that functionally replace 
intestinal bacteria and alleviate tissue injury by positive activation of protective 
CD8 T cells. Thus, commensal gut fungi protect local and systemic immunity reac-
tivity by providing tonic microbial stimulation that can functionally replace intesti-
nal bacteria.

Fungi are transmitted from mother to infant in early life, their dispersal history 
can be highly variable among infants, and once immigrated, they can interact 
strongly with bacteria [114].

In particular, diverse fungal communities are present in infants [114–116].

6.2.19 � Vaginal, Oral and Dermal Microbial Profiles in Distant 
Sites [9]

Vaginal microbiota has been known to have extensive links with the gut microbi-
ome and metabolic syndrome development [117–120]. Lactobacillus species domi-
nate in vaginal microbiota in the most of of pre and post-menopausal women being 
an indicator of vaginal health.

The recent study reports using interactomic approach required for vaginal probi-
otic administration in post-menopausal women to detect the subtle molecular 
changes induced by probiotic instillation [119]. Marked diversity in microbial com-
position was detected between women with bacterial vaginosis (BV) and those with 
normal flora in pregnancy [120].

Vaginal dryness and atrophy have been reported to be associated with down-
regulation of human genes in epithelial structure involving changes in barrier func-
tion, up-regulated inflammation due to reducing lactobacilli in menopause [118].

Current knowledge of the male genitalia microbiome is very limited. 
Gardnerella vaginalis is predominant in half of the women whose partners had 
significant leukocytospermia [121]. Vaginal microbiome was reported to drive the 
chronic inflammation-malignant development of prostatic adenocarcinoma in cou-
ples [122].

Studies of structure of vaginal microbiota in regards to inflammatory conditions 
via analysis of samples collected in the various stages of disease and in different 
at-risk populations, in regards to the role of host genotype, involvement hormonal 
receptors might suggest promising approach for understanding pathogenesis of 
chronic gender-related inflammatory diseases, development personalized treat-
ments, diet and lifestyle corrections.

The ability of LAB and bifidobacteria strains to adhere to epithelial cells in vitro 
is one of the most important criteria for the selection of potentially probiotic strains 
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for intravaginal use, since it indicates their ability to attach and colonize the vaginal 
surfaces [31].

Vaginal and male genital tract ecosystems as the functional interaction between 
the genital microbiota and the host, and the association of semen and vaginal micro-
biomes are still poorly studied [121].

Combined oral and topical treatment of male partners of women with BV is 
acceptable and well tolerated. The combined acceptability and microbiological data 
presented in this paper supports the need for larger studies with longer follow up to 
characterize the sustained effect of dual partner treatment on the genital microbiota 
of couples and assess the impact on BV recurrence [123].

Thus, neither clinical criteria, nor microbial composition can fully explain 
symptomatic bacterial vaginosis.

Recen0tly the term bacterial vaginosis was suggested be dropped, as it currently 
offers no adequate description of a single condition [124]. The new definition will 
require precise definitions, diagnosis, and management options. In some case, the 
use of probiotics and/or prebiotics may help to restore and maintain a vaginal and 
male genitalia microbiome health.

6.2.20 � Microbiome of Oral Cavity

The various analysis methods reveal Firmicutes, Actinobacteria, Proteobacteria, 
Fusobacteria, Bacteroidetes and Spirochaetes as the the dominant genus a healthy 
microbiome of oral cavity constituting 96% of total oral bacteria [35, 125, 126].

Recently metatranscriptome sequencing indicated overexpression of a number 
of virulence-related transcripts in oral bacterial composition during the early stages 
of transition to gingivitis, and the upregulation genes including those involved in 
proteolytic and nucleolytic processes [126].

Core oral microbiome may иу significantly different under carbohydrate and 
protein-rich diet consumpotion [127].

Future research dedicated to the oral bacteria involved in the pathology and lead-
ing to obesity is needed addressing the question – how the salivary microbiology 
affects gastrointestinal microbiology. The great interest is about how orally admin-
istered probiotic therapy influence on bot oral and gut microbiota.

Oral bacteria are known to contribute to the weight increase and development of 
obesity by at least three mechanisms [127]: (1) the oral bacteria may contribute to 
increased metabolic efficiency, (2) by increasing appetite, and (3) energy metabo-
lism by facilitating insulin resistance through TNFα increasing levels or reducing 
levels of adiponectin.

MSG-induced obesity triggers periodontal tissue alterations in the rat model. 
Nanoceria contributes to the corrections of pathological changes in periodontal tis-
sues in glutamate-induced obese rats via balancing protein-inhibitory capacity and 
reducing the depolymerization of fucosylated proteins and proteoglycans and anti-
oxidative activity [35].
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Lactobacillus crispatus KT-11 strain intake can prevent periodontal disease 
through the improvement of oral conditions, decreased plaque scores, reddish tinge, 
and gingival swelling scores in female participants and increased oral mucosa fluid 
scores in male participants [128].

6.2.21 � Skin Microbiome

Interactions of skin microbial communities with host immunity and imbalance of 
microorganisms, termed skin dysbiosis plays crucial role in diseases of the skin 
[129–131]. Skin mycobiome plays importnt role in shaping innate and adaptive 
immunity in health and disease [114, 132]. Recent studies in the unique setting of 
the Antarctic have shown an increase in fungi on the skin in expedition 
participants,believed to be due to interferences with local immunity and dysbiosis 
of the normal skin microbiome due to stress, recycled air and antiseptic agents 
[133]. Akkermansia muciniphila is believed to have an important function in the 
pathogenesis of IBD and obesity; therefore, Akkermansia muciniphila, which is an 
indicator of health status, may be a key node for psoriasis as well as IBD and obe-
sity [134].

6.2.22 � Wound Healing

Wound healing is involved in metabolic disease and is remarkable a marker of 
health, strongly depending on the phenotype including such opponent condition as 
MetS and obesity and Flammer syndrome [135]. Lean body mass (LBM) is the 
parameter important for prediction and prognosis of the physiological wound heal-
ing. Matrix metalloproteases (MMPs) and inhibitors are secreted as inactive proen-
zymes (zymogens) neutrophils, macrophages, fibroblasts and keratinocyt and get 
activated as the extracellular component [135].

Probiotics have been associated with improved healing of intestinal ulcers, and 
healing of infected cutaneous wounds. LAB and bifidobacteria utilize their associa-
tion with gut to directly inhibit pathogens’ growth and ability to induce host muco-
sal defense systems and tissue repair mechanisms [136]. data demonstrate that 
L. rhamnosus GG lysate accelerates reepithelialization of keratinocyte scratch 
assays, potentially via chemokine receptor pairs that induce keratinocyte migration 
[137]. Lactobacillus reuteri enhances wound-healing properties through up-
regulation of the neuropeptide hormone oxytocin, a factor integral in social bonding 
and reproduction, by a vagus nerve-mediated pathway. Bacteria-triggered oxytocin 
serves to activate host CD4 + Foxp3 + CD25+ immune T regulatory cells conveying 
transplantable wound healing capacity to naive Rag2-deficient animals [138].
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6.2.23 � The Gut Microbiota in Aging and Longevity

A core microbiota accompanies human life, decreasing in abundance along with 
aging [73]. Aging is thus associated with specific changes in gut microbiota. After 
the age of 65, overall gut microbiota composition resilience is generally reduced, so 
that its is more vulnerable to lifestyle changes, antibiotics treatments, and diseases 
[58, 59]. As a result, species biodiversity/richness (i.e., the number of taxa that 
metagenomic analyses are able to identify in fecal samples) is reduced, and interin-
dividual variability is enhanced [139, 140].

In an Irish population-based study, Claesson et al. [140] showed that gut micro-
biota biodiversity is inversely correlated with physical function and the institution-
alization of older individuals [58]. The same authors also showed a dramatic 
interindividual variability in the fecal microbiota of elderly subjects.

In cases of longevity, the age-related enrichment of subdominant taxa is boosted. 
The microbiota of longevous hosts accommodates allochthonous bacteria. In lon-
gevity, the age-related content of sub-dominant species increases, including pro-
inflammatory species, as well as health-related taxa that can support extreme aging 
[73]. “Adaptation to longevity” seems to enrich the health-related bacteria [73].

6.3 � Disease- and Person-Specific Application of Probiotics

6.3.1 � Obesity

A broad evidence demonstrate associations between the human and microbiota and 
immunity altering the metabolic responses during obesity and MetS [4, 12–17, 73, 
77, 82]. The beneficial bacteria can induce pro-inflammatory or regulatory immune 
responses, depending on the individual phenotype of gut microbiome, and dietary 
habits [82]. Bacterial strains of the same species showed different effects on adipos-
ity and insulin sensitivity, illustrating the complexity of hostbacterial cross-talk and 
the importance of investigating specific bacterial strains. Thus, the study by Fåk 
et al. demonstrated associations between immune modulatory and hyposholesterol-
emic properties of L. reuteri ATCC PTA 4659 probiotic strain which partly pre-
vented diet-induced obesity in Apoe−/− mice, yet, induced no effects on blood 
cholesterol or atherosclerosis and likewise no effect on inflammatory markers (on 
macrophages or T-cell numbers in plaques) [82]. L. reuteri was associated with 
increased liver β-oxidation, reduction of the adipose and liver weights [82].

In animal model, the weight of obese mice that received L. casei IMV B-7280, 
L. delbrueckii subsp. bulgaricus IMV B-7281, B. аnimalis VKB, B. аnimalis VKL 
(separately) or B. animalis VKL/B. animalis VKB/L. casei IMV B-7280 and L. casei 
IMV B-7280/L. delbrueckii subsp. bulgaricus IMV B-7281 probiotic compositions 
was decreased [11].
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The changes in the host immune system composition into a more anti-
inflammatory profile, which may explain the decrease in body fat [141]. Randomized 
controlled trial demonstrated some evidence that a 3-month synbiotic supplementa-
tion (L. reuteri with partially hydrolyzed guar gum and inulin) in addition to life-
style modification is superior to lifestyle modification alone for the reduction of 
body weight, BMI and waist circumference and treatment of NASH.

Synbiotic did not improve intestinal permeability or small intestinal bacterial 
overgrowth (SIBO) and lipopolysaccharide (LPS) serum levels [142].

Synbiotics use can resultin reduction in steatosis, lost weight, diminished BMI 
and waist circumference (WC) measurement.

The double-blind randomized controlled clinical trial showed that probiotic and 
prebiotic supplementation along with lifestyle intervention creates favorable 
changes in glycemic parameters and leptin levels compared with the lifestyle inter-
vention alone [143]; oligofructose dietary fiber intake hase been demonstrated to be 
as effective as probiotic supplementation for insulinemia and adipokines [143].

6.3.2 � CVD, Hypertension & Hypercholesterolemia

Obesity-induced endotoxemia and liver dysfunction might be modulated by benefi-
cial microbes via immune response, e.g., by TLR to inhibit cholesterol synthesis 
signaling pathway in the liver. However, the associations between immune modula-
tory vs hypocholesterolemic activity has not been finally not elucidated yet. Based 
on our preliminary data we hypothesized that the ability of the strain with its 
immune-modulatory properties to decrease cholesterol may be for treatment CVD.

Hypertension is a part of MetS [2] and is as a major risk factor for number of 
complication and heart failure. CVD affects one billion adults globally and leads to 
nine million deaths every year according to estimates by the World Health 
Organization (WHO, 2013) [144].

Daily ingestion of L. plantarum DSM 15313 or blueberries fermented by this 
strain for 3 months did not, in the current study set up, reduce the blood pressure of 
hypertensive subjects and did not affect either the diversity or the composition of the 
oral and the faecal microbiota during the intervention period [145]. Authors 
observed that both the oral and the faecal microbiota were highly stable within the 
individuals, compared to the faecal microbiota, the oral one fluctuated more and 
varied more between individuals. It was demonstrated that Lactobacillus helveticus 
are capable of releasing antihypertensive peptides [146].

To enhance the research power in order to predict outcomes for probiotic studies 
in clinical set for CVD and smart utilizing in vivo data to develop microbiota-related 
biomarkers and associated individualized treatment is an important task.

The probiotic composition VSL#3 can decrease TNF-alpha levels, MMP-2 and 
MMP-9 activities, and expression of iNOS and COX-2  in rats, fed the HFD diet 
[147]. Nanogold demonstrated prebiotic properties and is effective heart failure 
treatment [62, 63] that is largely associated with metabolic syndrome.
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6.3.3 � Diabetes Mellitus

Recently, it has been observed that the composition of gut microbiota of healthy 
persons is different from that of obese T2DM patients. Such observations suggested 
a possible relationship between the compositional pattern of gut microbiota and 
pathology of metabolic disorders [17].

Data from the meta-analysis conducted by Zhang et al. [148] show that probiotic 
consumers can modestly improve glucose metabolism with a potentially greater 
effect if the duration of the intervention is ≥8 weeks, or several types of probiotics 
are consumed.

Gu et al. [149] suggested that gut microbiota and plasma bile acids allow strati-
fication of patients for antidiabetic treatment via for the treatment of antidiabetic 
drugs by means of the so-called acarbose-gut microbiota-BA axis and distinguished 
two microbiome clusters (Bacteroides and Prevotella clusters) interacting with BA 
metabolism. Highly relevant biomarkers of T2DM, like bile acid metabolism [149] 
and signs of diabetic neuropathy [150] will help to effectively stratify patients with 
MetS- T2DM for appropriate management also using individualized probiotic 
therapy.

Recently we have demonstrated [151], that probiotic strain L. casei IMV B-7280 
(separately) and composition L. casei IMV B-7280/B. animalis VKB/B. animalis 
VKL can re-equilibrate metabolic and inflammation indices in mouse obesity 
model, induced by fat-enriched diet (FED). Probiotics were effective in reducing 
mice weight and visceral fat, normalization of tumor necrosis factor- alpha (TNF-
alpha) and functional activity of PEMs. L. casei IMV B-7280 alone was more effi-
cient in decreasing glucose levels than composition of strains [151].

6.3.4 � Liver Disease and MetS

Nonalcoholic fatty liver disease (NAFLD) is a worldwide health problem character-
ized by ectopic accumulation of triacylglycerols in the liver, represents a hepatic 
metabolic syndrome and includes fatty liver (simple steatosis), steatohepatitis 
(NASH), liver fibrosis (LF), and cirrhosis [1–3]. The disease was more common in 
women, obese, with diabetes mellitus, cholestasis, gallstones and thyroid disease 
and largely associated with microbiota [46, 152, 153]. Beneficial microbes-based 
treatment have huge potential for correction MetS and NAFLD, the knowledge has 
been cumulated supporting probiotic therapy as a safe, inexpensive, and a noninva-
sive strategy that can reduce pathophysiological symptoms and improve different 
types of liver diseases without side effects [154–157].

Furthermore, serum ghrelin levels positivey correlated with Bacteroides and 
Prevotella, serum leptin concentrations positivey correlated with the quantity of 
Bifidobacterium and Lactobacillus, and negatively correlated with Clostridium, 
Bacteroides and Prevotella [154].
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L. rhamnosus CCFM1107 decreased the level of cholesterol in the liver and 
serum of mice with alcoholic affection of liver [158]. After administration L. aci-
dophilus to obese mice with damaged liver after cholesterol-enriched diet the reduc-
tion of cholesterol level both in serum and liver was observed [159]; and L. plantarum 
CAI6 and L. plantarum SC4 had a protective effect in models of CVD in hyperlip-
idemic mice by reducing the level of total and low-density lipoprotein choles-
terol [160].

In the recent study [11] we revealed that L. casei IMV B-7280, B. animalіs VKL 
or B. animalis VKL – B. animalis VKB – L. casei IMV B-7280 composition recov-
ered the liver structure of obese mice [11]. After administration of this probiotic 
composition in obese mice, degenerative changes in the liver were not detected, 
fatty degeneration and hepatocyte necrosis are reduced after treatment. with these 
probiotic bacteria or probiotic compositions. Yet, hemorrhages in the liver were not 
found in obese mice treated with L. casei IMV B-7280 or B. animalis VKL/B. ani-
malis VKB/L. casei IMV B-7280 composition. However, after injection of 
B. animalіs VKB, L. delbrueckii subsp. bulgaricus IMV B-7281or B. animalіs 
VKL/B. animalіs VKB composition to obese mice, we found necrosis and fatty 
degeneration of hepatocytes. The treatment with B. animalis VKL/B. animalis 
VKB/L. casei IMV B-7280 composition effectively recovered the liver morphologi-
cal structure in obese mice. L. casei IMV B-7280 and B. animalіs VKL (separately) 
restored the liver morphological structure of obese mice to a lesser degree. 
B. animalіs VKB or L. delbrueckii subsp. bulgaricus IMV B-7281 (separately) and 
B. animalіs VKL/B. animalіs VKB composition were ineffective.

Probiotic use significantly reduces the risk of hepatic encephalopathy, but there 
is insufficient evidence regarding the effect on nonalcoholic fatty liver disease and 
nonalcoholic steatohepatitis (level of evidence B) [29].

However, the therapeutic use of probiotics and prebiotics treatment and preven-
tion of patients with obesity-related NAFLD is not supported by high-quality clini-
cal studies [161].

The complexity and gender aspects of liver fibrosis development and liver 
potential to regenerate associations with reproductive system was demon-
strated [162].

The non-invasive markers like FIB-4, aspartate aminotransferase (AST) to ala-
nine aminotransferase (ALT) ratio (AAR), AST to platelet count ratio (APRI), and 
platelet count to spleen diameter (PC/SD) ratio), etc. are definitely underestimated 
in the clinical set [163] and can be effectively used to evalutae metyabolic syndrome 
case for prescribtion probiotic treatment.

Substances with prebiotic properties have large potential to be used with probi-
otic strain for liver disase. Nanoceria demonstrate liver-protective properties [163]; 
citrulline a non-essential amino acid that helps to maintain healthy protein balance, 
facilitates protein synthesis for muscle tissue retention, can improve Western diet-
induced liver injuries via decreased lipid deposition, increased insulin sensitivity, 
lower inflammatory process and preserved antioxidant status [164].

Cholestasis is an important and underestimated in clinical set diet-related issue 
for non-alcoholic fatty liver disease (NAFLD) development. Relationship between 
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adipose tissue and fatty liver and its possible evolution in fibrosis, multifactorial 
pathogenesis of NAFLD, and treatments for various contributory risk factors are 
well supported by clinical and research experience [165–168]. The upper limit of 
normality measured diameters of common bile ductwas reported to be 7.9  mm 
(from 3.9  mm among those aged 18–25  years to 4.7  mm in aged more than 
55 years) [169].

Well-designed unbiased multicenter studies on evaluation of the gut-microbiota-
liver metabolic network and the intervention of these relationships using probiotics, 
synbiotics, and prebiotics, and personazlied nutrition are strongly requires in 
the field.

Thus, bacterial strains have different probiotic effects on metabolic disease 
and obesity.

Probiotics affect on physiological functions and metabolic processes directly or 
through the normalization of microbiocenosis of mucous membranes of various 
organs and body systems, however, the range of their biological activity is a strain-
dependent characteristic [31].

For example, in clinical and experimental studies probiotic bacteria L. plantarum 
and L. gasseri reduced the body weight [170] and cholesterol level [171], but, on the 
contrary, L. acidophilus, L. fermentum or L. ingluviei affect increase the body 
weight [172], and L. acidophilus NCDC 13 had no impact on obesity [173].

In the recent study [11] we defined that the probiotic bacteria L. casei IMV 
B-7280, L. delbrueckii subsp. bulgaricus IMV B-7281, B. animalis VKB and B. ani-
malis VKL (separately) or B. animalis VKL/B. animalis VKB/L. casei IMV B-7280 
and B. animalis VKB/B. animalis VKL compositions were capable to decrease the 
weight of obese BALB/c mice and cholesterol level in serum and partially normal-
ized intestinal dysbiosis, that was manifested in the increased number Lactobacillus 
spp., Bifidobacterium spp. and coliform bacteria. A decreasing of the liver size and 
a mesenteric fat thickness measured in obese mice by ultrasound was also observed 
under the effect of mentioned probiotics [11].

Recently Vinderola et al. [174] noted that the value of in vitro tests as predictors 
of probiotic therapeutic capacity is still uncertain, and a lack of standardized in vitro 
protocols for strain selection. Nevertheless, studied criteria can allow narrowing the 
list of potential strain candidates.

Collected evidence during last two to three decades naming Lactobacillus and 
Bifidobacterium as best genera with probiotic properties, has been revisited and 
assessed through meta-analyses, several demonstrated that Lactobacilli and 
Bifidobacteria are effective, always in a strain-dependent manner, against different 
microbiota-associated diseases [175].

The claimed beneficial chracteristics are strain-dependant however, can be 
found within a genus and considered where appropriate as genus-specific if evi-
dence on strain-specific action lacking. Species- and genus-specific health claims 
were documented [175].
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6.3.5 � Kidney and MetS

Obesity co-morbidities include insulin resistance, diabetes mellitus type 2, dislipid-
emia, which are the most frequent contributing factors for the inception of meta-
bolic syndrome (MetS), and non-alcoholic fatty liver disease (NAFLD) that includes 
steatosis and steatohepatitis and liver fibrosis and increase the risk of developing 
chronic kidney disease (CKD) [176].

Endogenous intoxication syndrome (EIS) has several non-specific displays in 
organism in pathological conditions with inflammatory effects and metabolome 
changes. Biological fluids of organism in pathological processes have high contents 
of lipids and carbohydrates metabolites and when altered demonstrate toxic effects 
on the liver, kidneys and brain cells [177, 178]. Most of these toxins belong to the 
middle mass molecules (middle molecules, MM).

The Middle Molecule Hypothesis was suggested decades ago by Babb et  al. 
[177] and has been rediscovered recently in personalized medicine via developing 
unbiased techniques in the proteomic, genomic and metabonomic [177, 178].

specific changes in the gut microbiota in CKD an increase in bacterial species 
prone to proteolytic fermentation, such as Clostridium and Bacteroides and/or a 
decrease in bacteria that may be protective or release potentially nephroprotective 
molecules (e.g., short chain fatty acids), such as Lactobacillus [179].

Fenugreek can be considered a potentially effective prebiotic for a number of 
beneficial applications and advances in development of treatments of immune-
related disorders and decrease MM content to the normal level levels of uric acid 
and urea in blood in high-calorie diet induced obesity rat model [34].

6.3.5.1 � Renal Doppler

Ultrasound (US) is a well-acknnowledged source to provide number of relevant 
biomarkers of disease and phenotype. Thus, type 2 diabetic patients have higher 
values of resistive index (RI) on Doppler ultrasound as compared to non-diabetics 
and this increment is proportional to the duration of diabetes. An intrarenal RI value 
of >0.7 identifies diabetic patients at risk of progressive renal disease. Higher RI 
correlates to higher protein in urine and duration of diabetes in diabetic patients [180].

Renadyl probioic composition (S. thermophilus KB 19, L. acidophilusKB 27, 
and B. longum KB 31) was reported to be safe to administer to end-stage renal dis-
ease patients on hemodialysis. Stability in QOL assessment is an encouraging result 
for a patient cohort in such advanced stage of kidney disease [181].
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6.3.6 � Hyperuricemia and Gout

Ultrasound can be an effective method for early detection of liver and kidneys 
involvement in gout patients for facilitate performing personalized treatment. The 
sensitivity, specificity, positive and negative predictive value and accuracy the gout 
involvement of liver and kidneys using complex ultrasonography diagnostic criteria 
hasve beenm known as high as 92.6%, 84.4%, 80%, 95%, and 91.9% respectively. 
Nephropathy appearance correlates with diffuse liver involvement. Integrated index 
is reliable for disease staging and control treatment follow up [182].

Probiotic therapy alleviates hyperuricemia in C57BL/6 mouse model [183]. 
Probiotics supplementation administration including compositions of L acidophilus 
KB27 + L rhamnosus KB79 or L acidophilus KB27+ L rhamnosus KB79 composi-
tions prevented renal alterations, oxidative stress induced by hyperuricemia [184]. 
The probiotic strain Bifidobacterium longum 5(1A) ameliorate monosodium urate 
crystal (MSU)-induced inflammation in a murine model of gout, evoke inhibition of 
the production of CXCL1 and interleukin(IL)-1β in joints as seen by reduced hyper-
nociception, reduced neutrophil accumulation in the joint and myeloperoxidase 
activity in periarticular tissue; and increase levels of the anti-inflammatory cytokine 
IL-10 [185].

6.3.7 � Asthma

Recently we performed focused study to evaluate health metabolic parameters asso-
ciated with asthma and potential external triggers affecting life quality and observed 
significantly higher incidence in patients with asthma [186]: younger age 
(20–40  years); female gender; the predominant months of birth in patients with 
were January, April and July; appendectomy and/or tonsillectomy in anamnesis 
strongly correlated with asthma incidence. Among asthma-associated diseases an 
allergy occurred in 69% patients with asthma; obesity – in 32%; gout – in 18%; 
T2DM – in 28%;intestinal disorders (reflux, IBD) – in 58%; microsplenia – in 54%; 
fungal sensitization – in 15% patients respectively. Physical and intellectual exer-
tion, alcohol consumption, sauna, long stay in cold and damp room were most rel-
evant parameters affecting life quality and provoking exacerbations. Are, 
significantly associated with asthma, risk factors, affecting exacerbations [186].

Recent data show that C. butyricum (CB) administration significantly increased 
the therapeutic effect of allergy immunotherapy (AIT) on asthma, in which the 
allergen-specific B10 cells were generated via inducing the chromatin remolding at 
the IL-10 gene locus in the B cells [187].

Lactobacillus strains were reporeted to improve outcomes of respiratory infec-
tions. Mucosal adhesion is incorrectly taught as essential for both non-immune and 
mucosal immune defense mechanisms. For example, noncolonizing probiotics, 
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such as Lactobacillus casei, may exert their functions in a transient manner or by 
influencing the existing microbial communities [188].

6.3.8 � Role of Spleen-Associated Biomarkers in Patient 
Stratification for Microbiota Modulating

Our preliminary results demonstrated changes in the spleen size in all participants 
after 1-year Antarctic expeditions with a tendency to deacrese after returning (this 
was also observed in the liver and thyroid gland size) [133]. Inordinate splenic 
erythropoiesis can be initiated e.g. during the development of chronic mountain 
sickness in chronic hypoxia [189].

The spleen and intestine are two major immune organs involved in the innate 
immune response to infection [190]. Spleen structure and size might be supposed as 
promising imaging biomarker for immunity- and stress-related conditions. Spleen 
structure and function are underestimated in medical profiling, since the bone mar-
row remains the most important erythropoietic organ under both resting and stimu-
lated states.

LAB strains properly selected according to their antagonistic activity against 
pathogenic bacteria, resistance to low pH and milieu of bile salts can affect cytokine 
Th1/Th2 balance toward nonallergic Th1 response [191].

6.3.9 � Probiotics for Neuroendocrine Applications, APUD 
Cells, Serotonin, Glutamate Signaling

Neuroendocrine, amine precursor uptake decarboxylase (APUD) cells signaling, 
serotonin are important and not sufficiently studied mechanisms for a number of 
pathologies of different localization and link among series of pathological processes 
as obesity, gut motility, cancer, etc. Serotonin is a primal signaling molecule con-
served across phyla that is implicated in the control of energy balance [192–194].

As obesity increases peripheral serotonin, the inhibition of serotonin signaling or 
its synthesis in adipose tissue may be an effective treatment for obesity and its 
comorbidities [193].

Crane et al. [193] have found that genetic or chemical inhibition of Tph1 protects 
or reverses the development of FED-induced obesity and dysglycemia via activation 
of UCP1-mediated thermogenesis. Thus, inhibiting Tph1-derived serotonin may be 
effective in reversing obesity and related clinical disorders such as NAFLD and type 
2 diabetes [194].

APUD-system play important role in apoptosis signalling and interreaction 
among health normal and pathological conditions cycle changes in the endome-
trium [195].
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MSG induce development insulin resistance to peripheral glucose uptake, 
induces hyperinsulinemia and the obesity disrupt the regulation of the hypothalamic-
pituitary-adrenal axis resulting in the hyperfunctional state of adrenals [33]. MSG 
evoke metabolic alteration characterized by an enhanced adipocyte capacity to 
transport glucose and to synthetize lipids resulting in increased insulin sensitivity. It 
was supposed that the central lesions produced by MSG treatment. Probiotics mix-
ture (2:1:1 Lactobacillus casei IMVB-7280, Bifidobacterium animalis VKL, B. ani-
malis VKB) was effective for MSG-induced obesity [33].

6.3.10 � Collateral Pathologies Associated with the Obesity 
in Women

Metabolic disturbances in obesity causes a number of diseases, namely CVD, and a 
number of tumor sites of lung cancer, breast cancer, uterine cancer, and ovarian 
cancer; in women, there is a violation of ovarian menstrual cycle called dyslipid-
emia [196].

6.3.10.1 � Progesteron

Evidence indicates that obesity is associated with hormonal (estrogen/progesterone) 
imbalance and also with inflammation not only in adipose tissue, but with systemic 
inflammation. Primary studies of experimental obesity have unfolded that proges-
terone promotes the growth of adipose mass of female rats [197, 198]. Progesterone 
replacement therapy has demonstrated the increased uptake of glucose and elevated 
protein level in the tissues of aging animals, increase of natural killer’s activity and 
the with restoration of lipid and hormone levels as well [198].

The neuropeptide hormone oxytocin plays role in up-regulation of wound-
healing enhancement using Lactobacillus reuteri probiotic [138].

6.3.10.2 � Thyroid Hormones

Probiotics are recommended for autoimmune diseases [8, 76], both thyroiditis and 
Graves’ disease are autoimmune thyroid conditions.

Decreased metabolism can be a result of thyroid hormone deficiency – hypothy-
roidism, in majority induced by autoimmunity and manifesting by fatigue, cold 
intolerance, constipation, dryness of skin and mucosda and weight gain. Probiotics- 
have not been known to directly affect thyroid hormones parameters in hypothyroid 
patients, however influence on thyroid hormones homeostasis is suggested since 
probiotics supplementation could be able to prevent serum hormonal fluctuations 
[199]. Hypothyroidism is associated with altered gut motility and small intestinal 
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bacterial overgrowth (SIBO) [200]. Bacillus clausii was reported to beeffective for 
SIBO [201].

6.3.11 � Gut Microbiota and Gut Motility

The disrupted microbiome in patients with constipation could be a potential thera-
peutic target. Many studies support the effects of different probiotics intervention 
with as a feasible way to ameliorate constipation, clinical trials show promising 
results in the application of probiotics (Kim et al., 2015; Wojtyniak et al., 2017) 
[202, 203].

The genus Bacteroides and proteins involved in iron acquisition and metabo-
lism, cell wall, capsule, virulence and mucin degradation were enriched at the end 
of HBR suggest that both constipation and EC decreased intestinal metal availabil-
ity leading to modified expression of co-regulated genes in Bacteroides genomes 
[204, 205]. Exercise prevent the crosstalk between the microbial physiology, mucin 
degradation and proinflammatory immune activities in the host [204].

We recently reported effects of CeO2 nanoparticles affecting gastrointestinal 
motility on rat model and reviewed data supporting their perspectives to be applied 
as effective laxatives [36].

6.3.12 � Probiotics for Musculoskeletal Diseases and Pain: 
Gut–Muscle Axis

The regulatory role of the gut microbiota in immune and inflammatory activity and 
the metabolic potential that it harbors provide a novel avenue of research for mus-
culoskeletal diseases with potentially novel treatment options. The number of stud-
ies support the idea of significant associations among gut microbiota, physical 
activity and health [206–209].

Regular physical exercise performed at the moderate doses are recommended by 
the World Health Organization (WHO) [210], such physical activity as walking, 
cycling, or participating in sports can reduce the risk of CVD, diabetes, colon and 
breast cancer, and depression.

The human link with bacteria lasts over billion years and is explained by endo-
symbiosis theory. The similarity of mitochondria with Proteobacteria (gram nega-
tive bacteria) is a clear evidence for such link [211]. Mitochondrial (MT) dysfunction 
has been implicated in the aetiology of many complex diseases, as well as the age-
ing process. Much of the research on mitochondrial dysfunction has focused on how 
mitochondrial damage may potentiate pathological phenotypes [212, 213] also dur-
ing physical activity. The potential for precise therapeutic microbiome interventions 
can target microbial-mitochondrial metabolic communication [207]. Thus, the 
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microbiome can be an essential supplier of metabolites that act at the level of resi-
dent mitochondria of host in skeletal muscle to stabilize host metabolism [207].

6.3.12.1 � Muscle Aging and Gut Microbiota

Frailty is the age-related loss of reserve capacity in multiple systems simultane-
ously, which results in reduced resistance to stressors at increasing age, sarcopenia 
is a condition of muscle loss and decreased performance and also with bone and 
joint disease in elderly. Frailty has been associated with alterations in the microbi-
ome, in particular with butyrate producing microorganisms.

The use of novel therapeutic approaches influencing the gut microbiota-muscle-
brain axis was considered for treatment of the frailty syndrome [214–216].

Lactobacillus strains appear to be effective for sarcopenia on a mouse model 
[214]. L. reuteri 6475 could impact the suppression of bone in a menopausal ovari-
ectomized (Ovx) mouse model by possibly alteration of the immune response by 
changing intestinal microbial communities found in Ovx animals [216].

A small number of human studies have examined the impact of exercise on gut 
microbiota [217, 218]. Professional athletes had lower levels of inflammatory cyto-
kines than the controls. In addition, they had increased microbial diversity (a posi-
tive indicator of gut health) [219, 220]. 

Accumulation of metabolites in m scles and in organism as a whole (like Pyruvate 
and Lactate) during exercise in normoxic and severe acute hypoxic conditions can 
be a target for microbiota associsted interventions [205]. Gut microbiota effects via 
by regulating gut mucosal pro-inflammatory and anti-inflammatory actions through 
the activity of reactive oxygen species (ROS) required for normal cellular homeo-
stasis and physiological function including muscles [205, 206].

Multiple studies suggest a relationship between gut microbiota and inflammatory 
conditions such as rheumatoid arthritis (RA), spondyloarthropathies and gout 
[214]. Alterations in the gut microbiome, in particular in Prevotella spp., associate 
with RA, but disease stage and genotype appear to moderate associations seen [214].

RA has long been associated with periodontal disease and oral microbiome [221].
A crucial molecular mechanism underlying autoimmune and inflammatory 

diseases like psoriasis, rheumatoid arthritis, and multiple sclerosis were doscovered 
recently. Bloch et al. [221] observed that the activity of the proinflammatory cyto-
kine IL-23 relies on the structural activation of its receptor IL-23R. The researchers 
involved hope that this information will support the development of new therapies 
targeting IL-23 [221].

L. casei appeared to have synergistic action with alone or alongside type II col-
lagen (CII) and glucosamine (GS) (a candidate prebiotic) for effective reducing 
pain, cartilage destruction, and lymphocyte infiltration in an animal model of osteo-
arthritis [222]. Oral administration of L. casei together with CII and Gln more effec-
tively reduced pain, cartilage destruction, and lymphocyte infiltration than the 
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treatment of Gln or L. casei alone. This co-administration also decreased expression 
of various pro-inflammatory cytokines (interleukin-1β (IL-1β), IL-2, IL-6, IL-12, 
IL17, tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ)) and matrix metal-
loproteinases (MMP1, MMP3, and MMP13), while up-regulating anti-inflammatory 
cytokines (IL-4 and IL-10). These results are concomitant with reduced transloca-
tion of NF-κB into the nucleus and increased expression of the tissue inhibitor of 
MMP1 (TIMP1) and CII in chondrocytes [222].

Obesity-associated inflammation can affect osteoarthritis progression inde-
pendent of mechanical stress due to excess weight.

MetS has a cumulative and negative effect on hand osteoarthritis occurrence, 
independent of weight. Controlling metabolic comorbidities may have a beneficial 
effect on osteoarthritis, especially in obese patients [223–225].

Substantially, exercise can increase levels of Bacteroidetes and reduced 
Firmicutes. Appetite-regulating hormones (therefore the nutritional status) and 
exercise importantly affected the gut microbiota composition [154, 226].

The profound analysis of the regulatory pathways and mutual links between 
immune mechanics in tendon and muscles and skeletal muscle and their spasticity 
evoking myofascial pain. Chronic tension are associated with inflammation in ten-
dons [227] and in muscles involving both immune and non-immune pathways con-
tributing to muscle damage and weakness in myosistis [228].

The concept of of repetition strain injury (RSI) syndrome [229], and the evalua-
tion of trigger points phenomena [230], and nervous phenomena evoking visceral 
pain can justify integrated multiparameter approach [231] in the field. This might 
give important pathogenesis clues to understanding this gut-brain-circulation-pain 
interaction as a whole for prevention of wide spectrum of MetS-associated collat-
eral diseases and suggesting new health care policy, smart decision-making, and 
advances in education for economic benefits for aging society and working 
population.

It is essential to make efforts in increasing the level of evidence of individual-
ized/personalized procedures of biological therapy Interventions like platelet rich 
plasma(PRP) [232] and/or stem cells [233], develop reliable self-assessment, devel-
opment of relevant questionnaires for participating medicine, and set the studies of 
mutual impact of pain, lifestyle, metabolism, nutrition, gut-brain axis (GBA).

The correlation between MetS parameters like insulin resistance and blood pres-
sure with anthropometric measures in adolescents (like WC, and others) were dem-
onstrated [234, 235]. Thus, development and validation of neuromuscular, 
anatomy-based, movement assessemtn-based and pain biomarkers for predictive 
approach and for measuring outcomes can help their effective use. Extensive multi-
level evaluation of motion posture is feasible and informative protocol using 
CAREN, static & dynamic balance tests, pressure analysis, US patterns of move-
ment analysis to detect fittnes muscle, tendonds of fasciarelevant to metabolic 
disorders.
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6.3.13 � Vascular Regulation in Obesity, Congestion, Hypoxia 
and Ischemic Conditions

Recent studies have shown that adipose tissue is an active endocrine and paracrine 
organ secreting several mediators called adipokines [236]. Adipokines include hor-
mones, inflammatory cytokines and other proteins [236]; namely: circulatory hor-
mones (leptin, adiponectin, omentin, visfatin, angiotensin II, resistin, tumor necrosis 
factor-α, interleukin-6, apelin) and/or via local paracrine factors (perivascular adi-
pocyte-derived relaxing and contractile factors). In obesity, adipose tissue becomes 
dysfunctional, resulting in an overproduction of proinflammatory adipokines and a 
lower production of anti-inflammatory adipokines. The pathological accumulation 
of dysfunctional adipose tissue that characterizes obesity is a major risk factor for 
many other diseases, including type 2 diabetes, CVD and hypertension.

Dysregulated synthesis of the vasoactive and proinflammatory adipokines may 
underlie the compromised vascular reactivity in obesity and obesity-related 
disorders.

Arterial tone can be controlled through the release of ROS, leptin, adiponectin, 
TNFα, IL-6, Ang II, omentin, resistin, visfatin, apelin and ADRF. The regulation of 
arterial tone might be compromised in obesity and obesity-related disorders (for 
example, T2DM, CVD and hypertension) because of alterations in the secretion of 
vasoactive adipokines by dysfunctional adipose tissue. Circulating levels of adipo-
nectin and are decreased, while levels of leptin, resistin, apelin and proinflammatory 
cytokines are increased [236, 237].

Different depots of adipose tissue include white adipose tissue (WAT), brown 
adipose tissue (BAT) and thoracic and abdominal perivascular adipose tissue 
(PVAT). The phenotype of thoracic PVAT resembles BAT, whereas abdominal 
PVAT is more like WAT [238].

Perivascular adipose tissue (PVAT) was suggested to determine the inflamma-
tory phenotype depending on species, anatomic location, and environmental factors, 
and that these differences are fundamentally important in determining a pathogenic 
versus protective role of PVAT in a vascular disease [239]. Dysfunction of perivas-
cular adipose tissue induced by fat feeding suggests that this unique adipose depot 
is capable of linking metabolic signals to inflammation in the blood vessel wall [240].

Meyer et al. [241] noted that perivascular fat cells in the aorta of obese mice 
potentiate vascular contractility to serotonin and phenylephrine, indicating activity 
of a factor formed by a perivascular fat cell, which was designated as ‘adipose-
derived contracting factor’ (ADCF) [241] Inhibition cyclooxygenase (COX) com-
pletely prevented ADCF-mediated reductions, whereas selective inhibition of 
COX-1 or COX-2 was only partially effective. In contrast, the inhibition of super-
oxide anions, NO-synthase or endothelin receptors did not affect the activity of 
ADCF [241].

Endothelial dysfunction (ED) is a major risk factor that affects blood flow control 
in various organs. Obesity impairs the microvascular function in several ways. ED 
is the result of an imbalance between nitric oxide (NO) and endothelin (EDN), a 
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vascular function regulators. ED is associated with a decrease in NO production due 
to impaired activity and expression of endothelial NO synthase and increased pro-
duction of superoxide anion and an endogenous NOS, ADMA inhibitor, along with 
increased vasoconstrictor factors, such as activation of endothelin-1 and sympa-
thetic nerve [242].

In obesity, a mixed-food drink reduces skin perfusion mainly and causes 
acetylcholine-associated vasodilatation but does not affect the density of the capil-
lary [243]. The acetylcholine-mediated vasodilation after eating can be impaired in 
obesity, the latter findings detected with a deterioration of the postprandial micro-
vascular function in obesity [243]. Genetic variants in NO synthase and isoforms 
EDN and its receptors (EDNRA and EDNRB) appear to take into account important 
components of dispersion in ED, especially if there are simultaneous risk factors 
such as obesity. The analysis of genotype-phenotype interactions is critical for for-
mulating a potentially variable susceptibility to CVD [244]. NO synthase and endo-
thelin genes are associated with many diseases, such as asthma [245], which makes 
them a potential biomarker for numerical pathologies of obesity.

Insulin-resistance participates in the development of endothelial dysfunction and 
interferes with vascular homeostasis in patients with metabolic syndrome [246].

MetS involve large conductance vessels, promoting atherosclerosis, but also 
occurs at a microcirculation level, suggesting an important role for insulin in con-
trolling vascular resistance and, finally, organ perfusion.

Early vascular changes the liver microcirculation are induced by insulin-
resistance in non-alcoholic fatty liver disease and in chronic hepatitis with insulin-
resistance [246].

intestinal inflammation associated with changes in the underlying mesenteric fat 
depots as venular dilatation and congestion, and perivascular accumulation of neu-
trophils [247].

Congestive mesenteric and/or pelvic syndromes are the condition characterized 
by the presence of venous congestion and varicose veins in the mesenteric and pel-
vic region, and play important role for dysregulation of intestinal and systemic 
microcirculation mechanisms leading to ED and have potential risk for the develop-
ment of many vascular and hormonal disorders [36].

Systemic congestive phenomena due to heart failure associated with distinct gut 
microbiota dysbiosis [248].

Doppler techniques for assessment of vascular responses following cuff-
induced arterial occlusion allow determinations of the kinetics of post-ischemic 
reperfusion and provides an accurate reporter of NO-mediated physiological recruit-
ment [249]. At present, the reference diagnostic modality for intestinal ischaemia is 
contrast-enhanced computed tomography (CT) [250]. However, there are some dis-
advantages associated with these techniques, such as radiation exposure, potential 
nephrotoxicity and the risk of an allergic reaction to the contrast agents. Thus, not 
all patients with suspected bowel ischaemia can be subjected to these examinations. 
Despite its limitations, US could constitutes a good imaging method as first exami-
nation in acute settings of suspected mesenteric ischemia [250].
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6.3.14 � Hypoxia in the Gut

The epithelium overlying all mucosal tissues is supported by a rich vasculature. In 
these settings, even small perturbations in blood flow can result in relatively large 
decreases in O2 delivery (hypoxia) to the supporting epithelium [204, 205].

Hypoxia, and specifically HIF-target pathways that are strongly associated with 
tissue barrier function and metabolism that contribute fundamentally to inflamma-
tory resolution [251].

Tissue (NBR) and combination of tissue and systemic hypoxia (HBR) increased 
inflammatory responses in inactive variants were recently linked to central inflam-
matory mediators nuclear factor kappa B (NF-kB) and transcription factor hypoxia 
inducible factor 1 (HIF-1) as a regulator of the cellular response to low oxygen 
levels to shape nutritional-immunity status of the gut and induce the release of reac-
tive oxygen and nitrogen species [252].

However, it was reported [205] that a short-term modifications in host exercise 
levels and constipation or systemic hypoxia do not change significantly gut perme-
ability, concentration of crucial intestinal metabolites, structure and abundance of 
butyrate producing microbial community; but progressive constipation (decreased 
intestinal motility) and increased local inflammation markers suggest that changes 
in microbial colonization and metabolism were taking place at the location of small 
intestine [205].

According to our recent observations a long stay in extreme conditions of 
Antarctica evoke adaptive reactions associated with hypoxia and mitochondrial dys-
function, determined by a set of molecular-genetic mechanisms that trigger the 
expression of the corresponding genes and alter the mitochondria ultrastructure, 
leading to the death of organelles, and subsequently the cells, and are associated 
with pronounced oxidative stress [253].

The mesenteric blood flow redistribution can impact on the gut microbiota and 
potential probtioc effect [254]. The higher release of short-chain fatty acids (SCFAs) 
was reported by the distal intestines relative to the proximal intestines. SCFAs con-
centrations were measured highest in the inferior mesenteric vein and the portal 
vein and lowest in the radial artery. The mucosa of the proximal intestines may 
metabolise a relatively larger fraction of SCFA and the differences in local SCFA 
production may play a role [254]. Since arterial acetate concentrations correlate 
with those in the mesenteric vein, the last value can serve as biomarker for evaluat-
ing efficacy of probiotic strain.

The development of adipose tissue involves remodelling of the extracellular 
matrix (ECM), which requires matrix metalloproteinase (MMP) activity, the poten-
tial of MMP inhibitor (tolylsam) to inhibit adipose tissue-derived MMP-2 and 
MMP-9 was confirmed. Paradoxically, gelatinase A (MMP-2) and gelatinase B 
(MMP-9) mRNA expression in adipose tissues was enhanced following inhibitor 
treatment [255].

Strains VSL#3 impact on MMP activity, MMP-2 and MMP-9 activities, and 
expression of iNOS and COX-2 in the rats receiving FED [147].
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Peripheral microcirculation assessment might be considered to support a sup-
plementary information for obese patients, including imaging laboratory biomark-
ers and capillaroscopy [particularly for vasospasm assessment and also for Flammer 
syndrome [256–258].

Probiotic VSL#3 ingestion prevents endothelial dysfunction in the mesenteric 
artery of CBDL rats, and this effect is associated with an improved vascular oxida-
tive stress most likely by reducing bacterial translocation and the local angiotensin 
system [259].

The oxygen tolerance of probiotic bacteria can provide promising insights in the 
matter. Little is known about the effect of oxygen and hypoxia on the physiology of 
probiotic bacteria and microbe-host interactions. Bifidobacterium spp., L. acidophi-
lus. L. rhamnosus GG can potentiate intestinal hypoxia-inducible factor (HIF) [91].

The relevance of vascular componen during microbiota modulating MetS is 
underestimated but has to be considered in following context:

•	 Adipose tissue produce and secrete several adipokines. Some of these adipokines 
possess vasoactive properties;

•	 Arterial tone and congestive phenomena provide different vascular patterns;
•	 Vascular phenomena impact on permeability and absorption of metabolites 

digestion in different part of intestine;
•	 Hypoxia can impact on microbes and specific straind have different properties;
•	 The role of microbiota in vascular dysregulation development via genetic predis-

position and mutual affecting is still unclear;
•	 Probiotics can boost antiinflammatory PVAT, affect endothelin, HIF [91] signal-

ing, etc.

6.3.15 � Cancer, Gut Microbiota and MetS

Various prognostic and etiological factors, biomarkers, and molecular pathways of 
development and progression of the disease, common to MetS, atherosclerosis and 
cancer, suggest that the two most common diseases globally are significantly more 
aligned than previously thought. Both diseases have common etiological factors: 
genetic predisposition, age, sex hormones, smoking cigarettes, high intake of dietary 
fat, toxins and mutagens. The consequences of the aforementioned etiologic factor 
actions are deregulation of the cell cycle, oxidative stress, chronic inflammation, 
endothelial dysfunction, dysregulation of apoptosis and angiogenesis, instability of 
DNA and damage to DNA repair [260].

The TGF-ß signaling pathway, other growth factors, cell adhesion molecules, the 
Wnt-ß-catenin signaling pathway, excess matrix digestion associated with matrix 
metalloproteases, and NF-kB signaling pathway represent other common molecular 
progression pathways shared by both diseases [260].

In addition, the associations between microbiota and metastatic cancer, hypoxia 
in particular for Flammer syndromne phenotype individuals is a challenging task 
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[258]. A novel hypoxia-based mechanism of regulation of homeostasis and metas-
tasis, leading to the formation of focal pre-metastatic lesions, and these lesions sub-
sequently provide a platform for circulating tumour cells to colonise and form 
metastases [258, 261].

Many of the bacterial species of the phylum Firmicutes (LAB) produce butyrate, 
and a decreased abundance of these bacteria was observed in patients with colorec-
tal cancer [262]. It has become evident that microbiota, and particularly the gut 
microbiota, modulates the response to cancer therapy and susceptibility to toxic side 
effects [263, 264]. Finally, many probiotic properties should be implemented to 
cancer case management as supoprtive therapy and to faciliate symptoms, associ-
ated with treatment [264].

Lactobacillus rhamnosus GG probiotic strain have been shown in mice to protect 
the intestinal mucosa against chemotherapy- or radiotherapy-induced toxicity by 
relocating cyclooxygenase 2 (COX2)-expressing cells from the villi to the base of 
the intestinal crypts [265]. Bifidobacterium spp. in the gut microbiota promotes 
antitumour immunity in mice that is received anti-PDL1 therapy [266].

However, the translation from mouse models as a main source of evidence to 
humans is a challenge. Thus, it is difficult yet to conclude that activation of TLR9 in 
humans by Bifidobacterium spp. has the same immunostimulating activity as 
observed in the mouse, and detailed clinical data are required to determine whether 
Bifidobacterium-containing probiotics would stimulate antitumour activity also in 
patients [263].

6.3.16 � Gender-Specific Approach for Microbiota Modulation

Age and gender aspects are important issues for the selection of probiotic species 
for individual use.

Gender-specific integrated Women and Men health concepts have been widely 
appreciated as part of a large range of factors that affect fertility and general health 
that are associated with lifestyles, nutrition, obesity, and gender, with pathology 
[196, 267].

There is no consensus on what would be characteristic and consistent discrepan-
cies between the microbiote of women and men still exists.

Differential metabolic responses to weight loss diets, with lower abdominal fat 
loss for women, better response to high levels of protein compared to high carbohy-
drate diets, higher seizure-risk behaviors compared to the benefits of physical exer-
cise, as well as the tendency to slow down central manifestations obesity, MetS, 
T2DM, cardiovascular disease and some types of cancers before menopause, but 
then accelerates-do not foresee the need for different metabolic and chronological 
perspectives for the prevention running/interference [267].

A large number of bacterial genes was smaller in men than in women. In fact, a 
large number of this type has decreased in men with an increase in BMI [268].
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Thus, the use of antibiotics like vancomycin can seriously affect the host micro-
biota and metabolism, especially in the risk groups of obesity prediabetes, in men, 
can reduce the bacterial diversity and reduce Firmicutes, which are involved in the 
metabolism of the short chain fatty acids and bile acids, and also activatethe expres-
sion of genes in adipose tissue of the oxidative pathway and associated with the 
immune pathway [269].

Among the factors that most likely mediate gender-dependent interactions are 
sex hormones [270–272].

Org et al. [270] showed gender-specific differences in gut microbiota composi-
tion and bile acids Interestingly, the hormonal status of male mice clearly affected 
the composition of microbiota on chow and high fat diets, whereas in females this 
effect was more prevalent in response to the high-fat diet. Testosterone treatment 
after gonadectomy prevented the significant changes that were seen in untreated 
males. Hormonal changes can also strongly affect bile acid profiles and that signifi-
cant gender-specific differences in bile acid profiles become more prominent in 
response to a high-fat high-sugar diet [270].

Sex-specific changes in glucose–insulin homeostasis, can be ameliorated in 
males treated with estrogen [271, 272].

Compared with males, female mice demonstrate increased capacity for adipo-
cyte enlargement in response to a long-term high-fat feeding, which is associated 
with reduced adipose tissue macrophage infiltration and lower fat deposition in the 
liver, and with better insulin sensitivity [273]. The extensibility of adipose tissue 
linked to adiponectin secretion might determine the sex differences in obesity-
associated metabolic disorders [273].

The asscociations between liver function and reproductive system as well as sex-
dependent aspects of liver fibrosis were demonstrated [162].

A high incidence of hyperandrogenism, polycystic ovarian morphology (PCOM) 
and polycystic ovary syndrome (PCOS) has been reported in T1DM, which is 
thought to be due to intensive insulin therapy [274]. Patients with PCOS have less 
diversity and altered phylogenetic profile in the microbioma of the stool, due to 
clinical parameters. Intestinal barrier and endotoxin dysfunction are not the driving 
factors in this cohort of patients, but may contribute to the clinical phenotype in 
some patients with PCOS [275]. Women with PCOM have changed α diversity, 
which was an intermediate between the two other groups. Below, α-diversity is 
observed in women with PCI compared with healthy women. The results show that 
hyperandrogenicity can play a decisive role in the change of intestinal microbial in 
women with PCOS [276]. The probiotic supplementation for women with PCOS for 
12  weeks favorably affects the total testosterone, TAC and MDA, SHBG, mFG 
scores, hs-CRP, but did not affect other metabolic profiles [277].
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6.3.17 � Age

This integrated vision of theory of aging, and longevity under “optimistic concep-
tion of prolongation of human life” under using probiotics, developed and foreseen 
by Ukrainian scientist Elie Metchnikoff, the founder of concepts of probiotics, 
phagocytosis, and gerontology [278], and more, the Nobel prize winner in 1908, 
who, created and developed the concept for diet-driven microbiota modulation and 
probiotic treatments, beneficial for health decline upon ageing that becomes to a 
reality today over 100 years after [279].

Three problems common in the elderly, namely, undernutrition, constipation, 
and the decline in efficiency of the immune system may all be beneficially affected 
by appropriate probiotic organisms [280]. Collectively, the data support a relation-
ship between diet, microbiota and health status, and indicate a role [280, 281].

The loss of community-related microbiota correlates with increased muscle 
frailty. In general, the data support the relationship between diet, microbiote and 
health, and points to the role of nutritional changes in microbiota of varying degrees 
in the reduction of aging [281]. During aging, the microbiological compartment 
significantly correlates with indicators of weakness, concomitant illness, nutrition, 
inflammatory markers and metabolites in fecal water. The individual microbiota of 
long-term care was much less diverse than that of the community. The loss of micro-
biota associated with the community correlates with increased deficits [281].

Women in menopause is specific case of aging strongly associated with gut 
microbiota changes. However, the scientific evidence up to date still do not defini-
tively demonstrate how non-vaginal microbiota interplay with the health of meno-
pausal women [282].

Reproductive aging negatively affects diabetes [283]. Women with T1DM have 
have shorter than average reproductive life through later menarche and earlier men-
struation. Reproductive aging among women with T2DM is more diverse; early 
menopause may occur more often [283].

Lignans, which are the major phytoestrogens occurring in Western diets are rec-
ommended for people in age [284]. Consumption of Bifidobacterium lactis, 
Lactobacillus rhamnosus and Lactobacillus acidophilus demonstrated increasing 
the ability to fight infections in elderly patients [284].

6.3.18 � Ethnicity

The evidence about ethnicity or population-specific microbiome compositional 
variations rise questions on the universality of microbime modulations and suppose 
to recommend geographically adapted approaches for therapeutic strategies. 
General microbiological manipulations, developed on the basis of research in 
Western societies, might have unexpected and even adverse effects for non-western 
groups [74, 98, 99, 285].
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6.3.19 � Environment

The gut microbiome is not significantly associated with genetic ancestry, and host 
genetics have a minor role in determining microbiome composition, rather environ-
ment is supposed to be a main trigger modulating human microbiome [111, 286]. 
On the other hand reciprocallymicrobiome data can significantly improve the pre-
diction accuracy for many human diseases like MetS, compared to models that use 
only host genetic and environmental data [286].

A notable beneficial mutualistic relationship of the host with gut microbiota, 
effort should be given to the identification of the conditions that change the expres-
sion and maintenance of the probiotic effector compounds mediating host–microbe 
interactions in the gut [287].

Recently the role of structure of the surrounding microbial ecology, its biodiver-
sity, has been emphasized for implications on human microbiome and public health 
[288], in particlule the indoor microbiome as a complex microbial ecosystem is 
largely dependent on the human-associated habitats, and environmental factors like 
geography and building type [288], these interrelationship maintaining critical.

Differential gut microbial community assembly scenarios in rural and urban 
settings were demonstrated [289]. Thus, Western diets, antibiotics and food addi-
tives (high variable selection) lead to low α-diversity (species richness within a 
single microbial ecosystem) and high β-diversity (diversity in microbial community 
between different) [289]. High α-diversity and low β-diversity is observied under 
low dispersal limitation (poor hygiene and sanitation) [289].

Therefore promoting low homogeneous selection (visiting rural area, in par-
ticular milk farms, more farming and labour work, and contact to domestic 
animals,etc), low variable selection (diet rich in fibre and natural foods) might be 
hypothesized to increase environmental and human diversity and improve multi-
site microbial health.

6.4 � Endnotes and Recommendations

6.4.1 � Recommendation for Individualized Clinical Use 
of Probiotics

Interindividual differences in the risk of developing MetS, disease manifestations, 
and responses to diet and medical treatment are often ascribed to human genetics 
and lifestyle [24].
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6.4.1.1 � Recommendations

•	 High product quality;
•	 Effectiveness should be proven on the basis of evidence-based medicine for rou-

tine use in the clinical setting;
•	 Personalized (or individualized) approach needed in prescribing probiotic 

according to the disease, clinical case and phenotype of the patient;
•	 The probiotic properties should be considered in strain-dependent approach [31] 

and /or genus-specific [175] in case if the evidence on strain-specific effects is 
lacking;

•	 Using live microorganisms is essential for therapeutic efect (however, dead 
microorganisms also might demonstrate fair therapethic effect);

•	 Selection the ‘best’ strain for particular case (for example, the L casei strain has 
strongest properties in most characteristics);

•	 The higher effectiveness of multiprobiotics has not been finally proved – best 
“single strain” concept is preferrable for the personalized use;

•	 The dose should be at least 109 microbial bodies;
•	 Use of right prebiotics and right combination with probiotic;
•	 The appropriate route of delivering a probiotic drug (capsule, gel, novel encap-

sulation technologies);
•	 Crucially important is combination with a appropriate diet.

6.4.2 � Dose & Periodicity of Probiotics Treatments

The recent review of dose-responses of probiotics during studies and antiobe-
sity programs suggests that

•	 The studying higher doses for this end-point would be most worthwhile;
•	 the lack of a clear dose-response on lower doses (less than 108 CFU/day) [290];
•	 are lacking and may explain why a non-effective dose is not commonly identified
•	 evidence-based recommendations for treatment indications for probiotics sug-

gested the dose 109 or higher [19], in some cases dose can be increased;
•	 in a volunteer study by Larsen et  al. [106] the recovery was demonstrated in 

group receiving 1011 CFU/day of probiotic strain. High doses of probiotics in 
humans are well tolerated [291].

The recent findings suggested that the microbiome should be targeted during anti-
obesity programs, close interplay between nutritional modulation of gut microbiota 
for healthy aging. E.g., calorie restriction can effectively lengthen lifespan has 
health-promoting potential. However, these option should be treatly person-related. 
A correct selection of an optimal time-frame for intervention during antiobesity 
program is critical point effecting clinical success. In our study the metabolic disor-
ders (e.g., increased glucose, cholesterol levels) remained long after receiving FED, 
even on the standard diet.

R. Bubnov and M. Spivak



173

Recommendations on a probiotic treatment duration, breaks between sessions 
and dietary regime during and after treatment [292] have not been finalized.

The beneficial changes of both gut microbiome diversity and metabolism in 
obese humans under weight loss intervention were not sustained during weight 
maintenance (Heinsen et al. [42]).

6.4.3 � Recommendation for Probiotic Studies Design

The major of strains demonstrating beneficial properties for health in vivo have to 
be supposed to be clinically effective and chosen for further studies to be tested 
more precisely. This approach to choose appropriate strain would be helpful consid-
ering strong bias in the clinical trials.

Correlation between in  vitro and in  vivo assays in selection strains has been 
debated [174]. Some common in vitro tests in the selection of potential probiotic 
strains used globally include evaluation of resistance to gastrointestinal digestion, 
adhesion to cell lines and prokaryotic-eukaryotic co-culture for immunomodula-
tion. Some common in vitro tests in the selection of potential probiotic strains used 
globally include evaluation of resistance to gastrointestinal digestion, adhesion to 
cell lines and prokaryotic-eukaryotic co-culture for immunomodulation.

The associations between in vitro properties and potential probiotic application 
were hypothesized and illustrated [31]. The study by Larsen [293] indicates that 
pectins have a potential to protect probiotic bacteria of Lactobacillus species through 
the gastro-intestinal transit. Thus, pectins have a potential to improve survival of 
probiotic Lactobacillus species exposed to the gastro-intestinal stresses, and identi-
fies the features linked to their functionality [293].

Recent results indicated that Lactobacillus plantarum strains preferred to metab-
olize malic acid and reducing sugar in non-pH-adjusted juice (NJ, pH 2.65) [294].

Animal studies need to be closer to real digestion, focus on evironmental mod-
els over genetic as more realistic.

Microbiome data significantly improve the prediction accuracy for many human 
traits, such as glucose and obesity measures, compared to models that use only host 
genetic and environmental data [286].

Microbiome interventions improving clinical outcomes may be carried out 
across diverse genetic backgrounds [286]. Using algorithm integrating information 
of omics-based matrices [295] including study epigenetics transciptome, etc. [56, 
57]. more predictable for human intervention studies [174].

Novel protocols are needed to render the selection of potential future probiotics 
more rational and the fact that changes in gastric pH and gastric emptying along 
digestion [174], using parameters of the microbiota diversity, like Alpha and Beta 
diversity, (P/B) ratio, Firmicutes-to-Bacteroidetes (F/B) mycobiome, etc. [92–94].

Some concerns about these tests include the fact that changes in gastric pH and 
gastric emptying along digestion are difficult to mimic in simple in  vitro tests, 
unless more sophisticated approaches (for example, SHIME) should be used [174].
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Recently we discussed the role of Simulator of Human Intestinal Microbial 
Ecosystem (SHIME) to study diet and microbiota and suggested as follows [296]: 
(1) Direct coupling of the SHIME technology with cell culture models required for 
evaluation of the gut barrier and endothelial function; (2) Clinical intervention study 
with SGM sequencing data before and after defined diets implementation for 
chronic diseases treatment is necessary; (3) Comparison of SHIME integrated tech-
nology with results obtained on cells/animal experiments and in silico model data 
for evaluation of adequacy of pre-clinical and clinical tools for the following imple-
mentation of patient stratification strategy in health care system [296].

Using of preclinical imaging (in analogue with the setting in clinico) can 
strongly extend results of experiment.

The bacterial wall elasticity evaluation as a fast and accurate method to assess 
parameters of probiotic strains to predict their immune-modulatory properties.

According to our observations, strains with most pronounced immune-
modulatory properties demonstrate also a high efficacy in decreasing cholesterol 
levels, the correlation between in vitro – in vivo studies in decreasing cholesterol 
levels has been showed e.g., for L. casei IMV B-7280. There are examples of suc-
cessful clinical implementation [23].

Human Studies  – Personalized Approach for Microbiome-Modulating 
Interventions Needed for Searching Evidence

Many novel treatment although usual every day practice treatments found to be 
effective are still not supported by level-I evidence.

A case of probiotic research and the translation is a cornerstone to solve, possible 
only via changing health care and extensive public–private partnerships and regula-
tory bodies [297].

Importantly to consider appropriate designs for conducting, publishing, and 
communicating results of clinical studies involving probiotic applications in human 
participants [298, 299].

The recommendations of International Scientific Association for Probiotics and 
Prebiotics (ISAPP) [299] suggest to follow four recommendations to conduct clini-
cal studies of probiotic and/or prebiotic use: to define the end goal to reach a highest 
clinical effect and impact; design the study to maximize the chance of a positive 
response; choose which strain(s) and/or product should be used and why; and care-
fully select the study cohort.

•	 Nevertheless, it is realistic, that proper design of probiotic clinical trials is 
rather unfeasible or largely limited in large cohorts, especially done 
unpersonalized.

•	 Selection of most effective strain needs an effective research agenda for trans-
lation require high validity for prediction results in clinical set based on stud-
ies in vivo.

•	 Evidence might lack, when personalized approach (or at least individualized or 
person-centred) should be initially supposed, but not applied.

The recent advances in predictive, preventive, and personalized medicine (PPPM) 
open new era in utilization of the microbiome in human health for patient-tailored 
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preventative or early treatment measures. Personalized modulation of the microbi-
ome via nutritional and pre-, pro-, and post-biotic intervention, suppose dramatic 
increasing of their efficacy and level of evidence [8, 24, 39, 300].

We believe that a comprehensive approach for evaluating efficacy of probiotic 
strains on obesity model allows to select the strains for creation effective probiotic 
preparations for prevention and treatment of metabolic diseases, which could be 
recommended for further preclinical and clinical studies.

The microbiome-wide association studies, which are analogous to genome-wide 
association studies are the best option to follow up current research with multipa-
rameter stratification patients with MetS, including data of lipid, carbohydrates 
metabolism, antioxidant system, inflammatory response, etc. on the largest cohorts 
possible [301].

In order to achieve this ambitious goal a diagnostic and predictive panel with 
reliable model for stratification MetS is needed to be created via host profiling using 
dynamic monitoring of a set of translational biomarkers. A basic panel should 
include data of host’s sex, age, phenotype, and metabolic profile with estimation of 
levels of cholesterol, lipids, glucose, insulin resistance, uric acid, leptin, adiponec-
tin, plasminogen activator inhibitor-1, interleukin-6, −10, −12, −22, tumor necrosis 
factor-α, oxidized LDL, paraoxonase-1; imaging data on liver, kidney structure/
function, organs vascularity patterns, etc.

Microbiome biomarkers, those related to the etiological role of gut microbiota, 
like lipopolysaccharide binding protein (LBP), C-reactive protein (CRP), fasting 
insulin, and homeostasis model assessment of insulin resistance (HOMA-IR), and 
other host-associated factors influencing the gut microbiota.

Flammer syndrome biomarkers (including NO, endothelin-1, questionnaire 
data), physical activity patterns and a broad data on dietary experience [256–258] 
should be considered.

Gender aspects for the use of probiotics are unclear, immune response was 
reported to have differences in both sexes, as well as gut microbiota differ in men 
and women and its impact on insulin sensitivity, therefore women are considered to 
be less sensitive to gut microbiota-associated metabolic diseases than men, yet is 
efficacious in premenopausal women [302].

Imaging biomarkers using non-invasive imaging techniques, such as computed 
tomography (CT), magnetic resonance imaging (MRI), and US are largely undere-
valuated during micriobiome modulating. The information regarding colonic 
microbiota and the colonic mucosa; muscles and nerves, vasularisation continue 
microbiota-related inflammatory morphologic changes of tissues particular in the 
colon can be obtained.

Study of microbiome under stress, physical and psychical exercises should pro-
vide a source of potential biomarkers.

This early detection, stratification patients with MetS will support treatment and 
prevention via nutritional and lifestyle modulation.
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6.4.4 � Diet, Food and Prebiotics

Study of probiotics of consumption should be studied and implemented with strong 
agreement on beneficial and functional foods patterns implemented by personalized 
approach, provided by properly applied and interpreted dietary biomarkers, evi-
dence on probiotic-nutrients interactions and assessed with proper data collec-
tion tools.

The study should keep the focus on the potential increase in the efficiency and 
level of evidence through the use of potential effects of probiotic compositions 
(mixtures) detection the best strains and additional use of prebiotics.

The new definition of a prebiotic as ‘a substrate that is selectively utilized by 
host microorganisms conferring a health benefit’ opens an opportunity to test sub-
stances that were not previously considered as prebiotics and can be suggested for 
use with probiotic strains with synergized activity.

Using mathematical modeling, e.g.,Bayesian network analysis was used to 
derive the first hierarchical model of initial inactivity mediated deconditioning steps 
over time [205]; considering use of alpha, beta, and gamma diversities (alpha x 
beta  =  gamma) among the fundamental descriptive variables of ecology [303]. 
Shannon measures were shown to be the only standard diversity measures which 
can be decomposed into meaningful independent alpha and beta components when 
community weights are unequal [303].

6.4.5 � Legislative Issues of Microbiome

A successful translation of microbiome research is needed for recognition of the 
microbial effects of food products and their ingredients on health; relevant regula-
tions; and reliable products with clear consumer health [93].

The use of probiotics is governed by the guidelines of a number of organizations 
including WHO and Food and Agriculture organisation (FAO) [19], World 
Gastroenterology Organisation (WGO) [304], ISAPP [20, 26], European Food 
Safety Authority (EFSA) [21, 22], United European Gastroenterology organization 
(UEG) and EPMA [8, 23] and others. The legislative process is complex and has 
been recently criticized in particular for EU to be ‘adjudicate claims for probiotics 
is severely flawed, as has been stated by many outstanding scientists, companies and 
organisations’ [305]. Taking into account the expected rapid progress in conducting 
research on microbiomes and probiotics within the framework of predictive preven-
tive personalized medicine, it is necessary to combine interdisciplinary approaches.
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6.4.6 � Ethical Issues of Microbiome

All interventions should adhere World Medical Association’s Helsinki Agreement 
[306]. However, novel reality of microbiome study challenges new demands also in 
ethics [307], considering e.g., psychological aspects of personal identity the con-
cepts of “confidentiality” and “privacy”. In medical practice, including micriobiota 
study patients need preserve their medical history, diagnosis, and prognosis only to 
be shared among the health professionals who need it for providing care [308].

This is of great importance for the development of biobanks in the context of the 
study of probiotics and fecal transplantation [309, 310].

The task of translating human microbime research results into practical applica-
tions requires further understanding of the number of scientific, clinical, political 
and public interests and concerns [309].

Returning individual results in human microbiome research can provide a valu-
able clinical tool for patient care management, but highlight the need to address how 
to manage the processes ethically and consider contextual factors that may be 
unique to human microbiome research [309].

The issues highly relevant to microbiome biobanking were suggested [310] and 
should be addressed early on in microbiome research projects and also call for 
adjusting or developing new governance mechanism to better accommodate these 
changes: the nature of human microbiome samples and how different understand-
ings have an impact on benefit/risk evaluation, privacy, informed consent, and 
returning the result to participants [310].

6.4.7 � Business Model Aspect of Probiotic Use: Guarantees & 
Warranties of Quality of Probiotic Products

It has recently been reported that the content of many bifidobacterial probiotic prod-
ucts in the United States is different from the list of ingredients, sometimes at sub-
species level. Only one out of 16 probiotics perfectly matches its labels in all 
samples tested [311].

Given the development of sophisticated business models in personalized medi-
cine [312], probiotic treatment is strongly needed.
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Chapter 7
Selection of Prebiotic Substances 
for Individual Prescription

Oleksandra Pallah and Nadiya Boyko

Abstract  Prebiotics are substances, more often than not ineffectively metabolized 
polysaccharides and oligosaccharides, that cannot be ingested successfully by the 
creature. A prebiotic may be a nonviable nourishment component that confers a 
well-being advantage on the have related to the balance of the microbiota. They 
invigorate the development of intestinal probiotic microbes, which can utilize these 
carbohydrates, in this manner advancing the health of the living being. A prebiotic 
must make strides development of bifidobacteria and lactic corrosive microbes and 
can increment the antimicrobial movement of probiotics. As a result, it can be said 
that probiotic microscopic organisms utilize for the treatment of pathogenic micro-
scopic organisms with anti-microbials or their prebiotics and they repress the 
expression of destructiveness qualities by diverse instruments and metabolites. This 
review provides an insight on the current knowledge about the potential sources of 
plant-based prebiotics used in medicine.
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7.1 � Introduction

Healthy diet and nutrition are the very focus of the European Association for 
Predictive, Preventive and Personalised Medicine (EPMA), the main promoter of 
predictive, preventive, and personalized medicine (PPPM), and belong to the priori-
tized medical fields for long-term strategy of created multidisciplinary platform for 
progressing from “disease care” to “health care”: “advancing participatory medi-
cine”, “well-being” concepts, and integrated approach [1, 2].

Numerous studies demonstrated a bunch of data on the possibility of using pro-
biotics and prebiotics in medical practice (Table 7.1) [3].

Studies conducted in vitro and in vivo, including probiotics mechanism of func-
tion, intestine microbiota composition ecology, and metabolomic inquires about in 
respects to screening strains for clinical application are required to actualize person-
alized probiotic treatment in the clinical care and set important plans of clinical 
trials of specific strains [4, 5].

Clarification terms personalized/individualized for probiotics use is an important 
question [6] and also to establish correlations and associations between both 
approaches.

Probiotics could be useful in prevention of dental caries, respiratory tract infec-
tions, inflammatory bowel disease, and necrotizing enterocolitis [7]. Additional 
health benefits were reported to improve growth in healthy and malnourished per-
sons. However, the health promoting effects are dependent on strain type, dosing 
regimen, and patient’s individual responses [8].

The authors shows [9] that, on August 1, 2019, the ClinicalTrials.gov database 
contained 1341 studies which could be retrieved using the search term “probiotics”. 
For comparison, during this same period, “microbiota” yielded 2151 studies and 
“prebiotics” 342 studies. Registrations of clinical studies with probiotics registered 
in ClinicalTrials.gov has been stable with around 100 studies annually since 2010 
with a tendency to increase in numbers over the most recent years.

Identification of components of the microbiota and explenation of the molecular 
mechanisms of their action to induce pathological changes or exert beneficial, 
disease-protective activities could aid in our ability to influence the composition of 
the microbiota and to find bacterial strains and components (e.g., probiotics and 
prebiotics) the use of which can help in the prevention and treatment of diseases. 
The use of animal models to study the role of microbiota in human diseases allows 
the development and maintenance of chronic diseases [10, 11].

The prebiotic concept reflects follow-up developments built up on a broad probi-
otic acceptance and achievements in the area [12]. Further, prebiotics became 
included in the concept of functional and fermented foods synergistically demon-
strating greater benefits compared with their individual microbial, nutritive, or bio-
active components. Their relevance for the field of human nutrition and urgent 
necessity for inclusion into national and international dietary guidelines has been 
proposed [13]. The dedicated International Scientific Association for Probiotics and 
Prebiotics (ISAPP) expert group has proposed the definition of prebiotic as Ba 

O. Pallah and N. Boyko

http://clinicaltrials.gov/
http://clinicaltrials.gov/


199

Table 7.1  Studies of the effects of probiotics on indicators of obesity

References Subject of study Study population Duration Results

Wang et al. 
(2019b)

Effect of probiotics 
on body weight and 
glycaemic control

Meta-analysis of 12 
studies (416 subjects 
given placebo and 
405 given probiotics)

8–24 weeks Significant ↓ in BW, 
BMI, FM (%), and 
insulin levels in the 
probiotic group

Çelik and 
Ünlü Söğüt 
(2019)

Impact of probiotic 
supplementation on 
chemerin level, 
inflammation, and 
metabolic syndrome 
parameters

3 groups: Control, 
obese rats fed 
high-fat diet, and 
obese intervention 
given probiotics post 
obesity induction

16 weeks ↓ weight gain, and 
beneficial effects on 
insulin, fasting blood 
glucose, inflammatory 
markers, leptin, and 
chemerin levels

Qian et al. 
(2019)

Dietary therapy 
may alter the 
function and 
composition of 
microbes

4 groups: HFD, DI 
low-fat diet, HFD 
with probiotic 
(Lactobacillus 
acidophilus, 
Bifidobacterium 
longum, and 
Enterococcus 
faecalis), and DI 
with probiotic groups

4 months In the group probiotics 
with DI: ↑ 2 Butyrate 
producing families 
(Ruminococcaceae 
and Lachnospiraceae)

Krumbeck 
et al. (2018)

Bifidobacterium and 
galacto-
oligosaccharides

114 subjects 3 weeks ↓ inflammation and 
improvement in 
intestinal permeability

Park et al. 
(2017)

Lactobacillus 
plantarum

Mice 12 weeks ↓ adiposity through 
lipid oxidation

Liu et al. 
(2017)

Bacteroides 
thetaiotaomicron

Mice and human 
obese and control 
groups

7 weeks ↓ total fat mass and 
weight gain in HFD 
with probiotic

Brooks et al. 
(2016)

Fermentable 
carbohydrate inulin

Mice 14 weeks Suppression of 
peptide YY by 87%

Dao et al. 
(2016)

Akkermansia 
muciniphila

49 obese adults 6 weeks Improvement of 
insulin resistance and 
metabolism

Schneeberge 
et al. (2015)

Akkermansia 
muciniphila

Mice 16 weeks ↓ inflammation and 
adiposity

Osterberg 
et al. (2015)

Mixture of 
lactobacilli, 
streptococcus, and 
Bifidobacteria

20 healthy males in 2 
groups: HFD versus 
HFD with probiotics

4 weeks Less weight and fat 
mass gain in HFD 
with probiotics

Plaza-Diaz 
et al. (2014)

Lactobacillus 
paracasei, 
Bifidobacterium 
breve, and 
Lactobacillus 
rhamnosus or 
mixture

Mice 30 days ↓ triacylglycerol liver 
content (mixture with 
Lactobacillus 
rhamnosus, 
Bifidobacterium 
breve), ↓ serum LPS 
levels

↓ decrease, ↑ increase, BW body weight, BMI body mass index, DI dietary intervention, FM fat 
mass, HFD high-fat diet, LPS serum levels of lipopolysaccharide
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substrate that is selectively utilized by the host microorganisms conferring a health 
benefit [14] that opens an opportunity to test the prebiotic properties and corre-
sponding health benefits for previously unconsidered broad spectrum of substances. 
As potential candidates, for example, fenugreek [15], gold-based nanomateri-
als [16].

The authors [17] described the possibility of using biologically active substances 
of plant origin (flavonoids, phenols) to effectively combat COVID-19-associated 
complications in primary, secondary, and tertiary care in the context of 3 PM Plant 
phenols are well-known antibacterial agents while the suggested antibacterial 
mechanisms enhance attenuation of pathogenicity and inhibition of: nucleic acid 
synthesis, cytoplasmic membrane function, attachment and biofilm formation, cell 
membrane porin, energy metabolism, and membrane permeability [18–20].

7.2 � New Era of Prebiotics

Recent advances in microbiome science have opened new frontiers in the study of 
probiotics and prebiotics. New types, new mechanisms and new applications that 
are currently being studied can change the scientific understanding and application 
of these measures in nutrition and health.

Mechanisms of action of probiotics and prebiotics are complex, diverse, hetero-
geneous, and often strain- and compound-specific. Although much has been 
described, much remains to be understood, especially the structural and functional 
interpretations of the observed health effects and long-term consequences [21–23]. 
Currently, a narrow range of confirmed prebiotic substances exists, with galactans 
and fructans (e.g., inulin) dominating the market. The desire to stimulate a wider 
symbiotic biota has led to the development of new candidates for prebiotic com-
pounds [24]. Some polyphenols have been shown to have prebiotic potential, such 
as cranberry-rich extracts stimulating A. muciniphila [25], or to provide antimicro-
bial action against pathogens [26].

In the future, prebiotics will likely be isolated from novel sources as focus on 
sustainability, cost, and scale emerges [27]. Future prebiotic compounds may also 
be chemically or structurally modified by the application of sonication, high pres-
sure, acid, enzyme and oxidation treatments, in order to modify functionality. 
Further, unique combinations of prebiotics in optimized mixtures may provide the 
ability to create new profiles of benefits [28].

As of December 2020, there were 245 registered clinical trials (ClinicalTrials.
gov) which have completed evaluation of prebiotics (alone or in combination with 
probiotics) on aging, autism, bariatric surgery, colic, colon cancer, atopic dermatitis, 
constipation, diarrhea, infant growth, irritable bowel syndrome (IBS), obesity, and 
other conditions. The number of studies and investigational targets are suggestive of 
significant investment in the development of prebiotics as bioactive ingredients or 
supplements for a range of potential applications.

O. Pallah and N. Boyko
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During the most recent decade, several papers have proposed alternative defini-
tions of prebiotics, with broader scope in order to better integrate emerging 
microbiome-modulating compounds [29, 30]. In particular, the requirement of 
“selective use” by a limited number of species or genera has been questioned 
(despite the general consensus on the contrary in the literature). The reason is that 
according to recent microbiome studies, the decisive factor is not the ability of pre- 
and probiotics to stimulate certain species of microorganisms, but their ability to 
normalize the ratio of the main species and genus.

7.3 � NANO Prebiotics

Over the last few years, the application of nanotechnology to nutraceuticals has 
been rapidly growing due to its ability to enhance the bioavailability of the loaded 
active ingredients, resulting in improved therapeutic/nutraceutical outcomes.

Within the different definitions of nanomaterials, these can be described as the 
products of nanotechnology, characterized by at least one dimension within the size 
range below 100 nanometers [31–33].

There is a significant and growing interest in nanoparticles in both scientific and 
non-scientific circles since the former are used in food and non-food products. The 
versatility of new nanoparticle applications makes them potentially harmful in the 
food industry, healthcare, and environment, and thus requires the development of 
nanonutraceuticals from such nutrients as antioxidants, vitamins, fatty acids, fibers, 
probiotics, and prebiotics. The article [34] reveals the antimicrobial effect of silver 
and titanium dioxide nanoparticles on the growth of opportunistic bacteria and their 
interaction with the probiotic strains of L. casei ATCC 39392, L. plantarum ATCC 
8014, and L. fermentum ATCC 9338.

In another study, a prebiotic formulation comprising Pediococcus acidilactici 
and phthalyl dextran nanoparticles with antimicrobial potentials was developed 
[35]. The investigators conjugated phthalic anhydride with dextran in the process 
and establish that phthalyl dextran nanoparticles were internalized by probiotics 
predicated on time, temperature, and glucose transporters, enhancing antimicrobial 
peptides product and antimicrobial exertion while adding good bacteria in mice 
through self- defense process compared with probiotics themselves.

Although little are the studies conducted purely on nano prebiotics, yet develop-
ment of whey protein isolate/inulin nano complexes with prebiotic effects, and as a 
delivery system for various probiotics in food products [36], and the use of chitosan 
as a nanoencapsulation of L. acidophilus for enhanced viability and survival against 
gastrointestinal conditions are all current applications of nanotechnologies to 
prebiotics.

The authors [37] investigated the effectiveness of nanocerium compounds as a 
new prebiotic. The article studied cerium dioxide compounds in the composition 
with prebiotic strains and their effect on the intestinal microbiota in obese mice. The 
study demonstrated a positive effect of the Lactobacillus and Bifidobacterium 
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strains (probiotics), if they contain nanocerium (a potential prebiotic), on lowering 
cholesterol and restoring intestinal microbiota in obese mice. The results presented 
provide a new understanding of food additives mechanisms and open new perspec-
tives for the use of probiotics in combination with the substances that demonstrate 
prebiotic properties benefiting the health of the host.

7.4 � Prebiotics of Plant Origin

Previously, prebiotics were considered an indigestible dietary fiber having some 
biological effects, including selective stimulation of growth and biological activ-
ity of beneficial microorganisms present in or introduced into the intestine thera-
peutically. Herewith, probiotics in functional foods are mainly found in dairy 
products. However, there is a need to develop non-dairy probiotics and fiber-free 
prebiotics.

According to the new definition of prebiotics, polyphenols and fatty acids may 
be included in this group together with some peptides catabolized by bacteria to 
active ingredients. Even inorganic materials (namely trace elements needed for bac-
terial growth) that are used externally and internally can be considered prebiotics.

The traditional prebiotics can be divided into three major groups different as 
regard their chemical composition, the constituent units and the glycosidic bonds 
and involving oligosaccharides (fructooligosaccharides (FOS), galactooligosaccha-
rides (GOS), xylooligosaccharides (XOS), isomaltooligosaccharides (IMO), raffi-
nose oligosaccharides (RFOS) man-mannooligosaccharides (MOS), isomaltulose, 
inulin, etc.) fibers (β-glucans, pectins, cellulose, dextrins, etc.) and polyols (xylitol, 
mannitol, lactitol lactulose) [38].

The function of a prebiotic ingredient is particular stimulation of certain intesti-
nal bacteria, particularly lactic acid producing microorganisms similar as 
Bifidobacteria and Lactobacilli, occupant in the gut rather than introducing an exog-
enous species. The prebiotic composites can be classified grounded on their chemi-
cal nature, chain length or degree of polymerization(DP), mode of operation, etc. 
Depending on the chemical nature, prebiotic composites are classified into three 
types saccharide derivations(disaccharides, oligosaccharides and polysaccharides), 
proteins or peptides, and lipids [39]. Most of the prebiotics used as food adjuncts are 
saccharide derivatives and mainly from plants. This family of compounds includes 
several oligosaccharides (namely fructo-, gluco-, galacto-, isomalto-, xylo-, and 
soy-oligosaccharides), inulin, lactulose, lactosucrose, guar gum, resistant starch, 
pectin and chitosan. Сereals and legume crops like barley, wheat, chickpea and 
lentils are potential plant sources for prebiotic carbohydrates; vegetables like chic-
ory, Jerusalem artichoke, onion, garlic, okra, and leek; and fruits like dragon fruit, 
jackfruit, palm fruit, nectarine and mushroom [40–47].

Today, there is evidence of the possibility of using not only inulin and chitosan 
as new generation prebiotics, but also other oligosaccharide compounds that are 
sources of carbon. For example, Table 7.2 presents promising biologically active 
compounds that can be used as prebiotics [48].
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Table 7.2  Potential prebiotic carbohydrates

Soybean oligosaccharides Mannan oligosaccharides (yeast cell wall)

Gluco oligosaccharides Lactose
Cyclodextrins Resistant starch and derivatives
Gentiooligosaccharides Oligosaccharides from melobiose
Germinated barley foodstuffs N-acetylchitooligosaccharides
Oligodextrans Polydextrose
Glucuronic acid Sugar alcohols
Gentiooligosaccharides Konjac glucomannan
Pectic oligosaccharides Whole grains

There are even noncarbohydrate food ingredients that have potential to be classi-
fied as prebiotics, including lactoferrin, phenolic compounds (e.g., flavonoids), and 
glutamine. To date, however, little research has been done on any of those 
compounds.

Concurrently, the presence of prebiotics and their intake helps the growth of 
beneficial bacteria, consequently limiting the pathogenic bacteria diffusion and 
colonization, so that they in turn join forces for the prevention of infections.

7.5 � Pro-and Antibacterial Properties of Polyphenols 
and Anthocyanins In Vitro

Based on the determined gross content of anthocyanins and polyphenols and quan-
titative anthocyanins content in extracts, their ability to inhibit the growth of oppor-
tunistic bacteria of E. faecium Ке-01, S. aureus Кs-01, K. рneumoniae К-01, 
P. aeruginosa Кр-01, E. coli EPEC, and E. сloacae Кс-01 clinical isolates was stud-
ied. The ability of fruit/berry extracts to inhibit opportunistic bacteria growth was 
studied in dynamics, that is with different duration (4, 14, and 24 h) of cultivation in 
the studied extracts.

The strains of K. pneumoniae К-01, E. cloacae Кс-01, P. aeruginosa Кр-01, 
S. aureus Кs-01, and E coli Ksh-01 were sensitive to the impact of the cherry plum 
extract already after 4 h of cultivation: their number significantly decreased com-
pared to the control sample. After 14 h of incubation, no growth was observed in all 
tested cultures except K. pneumoniae К-01, though the number of its living cells 
also decreased. After cultivation of the selected bacterial strains in the medium con-
taining the extracts for 24 h, there were no viable cells of K. pneumoniae К-01, 
E. cloacae Кс-01, P. aeruginosa Кр-01, S. aureus Кs-01, and E. coli Ksh-01.

The K. pneumoniae К-01, E coli Ksh-01, and P. аeruginosa Кр-01 strains were 
insensitive to the impact of the cherry plum extract after their cultivation for 4 h. 
The studied extract demonstrated an antibacterial effect on the strains of E. cloacae 
Кс-01 and S. aureus Кs-01.

After cultivation for 14 h in the presence of the sweet cherry extract, there was 
an inhibition of growth of all tested strains and no growth of E. cloacae Кс-01 and 
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S. aureus Кs-01 strains. After 24  h of incubation, there was no growth of all 
microorganisms.

Only the P. aeruginosa Кр-01 strain was insensitive to the plum extract impact 
after 4 h of cultivation. The remaining tested strains were sensitive to the extract. 
There was an absence of growth of the S. aureus Кs-01, E. cloacae Кс-01, and 
K. pneumoniae К-01 strains observed already after their 14-h cultivation. The most 
resistant to the plum extract impact was the E coli Ksh-01 strain, which stopped 
growing only after cultivation for 24 h.

The strains of S. aureus Кs-01, E. сloacae Кс-01, and K. pneumoniae К-01 were 
sensitive to the impact of the jostaberry extract. Their growth inhibition was 
observed after 4 h of their joint cultivation while after cultivation for 14 h, there was 
no growth of the studied strains. The jostaberry extract turned to be less effective 
against the strains of P. aeruginosa Кр-01 and E coli Ksh-01: its antibacterial effect 
could be observed only after cultivation for 24 h.

The red currant extract had a weak antibacterial effect on E. cloacae Kc-01 and 
K. pneumoniae K-01. After 14 h of incubation, the number of viable cells of P. aeru-
ginosa Kr-01, K. pneumoniae K-01, and E. cloacae Ks-01 significantly decreased.

The strains of P. aeruginosa Кр-01, K. pneumoniae К-01, S. aureus Кs-01, and E 
coli Ksh-01 were sensitive to the impact of the blueberry extract; there was an inhi-
bition of their growth observed after 4 h of incubation. The E. cloacae Кс-01 strain 
was resistant to this extract. The number of bacteria did not change after 14 and 24 h 
of incubation, but was still lower than that after the 4-h incubation; thus, there was 
a bacteriostatic effect.

The study of antibacterial properties of berry extracts against the strains of 
K. pneumoniae Rk-01, S. aureus Rs-01, P. aeruginosa Rp-01, E. cloacae Re-01, 
Y. рseudotuberculosis Ry-01, S. оdorifera Rs-01, S. marcescens Rm-01, and P. agglo-
merans Ra-01 isolated from the surface of edible plants and fruits was a sepa-
rate stage.

Analysis of the results (Table 7.3) of identification of berry extracts’ antibacterial 
properties revealed the fact that they have a strong inhibitory effect on the bacteria 
isolated from the surface of edible plants. The results of the antibacterial effect 
evaluation are presented in the form of a logarithmic ratio.

The strains of K. pneumoniae Rk-01, S. aureus Rs-01, P. aeruginosa Rp-01, 
E. cloacae Re-01, Y. рseudotuberculosis Ry-01, S. оdorifera Rs-01, S. marcescens 
Rm-01, and P. agglomerans Ra-01 were most sensitive to the impact of the cherry 
plum, sweet cherry, and black currant extracts. Inhibition of their growth was 
observed already after 14  h of cultivation in the medium containing the above 
extracts. After 24 h of cultivation, there was no growth of all the above strains. The 
strains of K. pneumoniae Rk-01, E. cloacae Re-01, and Y. pseudotuberculosis Ry-01 
were more resistant to the extracts of jostaberry, red currant, plum, and blueberry 
compared to the extracts of cherry plum, sweet cherry, and black currant. After cul-
tivation for 24 h, the number of viable cells decreased by six orders of magnitude, 
but the extracts could not completely inhibit the above bacteria’s growth [49].
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Table 7.4  Lactobacilli viability after cultivation with various extracts for 14 and 24 h

Extracts

L. acidophilus 
С-01

L. acidophilus 
С-02

L. acidophilus 
С-03

L. acidophilus 
С-04

14 h 24 h 14 h 24 h 14 h 24 h 14 h 24 h

Prunus cerasifera −1.04 −1.04 −0.76 −1.04 −1.04 −1.04 −0.4 −1.04
±0.5* ±0.5* ±1.4 ±0.79 ±1.7 ±0.19* ±0.25* ±0.17*

Ribes x 
nidigrolaria

−0.58 −0.46 −0.63 −0.01 −0.4 +0.01 −0.4 +0.05
±1.1 ±1.1 ±0.5 ±0.5 ±0.35 ±0.3 ±0.2* ±0.3

Prunus avium −0.09 −0.27 −0.24 −0.09 −0.57 +0.01 −0.34 −0.09
±0.79 ±0.5 ±1.1 ±0.26 ±0.3* ±0.29 ±0.42 ±0.4

Ribes nigrum −0.63 −0.43 −0.43 −0.01 −0.01 +0.05 −0.4 −0.34
±0.5 ±0.76 ±0.5 ±0.5 ±0.35 ±0.28 ±0.38 ±0.57

Ribes rubrum −0.61 −0.65 −0.09 +0.02 −0.82 −0.75 −0.09 −1.04
±0.5 ±1.2 ±0.26 ±0.5 ±0.5* ±0.17* ±0.38 ±0.45*

Vaccinium 
myrtillus

−0.4 +0.05 −0.52 −0.09 −0.4 +0.05 −0.4 +0.06
±0.83 ±0.5 ±0.29* ±0.29 ±0.35 ±0.5 ±1.0 ±0.92

Prunus domestica −0.18 +0.05 −0.06 −0.09 −0.09 −0.06 −0.06 −0.09
±0.2 ±0.5 ±0.26 ±0.29 ±0.5 ±0.5 ±0.78 ±0.38

Notes: *There is a statistically significant confirmation of the inhibitory effect of the extract 
(p < 0.05)
lg (Nt/N0) for strains L. acidophilus С-01, L. acidophilus С-02, L. acidophilus С-03, L. acidophilus 
С-04, 14, 24 h of cultivation

The ability of fruit extracts to stimulate lactobacilli growth was studied on four 
Lactobacillus acidophilus strains (L. acidophilus С-01, L. acidophilus С-02, L. aci-
dophilus С-03, L. acidophilus С-04), which were previously isolated from a healthy 
person’s intestine and stored in the Museum of Cultures of the Scientific Research 
and Educational Center of Molecular Microbiology and the Immunology of Mucous 
Membranes, Uzhhorod National University [50].

The ability of cherry plums, sweet cherries, black and red currants, plums, and 
jostaberries extracts was studied via cultivation of the L. acidophilus strains in the 
studied extracts with different exposure times: 14 and 24 h (Table 7.4).

The ability to stimulate the L. acidophilus C-01 strain’s growth was observed in 
all extracts except the cherry plum extract. In addition, the jostaberry extract stimu-
lated the growth of two more strains: L. acidophilus C-04 and L. acidophilus C-02.

The blackcurrant extract stimulated L. acidophilus C-03 growth. Red currant 
berries demonstrated probacterial properties against L. acidophilus C-02. The sweet 
cherry extract had an ability to stimulate L. acidophilus C-03, L. acidophilus C-02, 
and L. acidophilus C-04 growth.

The plum extract had the best probacterial properties. It stimulated the growth of 
all tested lactobacilli strains: L. acidophilus С-03, L. acidophilus С-04, L. acidophi-
lus С-02, and L. acidophilus С-01.

The quantitative data on extract composition demonstrated that the spectrum of 
anthocyanin and polyphenol compounds is narrower in fruit/berry extracts of the 
Prúnus genus plants than in the Ribes genus plant extracts. However, according to 
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the experimental data, plum and sweet cherry extracts can better stimulate the 
growth of probiotic bacterial strains.

We have also noted blueberries’ ability to stimulate the growth of all selected 
LAB strains; nevertheless, we had previously found that they inhibit the growth of 
human commensal microbiota.

Interestingly, the extract of cherry plum, which has significant antibacterial prop-
erties against opportunistic bacteria, is unable to stimulate the growth of the L. aci-
dophilus C-01, L. acidophilus C-02, L. acidophilus C-03, and L. acidophilus C-04 
strains.

7.6 � Determination of Minimum Inhibitory Concentrations 
of Edible Plant Extracts on Bacterial Strains Isolated 
from Medical Equipment Surfaces and Bacterial Strains 
Isolated from Plant Surfaces

Taking into account the results of the study of antibacterial properties of extracts, 
we determined the minimum inhibitory concentrations of extracts of plums, red and 
black currants, blueberries, cherries, and yoshta, which were observed inhibition of 
growth of the studied strains.

The study found that growth inhibition of Y. pseudotuberculosis Ry-01 was 
observed at a concentration in the medium of yoshta extract of 0.0002 mg/ml. The 
value of the minimum inhibitory concentration of yoshta extract at which it had an 
antibacterial effect against K. pneumoniae Rk-01, S. aureus Rs-01, P. aeruginosa 
Rp-01, E. cloacae Re-01, S. odorifera Rs-01, S marcescens Rm-01, P. agglomerans 
Ra-01 was 0.02 mg/ml. Minimum inhibitory concentrations of the extract against 
strains of E. faecium Ke-01, S. aureus Ks-01, K. pneumoniae K-01, P. aeruginosa 
Kp-01, E. cloacae Ks-01, E. coli Ksh-01, were in in the range from 0.02 to 0.2 mg/ml.

The minimum inhibitory concentration of plum extract for all strains isolated 
from plant surface, except Y. pseudotuberculosis Ry-01, was 0.0002 mg/ml, indicat-
ing the high ability of such an extract to inhibit the growth of this strain. The anti-
microbial effect of the extract on the strain Y. pseudotuberculosis Ry-01, was 
observed at its concentration of 0.04 mg/ml. Analyzing the inhibitory properties of 
plum extract against clinical strains of E. faecium Ke-01, S. aureus Ks-01, K. pneu-
moniae K-01, P. aeruginosa Kp-01, E. cloacae Ks-01. E. coli Ksh-01, we found that 
the value of the minimum inhibitory concentration of plum extract was 0.002 mg/
ml, which also indicates a significant antibacterial effect.

Under the action of black currant extract on the microorganisms we tested, both 
on clinical strains and bacteria isolated from the surface of edible plants, the MIC 
was 0.02 mg/ml.

Under the action of the cherry extract on test microorganisms, an inhibitory 
effect was observed on the growth of P. aeruginosa Rp-01 (0.002 mg/ml), S. aureus 
Rs-01 (0.02 mg/ml), which were isolated from the plant surface. For clinical strains 
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of K. pneumoniae K-01, the minimum inhibitory concentration was 0.04 mg/ml. For 
the remaining strains, the MIC was 0.2 mg/ml.

Under the action of the plum extract on the tested bacterial strains, the inhibitory 
effect was observed against clinical strains of P. aeruginosa Kr-01 (0.0002 mg/ml), 
S. aureus Ks-01 (0.02 mg/ml), E. cloacae Ks- 01 (0.04 mg/ml), K. pneumoniae K-01 
(0.2 mg/ml). In relation to bacteria isolated from the plant surface, the extract was 
effective at maximum dilution, namely, 0.0002 mg/ml.

Under the action of red currant extract on the microorganisms we tested, an 
inhibitory effect was observed against P. aeruginosa Kr-01 (0.002 mg/ml), S. aureus 
Ks-01 (0.002  mg/ml). In relation to the remaining tested bacteria, the inhibitory 
effect of the extract was manifested at a concentration of 0.2 mg/ml.

The minimum inhibitory concentration of blueberry extract for all clinical iso-
lates was 0.02 mg/ml. The MIC of the extract for bacteria isolated from the surface 
of edible plants and fruits was 0.0002 mg/ml.

We showed that only blueberry extract had a different inhibitory effect on all test 
strains that were isolated from different biological niches. That is, such an extract is 
more effective in eliminating bacteria isolated from food.

7.7 � Application of Plum Extract as a Prebiotic Component 
of Biopreparations

The influence of the plum’ (Prunus domestica) extract on the human cells culture 
had been investigated since its ability to inhibit the biofilm formation by various 
bacterial agents of opportunistic infections.

Further explotation of these beneficial properties are possible if case the absence 
of the toxicity. Thus the direct injection of the extract to the culture fluid of new-
borns dermal fibroblasts had been performed to detect their toxicity level. The 
explosion time was correspondingly 0 (control), 24 and 48 h [51].

Figure 7.1 is demonstrating screens of systems “plum’ extract – cells culture” in 
the concentration 0.002, 0.02 mg/ml, and the control (CarlZeiss, Germany).

Fig. 7.1  The results of 
determining the minimum 
inhibitory concentration of 
plum extract on the growth 
of bacteria isolated from 
the plant surface
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Concentration, mg/ ml 0 h 24 h 48 h

0,002

0,02

Control

Fig. 7.2  Photographs of the system “sample plum extract - cell culture“at the beginning of the 
experiment, after 24 and 48 h, absolute length 400 μm

Fig. 7.3  Chromatogram of plum extract at two wavelengths, (λ = 270 and 510 nm)

Analysis of all obtained images showed that at a concentration of 0.002 mg/ml 
plum extract did not show toxic effects on dermal fibroblasts of newborns. However, 
the plum extract in the concentration of 0.02 mg/ml, the effect of this extract on 
dermal fibroblasts of newborns led to their death after 48 h of cultivation (Fig. 7.2).

Furthermore the culture fluids (plum extract and cell culture medium containing 
the extract) at two different concentrations – of 0.002 and 0.02 mg/ml, was investi-
gated by high performance liquid chromatography (Fig. 7.3).
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Fig. 7.4  Component content of culture fluid and ANOVA analysis. Note: MED – control of the 
experiment, H – extract concentration 0.002 mg/ml, C – extract concentration 0.02 mg/ml

According to the obtained results, the chromatogram at defined length λ = 270 nm 
was more informative and revealed the component composition of plum extract 
(Fig.  7.4). ANOVA analysis had been performed to demonstrate the statistically 
proved differences.

As you can see on the Fig. 7.3 the significant difference between the control and 
test samples in the content of lactose and glutamate had been registered.

No lactose or galactose content was detected after 24 h of cultivation. A rapid 
increase in lactose and glutamate was observed after 48 h of cultivation, but their 
level was significantly lower than in control samples.

The experimental values of the levels of glucose, calcium and potassium ions did 
not differ much from the values obtained in the control samples. Under the action of 
plum extract on fibroblast cultures when diluting the extract 0.02 mg/ml for 24 h of 
cultivation, the density of the monolayer is higher than in the control, but after 48 h 
of cultivation there is a sharp decrease in fibroblasts (or monolayer density), indicat-
ing inexpediency plum extract in this dilution.
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In particular, a sharp increase in the level of glutamate was recorded, which is 
logical, because glutamate synthesizes proline, the part of the main connective tis-
sue protein – collagen. Accordingly, the increase in glutamate in the culture fluid 
indicates their deficiency in the fibroblasts. In general, this experiment allows us to 
assess the safe for cells concentrations of plum extract and the time limits of its 
usage [52].

Principles of designing the modern pharmabiotics for the individual application.
In the pharmaceutical market the wide range of probiotic, prebiotic, synbiotics 

and a variety of biologically active additives available. One of the main problems of 
their sufficient exploitation is controversial data for their efficacy no or limited 
cohort testing available [53].

According to the principles of modern (3P) medicine, individualized selection of 
any preparations and in particular newly created biological products prescribed for 
the prevention and treatment of human NCD are required.

Based on the systemic biology approach, the same disease is differ in symptoms 
and recovering ratio in various patients. It is known that the combination of probi-
otic and also the prebiotic biologically active substance as the bio-preparations’ 
component significantly modulate its multifaceted action. Therefore, the issue of 
development of modern pharmaceuticals on the basis of 3P medicine is relevant tool 
in order to increase the efficacy of individual biopreparations’ application.

Taking into account our experimental data on the strain-specific pro-bacterial or 
antibacterial properties of the edible plants’ (extracts) combine with clinically 
proved ability to inhibit biofilm formation, we first time demonstrate that they can 
be served as a novel prebiotic component of the modern pharmaceuticals [54].

This idea had been partially tested by using some known biopreparations used 
for the normalization of gut microbiota namely Enterogermina® (Bacillus clausii), 
Lactovit forte® (Bacillus coagulans), Enterol® (Saccharomyces boulardii). The 
selection of biopreparations aimed to achieve the difference of the microbiota com-
positions (in the content of the active bases).

The changes of antibacterial efficacy against the tested strains of clinically iso-
lated opportunistic pathogens had been investigated under condition of modulated 
experimental induction of their “proficiency” with studied plant extract.

Table 7.5 shows that these biological additives (preparations) are capable selec-
tively inhibit the growth of the bacteria – the agents of potential intestinal disorders.

Lakely, Enterogermina, Lactovit and Enterol 250 do not inhibit the growth of 
K. pneumoniae and S. aureus Z03, and Enterogermina does do not inhibit the growth 
of P. aeruginosa. Lactovit and Enterol 250 also do not inhibit the growth of S. aureus, 
E. coli lac-.

Since plum extract showed the strongest ability to inhibit biofilm activity with no 
any toxicity at a concentration of 0.002 mg/ml we used it to induce/redesign a new 
biological product with stronger antibacterial properties since its possible synergy.

The Table 7.6 shows the data obtained confirming the increase in the effective-
ness of the composition of Enterogermina® together with anthocyanins extracted 
from plum berries.
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Table 7.6  Changed spectrum of action of plum extract combined with Enterogermina® and their 
compositions

Bacterial strains, agents of 
opportunistic infections, 
clinical isolates

Plum extract, 
0.002 mg/ml Enterogermina®

Composition of plum 
extract and Enterogermina®

S. aureus Z03 + − +
K. рneumoniae Z02 + − +
P. aeruginosa Z01 + − +
E. coli lac− Z07 + + +
E. сloacae Z04 − + +

Note: Tested concentration 1·108, “−” − inhibition activity ~107 CUO/ml, “+” − inhibition 101–103

Table 7.5  Activity spectrum of the biologically active additives – probiotics: Enterogermina®, 
Lactovit forte®, Enterol®

Clinical isolates
Enterogermina® 
(Bacillus clausii)

Lactovit forte® 
(Bacillus coagulans)

Enterol® (Saccharomyces 
boulardii)

S. aureus Z03 − − −
K. рneumoniae 
Z02

− − −

P. aeruginosa 
Z01

− + +

E. coli lac− Z07 + − −
E. сloacae Z04 + + +

Note: Tested concentration 1·108, “−” − inhibition activity ~107 CUO/ml, “+” − inhibition 101–103

It was shown that plum extract was effective against strains of S. aureus Z03, 
K. pneumoniae Z02, P. aeruginosa Z01, E. coli lac-Z07, and the Enterogermina® – 
against K. pneumoniae Z02, E. cloacae Z04, while their composition consisting of 
plum extract at a concentration of 0.002 mg/ml and the Enterogermina® were active 
against all the tested clinical strains – S. aureus Z03, K. pneumoniae Z02, P. aerugi-
nosa Z01, E. coli lac- Z07, E. cloacae Z04.

Given that plum extract is able to enhance the spectrum of antibacterial proper-
ties of the industrial drug “Enterogermina“, we have developed new biological 
products based on the author’s strains of lactobacilli and plum extract.

The design of the biological product was performed in collaboration with Albert 
Kristanov, Plovdiv, Bulgaria and the company “SELUR Pharma” (http://www.
selur-pharma.com/ru/about.html). Deposited, authorial strains of lactobacilli were 
selected as the probiotic basis: L. plantarum A, L rhamnosus S25, L. delbrueckii 
subsp. bulgaricus S19, provided by SELUR Pharma, and strains of lactobacilli 
whose genome was sequenced, followed by depositing strains in the depository of 
the Institute of Microbiology and Virology named after D.K. Zabolotny National 
Academy of Sciences of Ukraine: L. paracasei IMB B-7483, L. plantarum IIB 
B-7414, L. casei IMV B-7412, L. plantarum IMV B-7413. These strains are included 
in the registered pharmabiotics BioMecombi 10 + 1™.
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In the design of new biological products in which plum extract is combined with 
different strains of lactobacilli, the selection of the probiotic component was based 
on the results of previous studies [55]. Thus, we have previously shown that lacto-
bacilli L. paracasei IMB B-7483, L. casei IIB B-7412 and L. plantarum IMB B-7414 
have hypocholesterolemic activity, reduce glucose, low-density lipoprotein in serum 
in experimental obesity in rats. We also selected three strains of lactobacilli by the 
method of co-cultivation, which were characterized by high selective antagonistic 
activity against streptococcal and staphylococcal strains and significantly inhibitory 
efficacy against opportunistic enterobacteria and Candida – the dominant pathogen. 
Therefore, in the course of the study we developed three types of composite biologi-
cal products for the treatment of caries, periodontal inflammation and chronic 
inflammation (obesity and type 2 diabetes). The possible combinations of lactoba-
cilli strains in the amount of 1·108 CFU/ml of each strain (probiotic component) and 
plum extract (prebiotic component). To facilitate the treatment of caries, the most 
effective is the composition of strains of L. paracasei IMB B-7483, L. plantarum 
IMB B-7414, L. casei IMV B-7412, L. plantarum IMV B-7413 and plum extract at a 
concentration of 0.002 mg/ml; in inflammation of periodontal tissues will be effec-
tive use of the composition of strains of L. plantarum IMB B-7414, L. plantarum 
IMB B-7413, L. casei IMB B-7412 and plum extract at a concentration of 0.002 mg/
ml, and in obesity and type 2 diabetes the most effective is the composition of 
strains of L. casei IMB B-7412, L. plantarum A, L. rhamnosus S 25, L. delbrueckii 
subsp. bulgaricus S 19 and plum extract at a concentration of 0.002 mg/ml.

7.8 � PPPM Strategies in the Field

Recent advances in predictive, preventive, and personalized medicine (PPPM) are 
expanding the use of prebiotics as a component of modern pharmaceuticals. Based 
on the data presented in this article, extracts of edible plants have great potential for 
use as a prebiotic component of modern pharmaceuticals. Our individual composi-
tions of plant extracts and proprietary probiotic strains of Lactobacillus have been 
found to be effective against certain dental diseases, as well as chronic inflamma-
tions associated with common noncommunicable diseases  – obesity and type 2 
diabetes.

7.9 � Expert Recommendations in the Frame-Work of 3 PM 
to the Practical Medicine

Biologically active compounds extracted from the edible plants have no harmful 
influence and that’s why they can be used in medicine. The ability of biologically 
active substances contained in extracts of edible plants not to inhibit the growth of 
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lactobacilli and intestinal microbiome has been proven, indicating the possibility of 
their use as a prebiotic component of biological products.

Taking into account our data on the effect of the plum extract on the culture of 
dermal fibroblast cells in newborns, only at a concentration of plum extract of 
0.002 mg/ml harmful effect on dermal fibroblast cells in newborns is not observed. 
This suggests the need for cohort testing of any prebiotic components to clinically 
prove the effectiveness of each component. When choosing probiotics and prebiot-
ics, it should be understood that there are clinical benefits in different situations, but 
the level of benefit in each case is individual and very variable. Therefore, the 
importance of probiotics, and therefore prebiotics can not be exaggerated. Therefore, 
it is necessary to develop approaches to the individual selection of probiotics, and 
hence prebiotics, to obtain the most effective result.
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Chapter 8
Probiotic Administration 
for the Prevention and Treatment 
of Gastrointestinal, Metabolic 
and Neurological Disorders

Nicole Bozzi Cionci, Marta Reggio, Loredana Baffoni, and Diana Di Gioia

Abstract  The interest in the intestinal microbiota of humans has increased in the 
last 20 years and significant advances have been achieved with regard to its structure 
and functions. Since gut microbiota is involved in a range of complex interactions 
with the host, its manipulation for promoting human health has been the object of 
several studies. Probiotics, with their long history of safety and effectiveness against 
harmful microorganisms, are a strategy to not only maintain or restore the correct 
balance in the microbial population of the intestinal tract, but also to prevent or treat 
a range of disease conditions. Personalized administration of selected probiotic 
strains is necessary to ensure the success of their application and is critical to imple-
ment their clinical use as a strategy to support preventive, personalized, and predic-
tive medicine (PPPM).

The aim of this review is to explore preclinical and clinical studies focused on the 
use of probiotics for the prevention and treatment of gastrointestinal, metabolic and 
neurological diseases. In vitro and in vivo studies on probiotic administrations allow 
the screening of strains for clinical application and the development of personalized 
probiotic treatments, in accordance with the PPPM perspective. The results achieved 
in this field showed the positive effects of probiotic supplementation, especially for 
Lactobacillus and Bifidobacterium genera, but new strains belonging to different 
genera such as Akkermansia are gaining interest. The examined studies support the 
concept of “precision probiotics” that represent the future of probiotic-based inter-
vention, according to which individuals will be recommended specific diets and 
probiotics administration tailored to their unique gut microbiome structure.
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8.1 � Introduction

Personalization of care is a priority goal of contemporary medicine. In the last few 
years, fundamental innovations in the fields of molecular biology, biotechnology, 
genetics, and informatics have promoted the paradigm change from reactive to pre-
dictive, preventive, and personalized medicine (PPPM). Personalized medicine is 
defined as a comprehensive approach to the prevention, diagnosis, treatment and 
monitoring of disease based on the individual characteristics of a target person [1].

In this sense, a fundamental role for the application of personalized medicine is 
played by the maintenance of a healthy microbiota. In fact, it is now well estab-
lished that a healthy microbiota protects the host from various diseases by influenc-
ing and regulating metabolic and immune functions. On the contrary, an altered 
composition of the ecosystem, which can potentially lead to a condition of intestinal 
dysbiosis, can promote the onset of a wide range of diseases. A healthy microbiota 
is also a prerequisite for the success of therapies, both nutritional and pharmacologi-
cal, allowing a complete recovery of health status thanks to the largely known 
microbiota interactions with the immune system, the neuroendocrine system, and 
the central nervous system. The investigation and the comprehension of the gut 
microbiota structure and functions of each individual can constitute a resource to 
recovery, improve and preserve not only the intestinal homeostasis, but the overall 
host’s healthy profile through appropriate dietary, probiotic administration and life-
style changes, avoiding serious clinical implications in the near future [2].

Probiotics have enormous potential to promote and maintain a healthy microbi-
ota and, therefore, they can be exploited for the advancement of personalized medi-
cine in several disease conditions. Selected probiotic strains can be used for 
applications in personalized medicine and nutrition not only for disease prevention 
but also as adjuvants to specific drug treatments in order to prevent microbiota 
imbalance, counteracting potential pathogens. In addition, probiotics have a rele-
vant role as biomarkers for predictive diagnosis based on their role in the gut-brain 
axis or gut microbiota [3, 4].

8.1.1 � Probiotic Administration

The term “probiotic” means “for life” and it is currently used to define bacteria that 
provide beneficial effects to humans and animals. In 2001 they were described by 
the Food and Agriculture Organization of the United Nations (FAO)/World Health 
Organization (WHO) as “live microorganism which, when administered in adequate 
amounts confer a health benefit on the host”. This definition has been revised in 
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2014 by the International Scientific Association for Probiotics and Prebiotics, 
including in the term probiotic “microorganism for which there are scientific evi-
dence of safety and efficacy” and excluding “live cultures associated with fermented 
foods for which there is no evidence of a health benefit” [5]. Considering the close 
symbiotic relationship between the host and the gut microbiota that is crucial for the 
preservation of the host’s health, the administration of beneficial microorganisms 
may represent a key determinant of diseases susceptibility and the host’s health 
condition.

Species belonging to Lactobacillus, Bifidobacterium, Streptococcus and 
Saccharomyces genera have been largely used as probiotics in human studies. 
Probiotics exert their efficacy on the intestinal environment, having effects on the 
entire host’s organism, with different mechanisms (Fig. 8.1), originally presented 
by Fuller [6]:

•	 antagonism against pathogens by producing antibacterial molecules and compet-
ing for nutrients and for the adhesion to specific receptors on intestinal epithelium;

•	 promotion of microbial metabolism by increasing the activity of useful enzymes 
and decreasing the activity of some enzymes that can be dangerous for the host;

•	 stimulation of the immune system by increasing antibodies and anti-inflammatory 
cytokines levels and inducing macrophages and natural killer cells [7].

A probiotic formulation can contain not only one strain, but also a mixture of differ-
ent strains of the same species or it can be a multi-strain and multi-species mixture 
that, acting with a synergic effect, may enhance the effectiveness of each single 
strain [8, 9].

It is well established that imbalances in the gut microbiota, known as dysbiosis, 
have been associated with inflammation and chronic disease ranging from gastroin-
testinal inflammatory and metabolic conditions to neurological diseases [2] 
(Fig. 8.2).

Therefore, probiotics can be exploited for their health benefits in the treatment 
and prevention of many disease conditions. Recent advances in probiotic-human 
interaction research suggest their application in disease prevention, the develop-
ment of personalized treatments and their use as biomarkers for predictive diagno-
sis, furthering the shift toward preventive, personalized and predictive medicine 
(PPPM) [4].

8.1.2 � Gastrointestinal Disorders

A growing interest in studying and using probiotics has been observed for the treat-
ment of gastrointestinal diseases and the improvement of human health, with strong 
potential for applications in personalized medicine and nutrition.

Inflammatory bowel diseases (IBDs), including Crohn’s disease and ulcerative 
colitis, are chronic inflammatory disorders of the gastrointestinal tract, and repre-
sent the second most common chronic inflammatory diseases worldwide [10]. Gut 
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Fig. 8.1  Beneficial effect of probiotics on the gut microbiota and health, in compliance with 
PPPM strategies

microbiota and its interactions with the host immune system play critical roles in 
pathogenesis of IBDs together with genetic background and immunological factors. 
Recent studies with Next Generation Sequencing (NGS) have revealed a reduced 
diversity of the gut microbiota in IBD patients [11–14], characterized by a reduction 
of bacterial members of the phyla Firmicutes and Bacteroidetes, and an increase of 
Actinobacteria and Proteobacteria [15]. In addition, Sokol et al. [16] demonstrated 
that a member of the Firmicutes phylum, Faecalibacterium prausnitzii, is reduced 
in the stool of patients with Crohn’s disease and has been associated with a higher 
risk of postoperative recurrence of ileal compliances in CD patients.
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Fig. 8.2  Inflammation and chronic diseases associated to an altered and/or compromised intesti-
nal microbiota

Concerning this, probiotics, have been recommended as preventive as well as 
therapeutic measures for IBDs and for the establishment of a healthy composition 
and function of the gut microbiome, for their ability to increase the integrity of the 
intestinal barrier, induce immune tolerance, hinder pathogenic bacterial transloca-
tion, and reduce gastrointestinal infections.

Furthermore, probiotics supplementations are expected to induce beneficial 
effects to counteract cancer, by reducing the systemic inflammatory status and 
restoring immune balance. In particular, the anticancer activity of probiotics, spe-
cifically Lactobacillus strains, occurs via various mechanisms, among which 
immune modulatory effects, apoptosis, antioxidant activity, epigenetic mechanisms 
and DNA damage prevention [17]. Following this approach, the administration of 
selected probiotics can be applied for the development of a personalized therapy.

Coeliac disease (CD) is a chronic autoimmune enteropathy causing damage to 
the small intestine, hypothetically linked to dietary exposure to gluten in genetically 
predisposed individuals. Evidence shows that the gut microbiota is somehow 
involved in the pathogenesis, progression, and clinical presentation of CD. In par-
ticular, several studies have reported the presence of an intestinal dysbiosis in 
patients with CD characterized by an increased abundance of Bacteroides spp. and 
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a decrease of Bifidobacterium and Lactobacillus spp. Furthermore, the microbial 
imbalances often persist despite a strict gluten-free diet (GFD) and, consequently, 
coeliac subjects suffering from persistent gastrointestinal symptoms may present a 
compromised microbiota composition. Probiotic administration in CD patients’ 
diets can be proposed as a new personalized therapy for reducing CD symptoms and 
achieving an effective restauration of gut microbiota [18, 19]. Indeed, the integra-
tion of CD patient’s diet with probiotics such as lactobacilli and bifidobacteria could 
help in restoring gut microbiota composition, detoxification of gliadin, reduction of 
immune activation and improvement of the general quality of life [19].

8.1.3 � Metabolic Disorders

A dysbiotic condition associated to a hyperlipidic diet can promote a chronic inflam-
matory response contributing to the pathogenesis of obesity [20]; an intestinal 
microbial imbalance can also have a certain impact on type 1 diabetes and it is rec-
ognized as the greatest risk factor of type 2 diabetes [21, 22]. Indeed, many studies 
evidenced that diseases including obesity, type II diabetes, liver disease, and hyper-
cholesterolemia have been documented to be strongly associated with an imbal-
anced Firmicutes/Bacteroidetes ratio in the gut microbiota, marked by decreased 
butyrate-producing bacteria, such as Roseburia intestinalis and F. prausnitzii 
[22, 23].

Probiotics supplements can potentially contribute to the restoration of dysbiotic 
microbiota and prevention of metabolic disorders, thanks to their anti-obesity and 
anti-inflammatory effects [24, 25].

8.1.4 � Neurological Disorders

It is largely known that there is an intimate relationship between the gastro-intestinal 
tract and the central nervous system. The gut microbiota is inserted in this intercon-
nection, the gut-brain axis, which constitutes a complex bidirectional communica-
tion system, including different mechanisms, such as the alteration in circulating 
levels of inflammatory cytokines or the production of neurotoxins [26]. Alteration 
in the microbiota composition may lead to failures in this interaction that may be 
implicated in neurological diseases. It is known that enteric infections can cause 
anxiety, depression, and cognitive dysfunction, and it has recently been observed 
that the inflammatory bowel response induces closure of the cerebral choroid plexus 
and this appears to be associated with increased anxiety- and depression-like behav-
iors and alterations in the limbic system [27].

Probiotic administration can improve the production and the delivery of neuroac-
tive compounds acting on the brain-gut axis and restoring the stability on nervous 
system. Many investigations assessed the potential of probiotics in preventing 
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symptoms or alleviating comorbidities against neurological diseases, although the 
possible role of probiotics in some other neurological disorders, whose onset is 
obscure, as amyotrophic lateral sclerosis (ALS), has to be still evaluated.

8.2 � Evidences Supporting Preclinical Studies

8.2.1 � In Vitro Tests

Although clinical studies are of fundamental importance to understand the effect of 
targeted strains in humans, in vitro tests are essential to evaluate the probiotic poten-
tial and for the screening among a large number of candidates of the most suitable 
strain(s). This is particularly important within the contest of personalized medicine. 
In vitro tests may include the inhibition of targeted microbial species, anti-oxidant 
potential and studies on cell models. The beneficial role of probiotics in the targeted 
prevention or treatment of enteric disorder has been proven in several in vitro stud-
ies. Within the Bifidobacterium genus, Bifidobacterium breve and Bifidobacterium 
longum strains, mainly B632 (DSM 24706), B2274 (DSM 24707), B7840 (DSM 
24708), and B. longum subsp. longum B1975 (DSM 24709), have been identified as 
potential probiotics for the treatment of enteric disorders in newborns, such as col-
ics or as preventive agents for diarrhea of bacterial origin, for their in vitro ability to 
inhibit the growth of pathogens typical of the infant gastrointestinal tract and coli-
forms isolated from colicky infants. Particularly, B. breve B632 was also able to 
stimulate the activity of mitochondrial dehydrogenases of macrophages and the pro-
duction of IL-6, related to a considerable activation of macrophages and endothelial 
cells in inflammatory condition [28, 29].

An in vitro study proved that treatment with Lactobacillus plantarum AN1 led to 
anti-inflammatory effects against IBD, by stimulating the production of nitric oxide 
(NO) in macrophage RAW264.7 cells and protecting RAW264.7 cells against 
hydrogen peroxide toxicity [30].

It has been suggested that the probiotic mixture VSL#3, probiotic formulation of 
four strains belonging to the species Lactobacillus paracasei, Lactobacillus planta-
rum, Lactobacillus acidophilus and Lactobacillus delbrueckii subsp. bulgaricus, 
three Bifidobacterium strains belonging to the species Bifidobacterium longum, 
Bifidobacterium infantis and B. breve and one strain of Streptococcus salivarius 
subsp. thermophilus, exerts its anticolitic effects by altering the morphology of 
polarized (M1/M2) and unpolarized macrophages but also modifying the secretion 
of cytokines and chemokines in these cells in a polarization-dependent manner [31]. 
Lammers et al. [32] also showed that stimulation of peripheral blood mononuclear 
cells (PBMC) with pure DNA extracted from the VSL#3 probiotic mixture and with 
total bacterial DNA from human feces modulated the immune response by an 
increase of IL-1 beta and of IL-10 cytokines, mitigating the IBD symptoms. In 
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addition, immunomodulatory effects of B. breve on T cell polarization towards Th2 
and Treg cell-associated responses has been proven in vitro, using PBMC [33].

Many researches have elucidated the protective effects of Lactobacillus and 
Bifidobacterium genera on epithelial cells against gliadin-derived toxic peptides 
(GDPs) and their therapeutic impact on patients suffering CD. In particular, an in 
vitro study performed by Lindforf et al. (2008) [34] has shown that two strains of 
Lactobacillus fermentum and Bifidobacterium lactis are able to reduce the toxic 
effects of gluten-derived peptides in intestinal CaCo2 cells by inhibiting the gliadin-
induced intestinal permeability. Furthermore, the use of Lactobacillus rhamnosus 
GG inhibits in vitro the translocation of gliadin peptides into the cells, preventing 
the barrier dysfunction of the gut [35]. Other bifidobacterial strains are able to 
inhibit the inflammatory response induced by gliadins in CD, reducing inflamma-
tion, as demonstrated by Laparra et al. [36]. VSL#3 is also able to hydrolyze gliadin 
polypeptides, decreasing the toxic effects of wheat flour during the prolonged fer-
mentation process. In addition, it has also been reported that the ability of VSL#3 to 
degrade gliadin is provided by the combination of probiotic strains and not by the 
individual strain [37].

The administration of probiotics has also a potential role in prevention and reduc-
tion of symptoms related to neurological disorders. A neuroprotective effect exerted 
by the probiotic formulation SLAB51, composed by a mixture of bifidobacteria and 
lactobacilli has been found in in vitro Parkinson’s disease models. In particular, the 
probiotics can counteract the detrimental effect of 6-OHDA, modulating the brain-
derived neurotrophic factor (BNDF) pathway, increasing neuroprotective protein 
levels and decreasing the neuronal death proteins in an in vitro 6-OHDA model of 
Parkinson’s disease (PD) using dopaminergic-like SH-SY5Y neuro-blastoma 
cells [38].

8.2.2 � Animals Experiments

The strong evidence of probiotic supplementation beneficial effects in patients with 
enteric disease is supported by a huge range of studies using animal models.

Alagón Fernández del Campo et  al. [39] reviewed that the administration of 
Lactobacillus and Bifidobacterium strains was able to mitigate ulcerative colitis 
(UC) in mice decreasing the production of pro-inflammatory cytokines. In particu-
lar, B. infantis 35624 has been observed to reduce the secretion of pro-inflammatory 
IL-12, transforming growth factor-beta (TGF-β), interferon-gamma (IFN-γ) and 
tumor necrosis factor -alpha (TNF-α), in mice knock out for IL-10 [40].

Strains of L. plantarum are one of the most commonly used probiotics against 
IBD. Several studies with IBD murine models showed that administration of 
L. plantarum AN1, L. plantarum NCIMB8826 exhibited gut modulatory and anti-
inflammatory properties, by reducing pro-inflammatory cytokines and by also pro-
ducing bacteriocins [30, 41]. The combination of two different probiotics 
(L. plantarum ZDY2013 and Bifidobacterium bifidum WBIN03) reduced UC in 
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mice through modification of gut microbiota and reduction of inflammation and 
oxidative stress [42].

Other lactobacilli, such as L. reuteri DSM 17938, have also been proven to be 
effective in modulating dysbiosis and decreasing inflammation in mice models [43]. 
Moreover, the co-administration of the L. fermentum KBL374 and L. fermentum 
KBL375 in mice with DSS (dextran sodium sulfate)-induced colitis corrected gut 
dysbiosis, decreased the proportions of Bacteroides and Mucispirillium and 
increased the proportion of Lactobacillus, as well as having an anti-inflammatory 
effect [44].

The effectiveness of the probiotic mixture VSL#3 to reduces colitis severity, 
colonic macrophage infiltration, and serum cytokine level has been examined in rats 
with acute trinitrobenzene sulfonic acid (TNBS)-induced colitis [31].

The administration of the probiotic Escherichia coli Nissle 1917 (EcN) in the 
DSS model of mouse colitis revealed an intestinal anti-inflammatory effect correlate 
with an amelioration of the altered gut microbiome. Moreover, this probiotic has 
shown an ability to modulate expression levels of miRNAs and different mediators 
of the immune response involved in gut inflammation [45].

Five strains of lactobacilli and bifidobacteria (B. longum CMUL CXL 001, 
B. bifidum IPL A7.31, L. rhamnosus A2.2, L. gasseri IPL A6.33, and L. acidophilus 
CMUL067) selected in vitro for their anti-inflammatory activity and ability to 
improve intestinal barrier function were found to prevent TNBS-induced acute coli-
tis in BALB/c mice, thus having a high potential for the management of IBD [46].

Intervention with B. breve has been reported to attenuate the severity of DSS-
induced colitis in mice by improving the immune balance [33]. Furthermore, a 
recent study conducted by Celiberto et al. [47] assessed the efficacy of a personal-
ized probiotic strategy for the treatment of intestinal diseases DDS- induced coli-
tis mice.

As reviewed by Serena et al. [48] most of the evidence on the possible therapeu-
tic effect of probiotic bacteria on CD comes from animal models. D’arienzo et al. 
[49] research has shown that the administration of L. casei to immunized DQ8 mice 
was able to modulate both innate and adaptive immunity, to reduce gliadin-induced 
inflammation and to recovery the gut-associated lymphoid tissue (GALT) homeo-
stasis, resembling healthy mucosal structure. Investigations performed in a gluten-
sensitive model (BALB/c mice) have shown that Saccharomyces boulardii strain 
KK1 is able to hydrolyze toxic gliadin peptides, ameliorate enteropathy, and 
decrease histological damages and pro-inflammatory cytokine production [50]. 
Laparra et al. [36] studied the effect of B. longum CECT7347 in an animal model of 
gliadin-induced enteropathy and showed that administration of this strain reduced 
pro-inflammatory cytokine production and mediated immune response.

Recent in vivo animal studies demonstrated the probiotic anti-obesity effects and 
the ability to improve glycemic profile and modulate serum lipids associated to 
targeted microorganisms.

Stojanov et al. [51] reviewed that probiotics can have anti-obesity effects via F/B 
ratio modulation. Particularly, the administration of L. rhamnosus GG and 
Lactobacillus sakei NR28 has been proven to decrease the F/B ratio in obese mice. 
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Furthermore, the two probiotic strains reduced epididymal fat mass, acetyl-CoA 
carboxylase, fatty acid synthase, and stearoyl-CoA desaturase-1 in the liver [52]. In 
another study, L. rhamnosus GG consumed with a high-fat diet prevented weight 
gain and decreased the F/B ratio in a C57BL/6 J murine model [53]. Fifty-six days 
treatment with L. rhamnosus hsryfm1301 or its fermented milk reduced serum lipid 
levels in hyperlipidemic rats, induced a recovery of intestinal dysbiosis, increased 
Bacteroidetes and decreased in the abundance of Firmicutes by approximately 5% 
[54]. Oral administration of the probiotic Lactobacillus paracasei HII01 in a formu-
lation also containing xyloligosaccharides for 12  weeks in diet-induced obese 
Wistar rats was able to reverse the effects induced by the high-fat diet, by improving 
insulin sensitivity, decreasing low-density lipoprotein cholesterol levels, reducing 
body weight and F/B ratio, thus reversing the dysbiosis [55].

In addition, other bacteriocin-producing bacteria, namely Lactobacillus salivar-
ius UCC118 and Bacillus amyloliquefaciens SC06, also decreased the F/B ratio, 
body weight, and liver steatosis in mice consuming a high-fat diet [56, 57].

Two different studies evidenced that oral administration of Saccharomyces bou-
lardii to leptin-resistant obese and type 2 diabetic mice increased Bacterioidetes by 
37%, decreased Firmicutes by 30%, and reduced body weight, fat mass, hepatic 
steatosis, and inflammatory tone [58, 59]. The beneficial effects of L. casei IMV 
B-7280, Bifidobacterium animalis VKB, and B. animalis VKL combined with 
nanoceria, which is a potential prebiotic, to reduce cholesterol levels and restore gut 
microbiota has been observed in obese mice [60].

As reviewed by Bozzi Cionci et al. [2] B. breve was also involved in protective 
mechanisms against obesity; the orally administration of B. breve B-3 in a mouse 
model with diet-induced obesity could suppress the increase of body weight and 
epididymal fat, with improved serum levels of total cholesterol, fasting glucose and 
insulin and act by regulating gene expression pathways involved in lipid metabo-
lism and response to stress in the liver [61, 62].

The positive effects of probiotics as adjuvants to standard metformin therapy 
against diabetes and colorectal cancer has been demonstrated in diabetic and CRC 
model mice [63].

Administration of B. longum has been shown to normalize the levels of the 
plasma LPS, IL-1b, intestinal myeloperoxidase, as well as intestinal inflammatory 
activity index in a rat model of metabolic syndrome induced by a high-fat; it signifi-
cantly up-regulated the expression RegI protein, that is widely involved in inflam-
matory bowel disease and diabetes [64].

As reviewed by Sun et al. [20] different studies in animal models showed that 
probiotics restrict the development of type 2 diabetes, by improving glucose toler-
ance and insulin sensitivity. L. reuteri GMNL-263 supplementation in high-fructose-
fed rat conferred a delaying effect on the development of type 2 diabetes by 
regulating the expression of peroxisome proliferator-activated receptor alpha 
(PPAR-c) and GLUT4 and down-regulating the expression of lipogenic genes, such 
as Srebp-1c, FAS, and Elvol6 [65]. Moreover, the same strain L. rhamnosus GG 
(LGG) has anti-inflammatory effects and decreases the expression of inflammatory 
cytokines, which are also involved in the development of diabetes [66]. In addition, 
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L. fermentum MTCC5689 resisted development of type 2 diabetes in mice and ben-
eficially modulated all the biochemical and molecular alterations [67].

Several preclinical studies in animal models have shown that probiotics can 
affect brain activity by reducing neuroinflammation and, consequently, increasing 
neurogenesis.

As reviewed by Leta et  al. [68], treatment with probiotics increased glucose 
metabolism, reduced peripheral and central inflammation, acting on IL-6 and TNF-a 
levels, reduced peripheral and central oxidative stress, decreased neurodegenera-
tion, acting on tyrosine hydroxylase dopaminergic neurons and levels of brain 
derived neurotrophic factor, increased motor function and non-motor function.

Specifically, treatment with L. plantarum PS128, Clostridium butyricum 
WZMC1016, L. fermentum U-21 and mixtures of probiotics belonging to the 
Firmicutes or Actinobacteria prevented the decrease in tyrosine hydroxylase posi-
tive (TH +) dopaminergic neurons in the substantia nigra and the decrease in brain-
derived neurotrophic factor (BDNF) and nerve growth factor (NGF) levels in the 
basal ganglia, in 6-OHDA, MPTP and rotenone models of PD of an MPTP model 
of PD [38, 69–73]. Moreover, it has been found that the same probiotics can decrease 
peripheral levels of inflammatory cytokines, such as interleukin-1beta (IL-1β), IL-6 
and TNF-a [69–76], and ultimately prevent neuroinflammation [77]. Probiotics 
exert also beneficial effects on motor function preventing loss of dopaminergic neu-
rons in the substantia nigra, which was observed in PD after the bacterial supple-
mentation, and may also prevent cognitive-related deficits in a PD model in rodents 
[38, 69–73, 78, 79].

The original probiotic De Simone Formulation (DSF) has been shown to control 
the expression of several genes in the cerebral cortex of aging animals, attenuating 
inflammation and improving neuronal performance [80]. More recently, a novel 
probiotic formulation SLAB51 was studied in a mouse model of Alzheimer’s dis-
ease (AD), exhibiting attenuation of cognitive impairment, reduction of Aβ aggre-
gates and brain lesions, and partial restoration of the altered neuronal proteolytic 
pathway [81]. The same research group indicated that SLAB51 treatment leads to a 
strong oxidative reduction in mouse AD brain, through SIRT1-dependent mecha-
nisms [82]. Positive effects of SLAB51 formulation were also noticed in PD. In 
particular, administration of the probiotic in in vivo study was able to protect dopa-
minergic neurons and improve behavioral alterations. This new probiotic formula-
tion was also able to counteract neuroinflammation and oxidative stress, 
characteristics of PD, by reversing some molecular pathways underlying control 
conditions [38]. Ueda et al. [83], proved that the administration of specific F. praus-
nitzii strains improves cognitive impairment in an AD mouse model, showing their 
rule as possible candidates for gut microbiome-based intervention in Alzheimer’s-
type dementia.

A recent study also observed that individual supplementation of Akkermansia 
muciniphila in antibiotic-treated Sod1-Tg mice led to an improvement in ALS 
symptoms; furthermore, the treated mice were found to accumulate AM-associated 
nicotinamide in the central nervous system, and systemic nicotinamide 
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supplementation improves motor symptoms and gene expression patterns in the spi-
nal cord of Sod1-Tg mice [84].

8.3 � Clinical Data

8.3.1 � Clinical Trials

8.3.1.1 � Probiotics in Gastrointestinal Disorders

Probiotic administration has a key role in the treatment likewise prevention of some 
disorders since early age, influencing the gut microbiota establishment [85].

Several studies have shown the efficacy of L. reuteri, in particular strains deriv-
ing from human milk, for the prevention and treatment of infant gastrointestinal 
disorders, such as colics, regurgitation, vomit, constipation [85–87]. Administration 
led to the improvement of symptoms and the reduction of anaerobic Gram-negative 
bacteria, Enterobacteriaceae and enterococci in colicky infants [88, 89]. A 3-months 
treatment with B. breve strains, i.e. B632 and BR03, in healthy breast-fed newborns 
helped to prevent functional gastrointestinal disorders, in particular by reducing 
daily vomit frequency, daily evacuation, and by improving the stool consistency 
[90]. The same administration led to a significant reduction of members of the 
B. fragilis group in bottle-fed infants. The use of the strains of B. breve, which is the 
dominant species in the gut of breast-fed infants and it has also been isolated from 
human milk, for the prevention and treatment of paediatric diseases has been largely 
explored [2]. Particularly, the target pathologies reported range from widespread gut 
diseases, including diarrhoea and infant colics, to celiac disease, obesity, allergic 
and neurological disorders; in addition, B. breve strains are used for the prevention 
of side infections in preterm newborns and during antibiotic treatments or 
chemotherapy.

L. reuteri ATCC 55730 efficacy has been proven in children with distal active UC 
improving mucosal inflammation and modulating mucosal expression levels of 
cytokines involved in the bowel inflammation [91]. The effectiveness of some 
Bifidobacterium strains for the treatment of acute rotavirus diarrhoea was evidenced 
in hospitalized children [92, 93] and in preterm and low birth weight infants, nota-
bly for the treatment of NEC [94, 95]. Among this genus, B. breve YIT4010 revealed 
the capability to improve abdominal symptoms and weight gain, favoring a correct 
microbial colonization in preterm infants [96, 97].

The activity of probiotics in inducing or prolonging a remission condition in IBD 
patients has been evidenced in several studies. The strains investigated were mainly 
belonging to Lactobacillus and Saccharomyces [98]. Several studies focused on 
VSL#3, a probiotic formulation, whose composition has been explained in the pre-
vious sections. Bibiloni et  al. [99] showed that 6 weeks administration with this 
probiotic mixture improved UC remission and response in patients not responding 
to traditional therapy. VSL#3 efficacy was also tested in a study conducted on 
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children with newly diagnosed UC [100]. The same probiotic mixture has also been 
approved for the prevention and the maintenance of remission of pouchitis and the 
efficacy is stated also in referral European guidelines [101, 102].

The efficacy of targeted probiotics was also highlighted for IBS [103]. 
Particularly, two different studies demonstrated the effectiveness of a mixture of 
L. plantarum and B. breve and VSL#3 in reducing IBS-associated pain [104, 105].

Although data deriving from in vitro and animal studies are promising [18], few 
clinical studies on the administration of probiotics in patients with coeliac disease 
have been carried out. B. infantis supplementation revealed an amelioration of gas-
trointestinal symptoms and the inflammatory state of coeliac subjects [106, 107]. A 
recent clinical investigation carried out by Francavilla et al. [108] demonstrated that 
the supplementation with a mixture bifidobacteria and lactobacilli led to an improve-
ment of gastrointestinal symptoms combined with a significant increase of bifido-
bacteria in coeliac subjects with IBS symptoms. A pilot study conducted on coeliac 
children and adolescents evidenced that 3-month administration of B. breve strains 
helped in restoring the healthy percentage of main microbial components [109]. 
Particularly, the work compared coeliac children with a healthy control group and 
investigated on the effects deriving from the probiotic supplementation. The study 
revealed primarily an alteration in the intestinal microbial composition of coeliacs 
mainly characterized by a reduction of the Firmicutes/Bacteroidetes ratio, of 
Actinobacteria and Euryarchaeota compared to healthy controls [109]. Starting 
from these differences in gut microbiota composition, the probiotic administration 
resulted in an increase of Firmicutes, particularly Lactobacillaceae, and in a re-
establishment of the physiological Firmicutes/Bacteroidetes ratio. A decrease of the 
proinflammatory cytokine TNF-alpha has also been observed within individuals 
administered with B. breve compared to placebo ones, evidencing the anti-
inflammatory effects of the probiotic treatment [110].

Another study focusing on the same clinical trial highlighted, besides already 
documented microbiota changes in the Firmicutes phylum, that additional phyla, 
such as Verrucomicrobia, Parcubacteria and some yet unknown phyla belonging to 
Bacteria and Archaea Kingdom, may also play an important role in celiac disease-
related pathology [111]. Moreover, the attention has been also shifted to previously 
unexplored phyla, particularly Synergistetes, which negatively correlated to acetic 
acid and total SCFAs, suggesting a potential role in microbiota restoration [111].

8.3.1.2 � Probiotics in Metabolic Disorders

Although several in vitro and in vivo studies, as mentioned above, evidenced the 
anti-obesity effects of targeted probiotics and their ability to improve glycemic and 
lipidic profile, only a limited number of clinical studies focused on probiotic admin-
istration and metabolic diseases. Among these, Minami et al. [112] demonstrated 
that the administration of B. breve B-3 induced a significant decrease of the fat mass 
and an improvement of blood parameters in adults with a tendency for obesity. 
Subjects with high body mass index (BMI) and abdominal visceral fat area 
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supplemented with Lactobacillus gasseri 2055 showed a decrease of abdominal 
adiposity and body weight [113]. VSL#3 administration in overweight subjects con-
tributed to the improvement in lipid profile, insulin sensitivity and the decrease in 
C-reactive protein (CRP), which is a general marker for inflammation and infection 
[114]. Asemi et al. [115] evidenced that multispecies probiotic mixture, including 
L. acidophilus, L. casei, L. rhamnosus, L. bulgaricus, B. breve, B. longum, S. ther-
mophilus, in type 2 diabetic patients led to an improvement of some blood, in par-
ticular preventing an increase of fasting plasma glucose, decreasing CRP and 
increasing the anti-oxidant plasma total glutathione. Ejtahed et  al. [116] showed 
that probiotic yogurt containing L. acidophilus La5 and Bifidobacterium lactis 
Bb12 ameliorated the health condition of type 2 diabetic patients, by reducing the 
fasting blood glucose together with the glycated haemoglobin and favouring some 
antioxidant parameters. Other subjects with this pathology showed an improvement 
of the inflammatory status after a treatment with a multi-strain probiotic mixture 
comprising strains belonging to Bifidobacterium, Lactobacillus, Lactococcus and 
Propionibacterium genera [117].

Several studies evidenced the influence of probiotic supplementation on the 
lipidic profile. Particularly, works reviewed by Kobyliak et al. [118] showed that 
dietary intervention with yogurt containing probiotics (Enterococcus faecium, 
S. thermophiles, L. acidophilus, B. longum, L. plantarum and/or B. lactis) signifi-
cantly reduced total serum cholesterol and LDL-cholesterol and improved the 
LDL:HDL cholesterol ratio. In addition, L. gasseri supplementation in hypercholes-
terolemic patients was efficient in reducing total and LDL-cholesterol and inu-
lin [119].

A cross-over randomized clinical trial focused on obese children and adolescents 
showed the positive effects of probiotic B. breve strains (B632 and BR03) supple-
mentation [120]. All subjects improved metabolic parameters, and decreased weight 
and intestinal E. coli counts. Probiotics improved some insulin parameters, i.e. sen-
sitivity at fasting and during OGTT. An interesting outcome regarded fecal SCFAs, 
for which acetic acid and acetic acid pentyl-ester relative abundance remained sta-
ble in the treated subjects, while increased in the placebo group. A signature of five 
butanoic esters identified three clusters, one of them had better glucose responses 
during probiotic administration.

8.3.1.3 � Probiotics in Neurological Disorders

Probiotic administration can improve the production and the delivery of neuroactive 
compounds acting on the brain-gut axis and improve the stability on the nervous 
system. Many investigations evidenced the potential of probiotics in preventing 
symptoms or attenuating comorbidities in neurological diseases, although the pos-
sible role of probiotics in some other neurological disorders, whose onset is 
unknown, as ALS, has to be still clarified.

The administration of L. casei Shirota in patients suffering from chronic fatigue 
syndrome led to a reduction of anxiety symptoms, besides an increase of lactobacilli 
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and bifidobacteria in the gut microbial population [121]. Moreover, Lactobacillus 
brevis SBC8803 supplementation in males with poor quality of sleep was found to 
restore the sleep tone [122].

The efficacy of probiotics has also been highlighted in neuroinflammatory and 
autoimmune disorders. The supplementation with a probiotic mixture consisting of 
L. acidophilus, L. casei, B. bifidum, L. fermentum was associated to an improvement 
of cognitive functions in AD patients [123]. The same formulation was successful 
also in multiple sclerosis patients in ameliorating mental health condition [124].

In the scenery of neurological pathologies, probiotics can also assume the role of 
“psychobiotics”. The first definition of psychobiotic was given by Dinan et al. [125]: 
“a live microorganism that, when ingested in adequate amounts, produces a health 
benefit in patients suffering from psychiatric hilliness”. A probiotic formulation 
containing L. acidophilus, L. casei and B. bifidum administered in patients with 
major depressive disorders has been shown a general improvement of clinical pic-
ture [126]. In addition, it has been evidenced that L. rhamnosus HN001 treatment 
was effective in lowering post-partum depression and anxiety scores in women, 
receiving the probiotic supplementation from 14–16 weeks gestation to 6 months 
post-partum [127].

A pioneer study has been recently conducted on ALS patients and matched 
healthy controls [128, 129]. It showed, besides substantial differences in gut micro-
biota composition between the two groups involving potentially protective micro-
bial groups, such as Bacteroidetes, and other with potential neurotoxic or 
pro-inflammatory activity, such as Cyanobacteria, the influence on microbiota com-
position of 6-month probiotic treatment on diseased subjects. The probiotic formu-
lation was a mixture of five lactic acid bacteria: S. thermophilus ST10–DSM 25246, 
L. fermentum LF10–DSM 19187, L. delbrueckii subsp. delbrueckii LDD01–DSM 
22106, L. plantarum LP01–LMG P-21021, and L. salivarius LS03–DSM 22776. 
This investigation represents a preliminary clinic probiotic application in ALS 
patients, a field of study that relies only on very few works mainly performed in 
animal models. The authors evidenced that some effects can be obtained in contrast-
ing potentially pathogenic microbial groups and, thus, poses the bases for a micro-
bial and personalized strategy to ameliorate the health status of the gut. The approach 
used can be applied in larger clinical studies incorporating different genetic and 
phenotypical disease variants and also patients at different stages of the disease in 
order to characterize the microbiota changes as a novel biomarker of the disease 
and, consequently, to design personalized therapies. In this contest, a study consid-
ering the application of a normocaloric ketogenic diet in ALS patients aimed at 
reducing hyperexcitability levels and modulating neuroinflammation has been 
recently proposed [130]. This study will also monitor the effect of the diet on the gut 
microbiota of the enrolled patients posing the basis for a combined personalized 
approach considering diet plus targeted strain administration.

A summary of the probiotic administration in clinical trials of the considered 
disease and their mode of action with is enlisted in Table 8.1.
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Table 8.1  Summary of the beneficial role of probiotics in clinical trials

Diseases Probiotics Mode of action References

Infants 
Gastroinstestinal 
disorders

L. reuteri Reduction of pathogens and 
symptom improvement in 
colicky infants

[86–89]

B. breve Reduction of daily vomit 
frequency, daily evacuation, 
improved stool consistency, 
protection against developing 
metabolic disturbance in healthy 
infants

[90]

L. reuteri Modulation of mucosal 
inflammation and modulation of 
cytokines production in children 
with distal active ulcerative 
colitis

[91]

Necrotizing 
enterocolitis

B. breve Reduction of abdominal 
symptoms, improvement weight 
gain and establishment of 
beneficial gut microbiota in 
preterm infants

[96, 97]

Inflammatory bowel 
diseases

VSL#3 Manifestation of high rate of 
remission and enhanced 
response to the therapy in UC 
children

[99, 100]

Inflammatory bowel 
diseases
Coeliac disease

VSL#3
L. plantarum and B. 
breve and VSL#3

Prevention and the maintenance 
of remission of pouchitis

[101, 102]

Reduction of IBS-associated 
pain

[104, 105]

B. infantis Improvement of gastrointestinal 
symptoms and inflammatory 
state

[106, 107]

Coeliac disease
Obesity

B. breve Restoration of the healthy 
percentage of main gut 
microbial components in celiac 
children

[109]

B. breve
B. breve

Reduction of pro-inflammatory 
TNF-α in celiac children

[110]

Increment of novel phyla of the 
microbiota and modulation of 
faecal SCFAs profile

[111]

Decrement of the fat mass and 
an improvement of blood 
parameters in adults with a 
tendency for obesity

[111]

(continued)
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Table 8.1  (continued)

Diseases Probiotics Mode of action References

Obesity
Type II of diabetes

L. gasseri Decrease of abdominal 
adiposity and body weight

[113]

VSL#3 Improvement in lipid profile, 
insulin sensitivity and the 
decrease in CRP

[114]

B. breve Improvement of glucose 
metabolism, decrement of 
weight and E. coli in obese 
children

[120]

L. acidophilus, L. casei, 
L. rhamnosus, L. 
bulgaricus, B. breve, B. 
longum and S. 
thermophilus

Reduction of blood glucose 
level, decrease of CRP and 
increase of the anti-oxidant 
plasma total glutathione

[116]

Type II of diabetes
Hypercholesterolemia

L. acidophilus and B. 
lactis

Reduction of the fasting blood 
glucose, the glycated 
haemoglobin and promotion of 
some antioxidant parameters

[116]

Enterococcus faecium, 
S. thermophiles, L. 
acidophilus, B. longum, 
L. plantarum and/or B. 
lactis

Redaction of total serum 
cholesterol and LDL-cholesterol 
and improvement of the 
LDL:HDL cholesterol ratio

[118]

L. gasseri Reduction of total and 
LDL-cholesterol and inulin

[119]

Neurological disease L. casei Shirota Reduction of anxiety and 
increment of lactobacilli and 
bifidobacterial in patients with 
chronic fatigue syndrome

[121]

Neurological disease Lactobacillus brevis Restoration of sleep quality [122]
L. acidophilus, L. casei, 
B. bifidum, L. 
fermentum

Improvement of cognitive 
functions in AD patients

[125]

L. acidophilus, L. casei, 
B. bifidum, L. 
fermentum, L. 
acidophilus, L. casei 
and B. bifidum

Amelioration of the health 
condition in multiple sclerosis 
patients

[124]

Improvement of depressive 
disorders

[126]

L. rhamnosus Melioration of post-partum 
depression

[127]

S. thermophilus, L. 
fermentum, L. 
delbrueckii, L. 
plantarum and L. 
salivarius

Improvement of a heathy gut 
microbiota composition and 
counteracting pathogens

[128, 129]
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8.3.2 � Mechanisms of Action of Probiotics

The beneficial effect of probiotics on the gut microbiota and health o can be ascribed 
to a large array of actions (Fig.  8.1): reduction in luminal pH, competition with 
potential pathogens for nutritional sources, production of bacteriocin or bacteriocin-
like substances and functions related to probiotic metabolites [131]. Specifically, 
some of these, such as organic acids, bacteriocins, hydrogen peroxide, and amines 
have been reported to interact with multiple targets in some metabolic pathways that 
regulate cellular proliferation, differentiation, apoptosis, inflammation, angiogene-
sis, and metastasis [132].

The positive effects deriving from the administration of bifidobacteria, as evi-
denced by Quagliariello et al. [109] and Primec et al. [111], can be related to their 
high ability to deep influence gut microbiota composition, by enhancing the bloom-
ing of some species and antagonizing others probably by the effect of the produc-
tion of metabolites such as acetic acid [97]. In particular, there are evidences that 
Bifidobacterium strains supports Lactobacillaceae development [133]. Moreover, it 
is highly probable that the decrease of TNF-alfa observed in administered individu-
als can be attributed to the increase of lactobacilli, whose anti-inflammatory proper-
ties are largely known, promoted by the administration of B. breve [134].

The reduced amount of acetic acid and acetic acid pentyl-ester, among fecal 
SCFAs, detected in adolescents and children supplemented with B. breve [120], 
which is an acetate producer, can allow the speculation that acetic acid and acetic 
acid pentyl-ester were used by other acetate dependent species involved in meta-
bolic diseases, through complex cross-feeding mechanisms [135, 136]. Noteworthy, 
acetate is used as fuel by peripheral tissues, including the liver, muscle, and pan-
creas, indicating an increased colonic absorption and transition to the systemic cir-
culation to use it as an alternative source of energy during extended calorie 
restrictions apart from a regulatory action on glucose metabolism, insulin sensitivity 
and secretion, muscle function, adipose tissue metabolism and inflammation, and 
satiety [137]. In this scenario, it is important to highlight the ability of probiotics to 
produce bile-salt hydrolase (BSH), which plays a role in deconjugation of biliary 
salts and cholesterol absorption [138]. Therefore, this activity can be linked to the 
hypocholesterolemic effect deriving from probiotic intake [138, 139], which can 
explain the use of these beneficial microorganisms for treating and preventing meta-
bolic disorders, like obesity. In fact, considering the beneficial effects of BSH-
producing bacteria, BSH activity has been included in FAO/WHO guidelines for the 
evaluation of probiotics for food use [140].

The same B. breve treatment in healthy infants was associated with a concomi-
tant lower weight gain in the population at higher risk of metabolic disturbances in 
later life [90]. Other formulations were not successful in inducing changes in weight 
in neonates [141, 142]. This inconsistency may be attributed to the strains used or, 
more probably, to the timing of the treatment being the protocol of Aloisio et al. [90] 
designed on 3 months, differently from the majority of the studies which followed 
infants for 1 month. Specifically, a lower weight gain has been evidenced in supple-
mented infants born by cesarean section; since epidemiological data suggest that 
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children born by cesarean section have an increased risk to develop obesity later in 
life [143, 144], it is possible to hypothesize that B. breve may have a protective role 
for infants at risk of developing metabolic disorders.

Di Gioia et al. [129] demonstrated that 6 months probiotic administration in ALS 
patients may have contrasted some microbial groups potentially harmful for the 
host, such as E. coli, Clostridium cluster I, and Enterobacteriaceae. This can be 
ascribed to the ability of some lactobacilli and bifidobacteria to produce antimicro-
bial peptides known as bacteriocins, which prevent the proliferation of selected 
pathogens [145].

8.4 � Remarks and Conclusion

The reported preclinical and clinical works showed mostly that the intestinal micro-
biota structure is altered in the disorders considered with respect to a healthy condi-
tion and that targeted probiotic administration can help in restoring the gut dysbiosis 
and in improving the symptoms associated to the considered pathologies.

Alterations in the gut microbiota between healthy and diseased subjects have 
been observed in two diseases targeting different organ systems, such as coeliac 
disease and ALS.

Quagliariello et al. [109] and Primec et al. [111] highlighted a clear separation of 
gut microbiota profiles between healthy and coeliac subjects, mostly attributable to 
Verrucomicrobia, Parcubacteria and some other unknown bacterial phyla. The 
absence of a serious dysbiosis in coeliac patients was probably attributed to the 
adherence to a gluten free diet. The study of Di Gioia et al. [129] is focused on a 
neurological disorder, whose relationship with the intestinal microbiota has been 
scarcely explored in clinical trials. The high abundance of Cyanobacteria observed 
in ALS patients with respect to controls, has given a renewed strength to the hypoth-
esis formulated in 2000s and then abandoned on the role of Cyanobacteria in the 
pathogenesis of neurodegenerative diseases [146, 147]. Moreover, the study shed 
light on the microbiota composition in ALS posing the basis for a tailored probiotic 
approach as PPPM strategy for these patients.

Among probiotics, bifidobacteria have the potential for a targeted use in a wide 
range of diseases both in paediatric subjects and in adults. This has been demon-
strated by the positive outcomes described in the reported trials. In this context, 
three works focused on the effects of B.breve based formulation (B632 and BR03) 
in preventing or treating paediatric can be discussed.

A 3-months treatment with the two B. breve strains in healthy breast-fed new-
borns [90] outlined that children born by caesarean section, who have a high risk to 
develop obesity later in life, showed a lower catch-up growth in weight. This allows 
the speculation that the administered formulation has a role, not only during infant-
hood but also in childhood, by reducing the risk of metabolic disturbances. Based 
on these evidences, it is possible to speculate that B. breve administration can rep-
resent a PPPM approach for infants with a predisposition to metabolic disorders.
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The probiotic properties of B. breve strains in modulating gut microbiota rely on 
the effects of the administered strains not only on the bifidobacteria population but 
also on other microbial groups, acting as a “trigger” element for the increase of 
Firmicutes and the restoration of the physiological Firmicutes/Bacteroidetes 
ratio [109].

The Firmicutes family mostly influenced by the probiotic treatment was the 
Lactobacillaceae one that reached almost the values of the healthy subjects. The 
increase of Firmicutes was correlated to a decrease of pro-inflammatory TNF-alpha, 
confirming the role of gut microbiota in modulating the host’s inflammatory condi-
tion [111]. These studies also reported new evidence about the potential anti-
inflammatory role of Synergistetes, which negatively correlated with 
pro-inflammatory acetic acid in CD children after the probiotic administration. 
Therefore, B. breve supplementation for the increase of Lactobacillaceae and 
Synergistetes can constitute a PPPM strategy for CD patients, with the aim to reduce 
inflammatory condition.

Considering ALS, the 6-months probiotic treatment with a mixture of 
Lactobacillus strains influenced in different ways the gut microbial composition; 
however, none of the probiotic interventions brought the biodiversity of intestinal 
microbiota of patients closer to that of healthy subjects [129]. Although the sug-
gested probiotic formulation only influenced few microbial groups not affecting the 
main clinical parameters measured in ALS, it was possible to observe some changes 
in the gut microbial environment in relation to the disease progression, confirming 
the specific role of gut microbiota also in pathologies involving districts relatively 
far from the intestinal tract. This is the first study that clearly showed the modifica-
tions of gut microbiota composition in ALS patients by applying novel and rigorous 
methodologies. This approach based on microorganisms’ administration can be fur-
ther improved with the design of a new formulation and applied in larger clinical 
studies in order to characterize the microbiota changes as a novel biomarker of the 
disease, following the principles of PPPM.

We would like to conclude this chapter with a general consideration. Being the 
gut microbiota a complex ecosystem, it possesses a certain resilience [148]. This 
property determines whether a particular perturbation will permanently shift its 
stable state or whether it will return to its initial homeostatic state after a perturba-
tion. Dysbiosis can occur when resilience of the original community fails and this 
condition can lead to the acquisition of an unhealthy microbiota that can become 
resilient in turn. In this regard, a probiotic administration is necessary:

	1.	 to generally maintain the resilience of a healthy microbiota in order to face any 
perturbation;

	2.	 to protect the microbiota’s resilience in a vulnerable period, such as during the 
first years of life when the microbiota is establishing, or during a period of stress 
or reduced activity of the immune system;

	3.	 to contrast the establishment of an unhealthy resilient microbiota;
	4.	 to reduce at the least the consequences associated to a permanently altered 

microbiota
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The reviewed studies collected in this chapter confirmed that the gut micro-
biota represents a key determinant of the overall health status and disease sus-
ceptibility of humans. This study collection and elaboration will further help to 
decide on the appropriate treatment strategy for the considered diseases, in com-
pliance with the perspective of PPPM. The use of tailored microorganisms can 
be an effective approach to reduce symptoms related to the disease, to maintain 
the host’s health condition and to re-establish the beneficial microbiota in the gut.

8.5 � PPPM Strategies in the Field 
of Probiotics Administration

The reported studies in this chapter evidenced that the intestinal microbial commu-
nity acts as a fingerprint of the individual during the treatment of diseases. Thus, the 
gut microbial profile could be considered as a valuable biomarker for predictive 
diagnosis and targeted treatment strategy. Hence, a personalized diet and the use of 
specific probiotics to restore the gut microbiota composition and functions is crucial 
for the development of personalized medicine, in order to preserve and protect the 
individual’s health status, in accordance with the PPPM perspective.

To this purpose, a comprehensive clinical study of the patient and screening for 
the strains to be used for such therapy are necessary to implement probiotic treat-
ment tailored to clinical care and set up the relevant clinical trial designs of particu-
lar strains. Probiotic supplements are not homogenous beneficial microorganisms, 
rather, the reported studies show recognition of probiotic efficacy as both strain- and 
indication-specific. Person-specific factors also contribute to heterogeneity in the 
outcome of probiotic supplementations, including diet, age and the individual’s gut 
microbiome. Therefore, the concept of “precision probiotics” has been developed in 
recent years [149] and will even gain greater popularity once the general population 
will have their microbiome sequenced. Even though nowadays this process is still 
not achievable, it is possible to state that it can be pursued in the following decades, 
serving as the basis for microbiome-centered precision nutrition and preventive 
medicine, including precision probiotics. In this future, individuals will be recom-
mended diets, foods and precision probiotics tailored to their unique human–micro-
biome symbiosis, in compliance with the PPPM strategies (Fig. 8.1).

8.6 � Expert Recommendations in the Framework 
of 3P Medicine

The use of probiotics in preventive and personalized medicine has a growing inter-
est due to the considerable evidences of their beneficial effects on the treatment and 
prevention of many disease conditions. It is important to emphasize that their health 

8  Probiotic Administration for the Prevention and Treatment of Gastrointestinal…



240

benefits depend on the strain type, dosing regimen and the patient’s individual 
responses. In the scenario of clinical application, matching the appropriate probiotic 
strain to patients who suffer from a certain disease can represent a challenging task. 
In this regard, McFarland et al. [150] demonstrated the importance of considering 
both probiotic strain and disease specificity. Individualized probiotic supplementa-
tion with selected strains should be based on the disease, site of infection, clinical 
situation or symptoms, phenotype and metabolic response of patients in order to 
maximize their efficacy and reduce treatment time [4]. Co-administration of prebi-
otics and probiotics is recommended to potentiate the effect and growth of probiot-
ics, so the combination with an appropriate diet is very crucial. For this purpose, the 
application of probiotics in personalized therapy needs further investigation to 
reveal their specific proprieties and to ensure product quality, safety, viability and 
efficacy in animal and clinical settings. As already mentioned, the concept that one 
strain fits all diseases and all patients is now overcome by the need of a tailored 
strain administration. Based on this evidence, a technology that is able to guarantee 
a clear discrimination among probiotic strains is essential for the design of clinical 
trials focused on the prevention or treatment of diseases. DNA-based techniques, 
such as MLST, PFGE and whole genome sequencing, are required for the full char-
acterization of the probiotic strains, the identification of genes associated with 
healthy features and host interaction and the screening of the strains that could be 
tested first in vitro and then in vivo, followed finally by clinical trials. In addition, 
gut microbiome profiling is useful for detecting alterations in microbial composi-
tion that may be associated with various human diseases; in this regard probiotics 
could serve as biomarkers for predictive diagnosis, especially with an integrated 
metabolic analysis. However, these types of analyses require the availability of spe-
cific high throughput technologies and cost. In this context, a very recent study 
conducted by Deidda et al. [151] suggested FTIR spectroscopy, as a quick, reliable 
and efficient method, for typing probiotic bacteria in a targeted probiotic 
formulation.

Probiotic products are unique in their properties to confer a health benefit, and 
they can present different challenges in design, development, scale-up, manufactur-
ing, commercialization, and life cycle management [152]. It is necessary to consider 
that the quality and safety assessment of probiotic food and supplements are respon-
sibilities of the industry and specific guidelines and legislative rules for approval 
and commercialization of the products need to be followed.

This comprehensive approach is necessary to select the most suitable probiotic 
strains for the formulation of personalized diets and treatments according to the 
PPPM approach.

N. Bozzi Cionci et al.
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Chapter 9
Microbial Therapy with Indigenous 
Bacteria: From Idea to Clinical Evidence

Elena Ermolenko, Irina Koroleva, and Alexander Suvorov

Abstract  Recent studies clearly demonstrated the role of indigenous microbiota in 
the development and sustaining of the host metabolic activity and immune status. It 
was also shown that in dysbiotic condition pathologically assembled microbiota 
cause the development of the chronic low-grade inflammation in different loci of 
microbial colonization including the gut, skin or the oral cavity. Present chapter 
describes an approach based on using indigenous bacterial strains – autoprobiotics 
for the treatment of dysbiosis and provides the arguments in favor of clinical usage 
of autoprobiotics for several clinical conditions. Data, presented in this chapter 
summarize the clinical experience of the personalized microbial therapy including 
irritated bowel syndrome, metabolic syndrome, Helicobacter pylori infection, 
colorectal cancer, Parkinson’s disease, and chronic periodontitis.

Keywords  Autoprobiotic · Microbial therapy · Microbiota · Microbiome · 
Idigenous bacteria
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LDL	 Low density lipids
MS	 Metabolic syndrome
NGS	 New generation sequencing
PD	 Parkinson’s disease

9.1 � Introduction

Novel technologies including New Generation Sequencing (NGS), metagenome 
analysis, transcriptomics and metabolomics clearly revealed the fundamental role 
of microorganisms inhabiting any multicellular organism in all physiological func-
tions including physical activity or food consumption. Present concept of any living 
organism as a holobiont with hologenome describes any organism, including human 
being, as a balanced consortium of the multicellular organism together with bacte-
ria, fungi, protozoa and viruses [47]. Multicellular organisms exist as meta-
organisms comprised of both the macroscopic host and its symbiotic commensal 
microbiota. With an estimated composition of 100 trillion cells, microbes coloniz-
ing humans outnumber host cells and express more unique genes than their host’s 
genome [30].

The rules by which this microbial consortium is functioning are not completely 
understood by the present scientific knowledge, however it is easy to assume that 
microbiota inhabits us not coincidently but reflects our genomic features, style of 
life and dietarian habits. For example, human gut provides nutrients and a breeding 
environment for intestinal microbiota which in turn, assists in carbohydrate and 
protein fermentation, synthesize vitamins and reduce intestinal permeability of the 
epithelial and mucosal barrier [3]. Commensals also play a fundamental role in both 
the training of the immune system and its functional tuning, thereby acting as adju-
vants to the immune system as a whole [2].

Considering the numbers of microorganisms (counting only bacteria) in the gut 
exceeding number of the cells in human body, the impact of microbiota on the host 
immune system seems very important. Host immunity and microbiota turned to be 
tightly bound and both adaptive and mucosal immunity maturate under the influ-
ence of microenvironment [21].

Each bacterial or fungi strain may express more than the hundred proteins just on 
the microbial surface. To note, each of these proteins carry several immunodomi-
nant epitopes responsible for the appearance of the specific pool of the antibodies. 
Taken together just in theory 1015 gut bacteria might generate incredible number of 
specific antibodies directed to these epitopes which is very costly energetically. The 
only logical explanation for this biological puzzle is provided by hygiene theory 
which is stating that the balance between the immune system and microbiota is 
guarded by the mechanisms of immune tolerance [35]. Indeed, it is well known that 
maturation of the human immune system is a time-consuming process taking about 
3 first years of life. During this time period the child need to interact with maximum 
number of different antigens provided by the environment together with significant 
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pool of internally located microorganisms. Many clinical studies including groups 
of people with allergic diseases shows the differences in the frequency of allergies 
in the countries with different sanitary standards or eating habits [58, 67]. Children 
born by caesarian section deprived from maternal bacteria aspirated during birth 
also often experience allergies or some neurological conditions in the future [20, 24].

The balance between the host and microbiota seems to be fairly stable in the 
healthy condition and highly individual because of the differences in the genomes, 
diet and life style. Contemporary bioinformatic analysis of metagenomic data 
allows distinguishing all the human microbiota into three or more stable consor-
tiums – enterotypes which are able to sustain biomolecular and immunological sta-
tus of the holobiont which is necessary for the healthy condition of the organism [11].

Taken together metagenomic and metabolomic data analyzed bioinformatically 
we can assume that each individual selects a set of bacterial, fungal or may be viral 
strains involved in the complex metabolic and (or) signaling interactions which we 
even can’t completely comprehend at present level of scientific knowledge. 
However, even without understanding how the Swiss watch is working we unargu-
ably believe that all little things in this time measuring devise are needed for its 
proper functioning. This analogy describes the malfunctioning of microbiota losing 
the original microbial composition in case of dysbiosis.

Intestinal dysbiosis, which is often associated with low-grade inflammation and 
caused by the various factors including antibiotics, infection, chemotherapy or 
stress condition, is responsible for the various health problems including gastro-
intestinal, immunopathological, neuronal, cancer and cardio-vascular diseases. In 
this respect restoration of host-microbial balance by using microorganisms for the 
therapy seems as a reasonable solution. However, the present therapeutic approaches 
for restoration of the microbiota are hardly became canonical.

Usage of probiotics has been already shown as powerful preventive and thera-
peutic intervention against inflammation aiming to maintain intestinal homeostasis 
[1, 5, 22, 29, 59, 62]. What is important – probiotics may significantly the immune 
and metabolic functioning of microbiome [6, 44].

However, probiotics as factors aimed for improving microbiota composition, 
limited by numerous factors including variety of the health conditions and immune 
statuses of the patients, and the original microbiome composition of the recipient of 
probiotic [51]. Another factor is inability of the probiotic strains to proliferate in the 
host [15, 17, 19]. Several side effects after using probiotics in clinical practice had 
been monitored: dyspeptic symptoms, acidosis, induction of dysbiotic condition 
and even the development of infectious pathology in immune compromised 
patients [26].

Microbiota composition can be changed by the diet, by pharmaceutical agents, 
by taking probiotics or even by the fecal microbiota transplantation (FMT). None of 
these approaches can be considered personified therapy and can’t be applied univer-
sally. Recently we have developed a method of using indigenous microorganisms 
for the treatment of dysbiosis named autoprobiotics. Present paper is mainly devoted 
to the clinical applications of autoprobiotic technology performed on patients with 
different pathologies [66].
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9.2 � The Concept and Methodology of Making Autoprobiotics

The idea of usage of personal bacteria for microbial manipulation which was origi-
nally suggested by Boris Shenderov is based on the assumption that the innate 
immune system recognizes individual microbiota by the mechanisms of immune 
tolerance which makes it safe to use personal bacteria as probiotics [45]. Technology 
of making autoprobiotics was later modified by Alexander Suvorov and Vladimir 
Simanenkov who included into procedure genetic analysis and selection of the bac-
terial strains grown on the artificial media and applied for the organism as probiotic 
food [53].

Autoprobiotics are the indigenous representatives of the normal microbiota of 
host organism, isolated from the organism and orally consumed by himself after 
cultivation in the same concentrations as probiotics. Their indisputable advantage is 
immunological tolerance and compatibility with the microbiota and the metabolic 
status of the host, allowing autoprobiotics to persist in the body for a long time 
[18, 50].

Autoprobiotic strain is obtained after bacteriological selection between various 
bacterial isolates (lactobacilli, enterococci, bifidobacteria, or the others) obtained 
from the different loci of the body: intestinal mucosa, oral cavity, vagina, skin or the 
feces which was found as useful source of microbiota in case of intestinal dysbiosis. 
Autoprobiotics can be prepared as monocultures or as mixture of indigenous bacte-
ria grown in anaerobe condition (so called anaerobe consortium) [54].

Requirements for the provider of autoprobiotic clones include:

	1.	 Material is obtained from the healthy person or patient during remission, before 
the surgery, chemotherapy, antibiotics, radiotherapy, or expected stress 
conditions.

	2.	 Preparation for sampling includes diet restrictions in fermented foods or taking 
commercial probiotics

	3.	 Storage material (feces and individual clones of indigenous bacteria) in the bio-
bank for delayed and repeated usage of personalized autoprobiotic therapy.

The pure bacterial cultures are obtaining by growing on selective nutrient media. 
After selection of individual bacterial colonies, they are subjected for DNA isola-
tion and studied by polymerase chain reaction (PCR) in order to determine the type 
of microorganism (species) and for the presence of potential virulence factors.

For example, in order to make autoprobiotic enterococci, only Enterococcus fae-
cium and E. hirae strains free from the following virulence and antibiotic resistance 
genes in the genome (gelE, esp, sprE, fsrВ, asa1, cylA, cyl M, efaA, vanA, vanB) 
were used.

Non-pathogenic enterococci, lactobacilli, bifidobacteria can be used to obtain 
starter culture, which is introduced into the organism at a concentration of 9 lg CFU 
per day. Alternatively, autoprobiotics can be used in the form of freeze-dried bacte-
ria, placed in capsules.
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Selection of the bacterial species for autoprobiotic technology required testing 
number of different variants (species) applicable for the autoprobiotic technology. 
As to the gut autoprobiotics, we supposed, that they should be easily cultivated, 
present in every organism, and able to withstand high acidity in the stomach and bile 
in the duodenum to sustain viability in the intestines. By these criteria, for the ani-
mal study we selected lactobacilli, enterococci, bifidobacteria, and their mixture 
and tested the on the animals (male Wistar rats) employing the model of antibiotic 
induced dysbiosis according to Ermolenko et al. [14].

Indigenous enterococci, lactobacilli, or bifidobacteria were isolated from feces 
of rats before the animals were treated with antibiotics and were grown separately. 
Analyses of stool samples before and after taking autoprobiotics and identification 
of individual clones of bacteria (E. faecium, Lactobacillus spp. or Bifidobacterium 
spp.) were performed bacteriologically using selective media or by PCR with the 
following 16S metagenome analysis [55].

It was shown that the administration of metronidazole and ampicillin to rats per 
os was characterized by an increase in the representation of gamma Proteobacteria 
phylum, the families of Enterobacteriaceae (genus Proteus, Enterobacter, Klebsiella, 
Erwinia, Enterobacter) and decrease of Faecalibacterium, Dorea, Dialister, 
Clostridium, Blautis and Bacteroides genera representativeness (Fig. 9.1).

D – rats with intestinal dybiosis, Healthy – healthy animals (before induction of 
dysbiosis by ampicillin and metronidazole).

When correcting experimental dysbiosis with different autoprobiotics, it was 
shown that indigenous lactobacilli were most active against Enterobacter spp., 
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Fig. 9.1  Features of intestinal microbiome of rats with dysbiosis (4th day of experiment compared 
with healthy animals, relative abundance of different bacterial genera)
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indigenous bifidobacteria – against Klebsiella spp. but the most activity against pro-
teobacteria expressed autoprobiotic enterococci. Indigenous enterococci and bifido-
bacteria were most efficient in restoration of representatives of Faecalibacterium 
spp. Only autoprobiotic Lactobacillus spp. and E. faecium increased representation 
of Prevotella spp. Mixture of autoprobiotics along with a pronounced antagonistic 
activity against opportunistic enterobacteria: Enterobacter, Klebsiella, Erwinia, 
Enterobacter, inhibited the growth of obligate representatives of the microbiota: 
faecalibacteria and lactobacilli (Table  9.1). Usage of indigenous E. faecium was 
leading to an increase in the representation of Ruminococcus spp., Bacteroides spp. 
and Bifidobacteria, and decrease in the number of Klebsiella spp., Staphylococcus 
spp., Streptococcus spp. and Lactobacillus spp.

The level of regulatory and anti-inflammatory cytokine IL-10 in the blood serum 
remained unchanged in blood serum of rats from al the groups with mono-strain 
autoprobiotics and increased in all other experimental groups, however, after intro-
duction of indigenous enterococci and lactobacilli we were monitoring an increase 
of this regulatory cytokine to a greater extent (Fig. 9.2).

Table 9.1  Changes in microbiome of rats with dysbiosis after autoprobiotic consumptiona

Group of 
autoprobiotics

More than in rats with dysbiosis 
before therapy

Less than in rats with dysbiosis 
before therapy

Bifidobacteria Bacteroides, Blautia, Dorea, 
Ruminococcus, Faecalibacterium

Klebsiella, Proteus

Enterococcus Bacteroides, Faecalibcterium, 
Ruminococcus, Bacteroides spp., 
Bifidobacterium

Klebsiella, lactobacillus, 
staphylococcus, Streptococcus

Lactobacillus Bacteroides, Enterobacter, Klebsiella, 
Prevotella

Klebsiella

Mixture of three 
autoprobiotics

Bacteroides, Klebsiella Klebsiella, Enterobacter, Erwinia, 
Faecalibacterium, Lactobacillus

aThe results of fecal samples metagenome study (16S rRNA and qPCR)
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Fig. 9.2  The IL-10 content in blood serum of rats with dysbiosis after autoprobiotic and their 
mixture consumption. AE-Enterococcus spp., AL-Lactobacillus spp., AB-Bifidobacterium spp. 
AM- mixture of three different autoprobiotic strains
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Based on the results of the animal modeling we decided to focus our clinical 
studies on the mono-strain autoprobiotics with focus on the Enterococcal faecium 
strains without the virulence genes in the genome.

9.3 � Usage of Autoprobiotic Enterococci in Medicine

Since 2004, on the basis of Institute of experimental medicine and clinic and outpa-
tient clinics of Saint- Petersburg, clinical studies of autoprobiotics have been carried 
out on healthy volunteers and patients with irritable bowel syndrome (IBS), 
Parkinson’s disease, metabolic syndrome, gastritis associated with Helicobacter 
pylori infection, surgical intervention in the treatment of colorectal molecular 
microbiologists, geneticists, immunologists, gastroenterologists, endocrinologists, 
oncologists and psychologists a comprehensive study of patients is being carried 
out, the results of which are currently being actively supplemented and subjected to 
statistical processing and comprehension. A large number of studies are associated 
with the clinical use of enterococci, which have been selected in experimental 
model and proved to be biotechnological when isolated and obtaining biomass of 
health beneficial food for administration.

9.4 � Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is a functional bowel disorder in which recurrent 
abdominal pain is associated with bowel movements and changes in its rhythm. The 
pathophysiology of this disorder remains incompletely understood, medical treat-
ment is empirical and is usually based on targeting the predominant symptoms [23]. 
In many publications regarding IBS, the main cause of it is considered as “low grade 
inflammation” [9, 56]. Microbiota of IBS patients demonstrated an increase in the 
representation of phylum Proteobacteria, changes in the ratio of individual repre-
sentatives of phylum Bacteroidetes and Firmicutes, and decrease in biodiversity of 
microbiota [38]. Most often, low grade inflammation in patients with IBS is charac-
terized by increased population of enterobacteria [40]. Also, unsaturated fatty acids 
are produced by other representatives of the intestinal microbiota, belonging to phy-
lums Bacteroidetes and Firmicutes [27, 33, 48, 49]. A decrease in the representation 
of butyrate-producing bacteria and methanogens in IBS was also demonstrated, 
which may indicate the role of the deficiency of these functional groups of the phy-
lometabolic nucleus of the microbiota in the violation of the intestinal barrier and 
excessive gas production due to insufficient utilization of hydrogen by methano-
genes [38].

Clinical studies of autoprobiotics for the patients with IBS were performed in 
several medical facilities of Saint-Petersburg with positive clinical outcomes [50] 
however the microbiota previously was not studied by metagenome analysis.
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In our study directed for evaluation of the effects of autoprobiotic treatment of 
IBS on microbiome 22 Patients fulfilling the Rome Criteria V for IBS with diarrhea 
were selected for clinical trial.

Metagenome analyses of the microbiota revealed several specific features of 
intestinal microbiota of patients with IBS: (1) an increase in the representation of 
Actinobacteria, including Bifidobacterium spp., Firmicutes, including representa-
tives of Streptococcaceae (Streptococcus), Lachnospiraceae (Dorea), 
Veillonellaceae (Dialister), Proteobacteria (Enterobacteriaceae and 
Desulfovibrionaceae) and (2) decrease in the population of Bacteroidetes, including 
representatives of the families Prevotellacea (Prevotella spp), Bacteroidaceae 
(Bacteroides spp.). Firmicutes belonging to the families Clostridiaceae and 
Ruminococcaceae (Faecalibacterium spp) (Table 9.2).

After administration of autoprobiotics based on indigenous E.faecium (AE) we 
were able to monitor substantial changes in microbiota composition which included 
the changes in several microbial families (Table 9.3).

Analysis of the cytokines in the blood serum revealed, that the level of pro-
inflammatory cytokines (IL-6, IL-8, IL-16), in blood serum of patients with IBS 
after autoprobiotic therapy was decreased. At the same time IL-10 content showed 
no dynamics (Fig. 9.3).

These data revealed that autoprobiotic enterococci were able to decrease «low 
grade inflammation» in patients with IBS.

During the course of the clinical study of autoprobiotic therapy, there was an 
improvement in all the monitored symptoms of IBS. Pain and flatulence decreased 
significantly; stool frequency returned to normal. Patients with diarrheal IBS noted 
a normalization of stool frequency and a change in its shape from 6-5 to 3-4 accord-
ing to the Bristol Stool Scale. The figure (Fig. 9.4) shows the dynamics of changes 
in the clinical manifestations of IBS over time.

Table 9.2  Comparative analysis significant taxa in the feces of IBS patients before and after 
autoprobiotic therapy (Control – healthy volunteers)a

Name of the 
taxons

Healthy 
volunteersa

Patients with 
IBSa

Changes as compared to the 
volunteers

Faecalibacterium 2,5 0,8 ↓
Bacteroides 39,1 21,2 ↓
Dorea 0,00085 0,00211 ↑
Bifidobacterium 0,00086 0,01475 ↑
Desulfovibrio 0,000291 0,002832 ↑
Streptococcus 0,00291 0,017398 ↑
Dialister 0,079716 0,11,864 ↑
Blautia 2,99 1,69 Tendency↓
Paraprevotella 0,65 0,2 Tendency↓
Prevotella 6,87 2,68 Tendency↓
Ruminococcus 1,97 3,94 Tendency↑

aRelative abundances of different bacterial genera (metagenome study 16S rRNA) in %
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Table 9.3  Changes in the intestinal microbiome of IBS patients after consumption of 
autoprobioticsa

Increase of the relative abundancy after taking 
autoprobiotics

Decrease of the relative abundancy after taking 
autoprobiotics

Faecalibacterium
Blautia
Bacteroides
Coprococcus
Enterococcus

Paraprevotella
Enterobacter

aThe results of fecal samples metagenome study (16S rRNAand qPCR)
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Fig. 9.3  The interleukin content in blood serum of patients with IBS before and after administra-
tion of autoprobiotic enterococcus (IBS+AE)

The graph on Fig. 9.4 shows almost complete disappearance of pain and flatu-
lence by the 4th day of treatment. Improvement in general well-being occurred on 
days 5–6, reaching 2.5 points.

9.5 � Parkinson’s Disease

The quantitative and qualitative composition of the intestinal microbiota in PD is 
changed, there is an increase in the content of Enterobacteriaceae, a decrease in the 
number of Lactobacillaceae and Prevotellaceae families members just like 
Faecalibacterium prausnitzii [12, 13, 37, 42, 43].

All patients with PD had intestinal dysbiosis, which was partially corrected by 
taking the autoprobiotic. A bacteriological study revealed the ability of autoprobi-
otic enterococci to reduce the number of atypical Escherichia coli and 
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Fig. 9.4  Dynamics of the main clinical symptoms of IBS during therapy with autoprobiotics and 
at the end of treatment

staphylococci, as well as the tendency to crowd out the population of Proteus spp., 
Citrobacter spp. and Klebsiella. spp. The decrease in the number of Bacteroides 
fragilis, Fusobacterium spp. and Parvomonas spp. and an increase in the number of 
bifidobacteria and fecalibacteria was demonstrated by metagenome study (16S 
rRNA). The peculiarities of intestinal dysbiosis in patients with PD and the possibil-
ity of its correction with autoprobiotic strain E. faecium were revealed (Fig. 9.5).

In our clinical study it was shown, that all patients with PD suffered from intes-
tinal dysbiosis. That included the decrease of Prevolella, Ruminococcus and 
Faecalibacterium genera and an increase of Lachnospira spp. and opportunistic 
members Enterobacteriaceae family. Intestinal dysbiosis was partially corrected by 
taking the autoprobiotic enterococci during 20 days. A bacteriological and genetic 
study revealed the ability of autoprobiotic enterococci to reduce the number of atyp-
ical Escherichia coli, Proteus spp., Citrobacter spp. and Klebsiella. spp., Bacteroides 
fragilis, Fusobacterium spp. and Parvomonas spp. and to increase the number of 
Bifidobacterium spp. and Faecalibacterium sp. (Table 9.4).

In our clinical study it was shown, that all patients with PD suffered from intes-
tinal dysbiosis. That included the decrease of Prevolella, Ruminococcus and 
Faecalibacterium genera and an increase of Lachnospira spp. and opportunistic 
members Enterobacteriaceae. Intestinal dysbiosis was partially corrected by taking 
the autoprobiotic enterococci during 20 days. A bacteriological and genetic study 
revealed the ability of autoprobiotic enterococci to reduce the number of atypical 
Escherichia coli, Proteus spp., Citrobacter spp. and Klebsiella spp., Bacteroides 
fragilis, Fusobacterium spp. and Parvomonas spp. and to increase the number of 
Bifidobacterium spp. and Faecalibacterium spp. (Table 9.4).

Somewhat unexpected was the increase in pro-inflammatory cytokines with the 
introduction of autoprobiotics in this group of patients (Fig. 9.6).
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Fig. 9.5  Microbiota specific content of the patients with PD relatively to microbiota of healthy 
volunteers* (results of metagenome analysis 16S rRNA, in %)

Table 9.4  Changes in microbiome after autoprobiotic consumption for the therapy patients 
with PDa

Changes in microbiome after 
autoprobiotic consumption

More than in patients with 
PD before therapy

Less than in patients with 
PD before therapy

Prevotella
Lachnospira spp.
Lactobacillus spp

Fusobacteria spp

aThe results of fecal samples metagenome study (16S rRNA and qPCR)

The positive dynamics in the PD clinic were revealed. It was manifested in a 
decrease in neurological symptoms (Fig. 9.7) and a decrease in the severity of the 
constipation syndrome (Fig. 9.7). After introduction of autoprobiotic E. faecium, 
the frequency of defecation increased (from 1.8 to 2.6 times a week). The scores on 
the Bristol scale of the stool score increased from 2 to 4.

9.6 � Metabolic Syndrome

Results of numerous preclinical and clinical studies have demonstrated the relation-
ship between the qualitative and quantitative characteristics of the microbiota on the 
development of metabolic syndrome, obesity and type 2 diabetes mellitus [31, 39, 
61, 64]. In the development of insulin resistance, an important role is played by an 
increase in the serum concentration of amino acids with a branched side chain, 
which is observed during the proliferation of bacteria Prevotella copri and 
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Fig. 9.7  Changes in the scale of nonmotor symptoms before and after therapy PD with autoprobi-
otic enterococci. *p < 0,05

Bacteroides vulgatus in the intestine [57]. In patients with prediabetes and type 2 
diabetes, there is a decrease in the concentration of butyrate-producing bacteria, as 
well as the concentration of the Akkermansia muciniphila [10].

We have conducted a clinical study of patients with metabolic syndrome, the 
main symptom of which is a violation of carbohydrate metabolism. The intestinal 
microbiota was characterized by an increase in the content of Prevotella, Roseburia, 
Streptococcus, Bacteroides, and Faecalibacterium genera. The opportunistic entero-
bacteria were found in fecal samples of vast majority of the patients. After a course 
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Table 9.5  Changes in intestinal microbiota of patients with metabolic syndrome after 
autoprobiotic consumptiona

More than in patients with 
MS before therapy Less than in patients with MS before therapy

Escherichia, Prevotella
Lachnospira, Lactobacillus

Klebsiella, Acinetobacter, Staphylococcus, Streptococcus, 
Bacteroides fragilis, Faecalibacterium prausnitzii

aThe results of fecal samples metagenome study (16S rRNAand qPCR)

of autoprobiotics for 20  days, the following changes aimed at normalizing the 
microbiota were observed: an increase in the content of Prevotella spp., the disap-
pearance or decrease the number of Klebsiella spp., Acinetobacter, Streptococcus, 
and Staphylococcus genera. At the same time, there was a decrease in butyrate-
producing bacteria Bacteroides fragilis, Faecalibacterium prausnitzii (Table 9.5). A 
decrease in opportunistic enterobacteria and streptococci was also revealed.

Autoprobiotic therapy led to a significant improvement in the glycemic profile, 
which was expressed in a decrease in the level of glycated hemoglobin and fasting 
glycemia.

A trend was revealed for the beneficial effect of autoprobiotic therapy on the 
dynamics of the lipid spectrum: decrease of the LDL, total cholesterol, C-reactive 
protein and triglycerides and appropriate increase of HDL (Fig. 9.8). In addition 
anti-inflammatory effect of the autoprobiotics was characterized by decrease in the 
level of fecal calprotectin, decrease in the level of zonulin in blood serum and rela-
tive osmolarity of stool.

Immunological analysis of the blood serum for the presence of interleukins also 
revealed that this group of patients were characterized by low grade inflammation 
before autoprobiotic treatment with the autoprobiotic enterococci (Fig. 9.9).

Clinical evaluation of the patients with MC demonstrated significant improve-
ment of the condition especially in the parameters of obesity. Autoprobiotic therapy 
caused a decrease in body weight, indexes of body weight and neck volume 
(Table 9.6).

9.7 � Colorectal Cancer

Colorectal cancer (CRC) as one of the most common and severe types of cancer are 
is often affiliated with the changes in intestinal microbiome. Numerous bacterial 
species such as Bacteroides fragilis, Fusobacterium nucleatum, and 
Peptostreptococcus stomatis have been shown to be increased in case of colorectal 
cancer [65]. In most of studies CRC correlated with the decrease in biodiversity and 
with an increase in Fusobacterium, Peptostreptococcus, Bacteroides, Eubacterium, 
Proteobacteria, Prevotella and Clostridium spp. [25, 34, 60, 63].

In our study which included autoprobiotic therapy patients with colorectal can-
cer after the surgery were characterized by the presence of marker oncogenic 
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Fig. 9.8  Changes in biochemical parameters of blood serum of patients with MS after autoprobi-
otic therapy. Results of the biochemical analyses are presented in mg per deciliter

bacteria Fusobactrium spp., Parvomonas spp., and an increase in the ratio of B. fra-
gilis and Fecalibacterium prausnitzii. After the introduction of autoprobiotic entero-
cocci in the perioperative period for 10 days, we were able to monitor disappearance 
of marker oncogenic bacteria, and an increase in the representation of Akkermansia 
spp., F. prausnitzii. What seems especially important, we observed a decrease in the 
content of opportunistic representatives of the family Enterobacteriacea, S.aureus, 
Streptococcus spp., C. difficile, Bifidobacterium spp. (Table 9.7).

Against the background of a rapid normalization of the stool frequency, a gradual 
decrease in the severity of flatulence and a change in the properties of the stool were 
also observed from 6 to 4 after 3 days of taking autoprobiotic (Fig. 9.10).

What was particularly important, the category of patients with CRC with auto-
probiotics experienced less number of complications after surgery which might be 
explained by the suppression of the pathogens such as Clostridioides difficile.
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Table 9.6  Statistically significant changes of anthropometric parameters of patients with 
metabolic syndrome after autoprobiotic therapy

Parameters Before therapy After therapy (MS+AE)

Body weight (in kg) 98 97
Index body weight 34,5 34,15
Neck volume (in cm) 39,5 39
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Table 9.7  Changes in intestinal microbiome of patients with colorectal cancer after autoprobiotic 
consumption

More than in patients with CRC 
before therapy Less than in patients with CRC before therapy

Akkermansia muciniphila, 
Faecalibacterium prausnitzii

Klebsiella, Acinetobacter, Citrobacter, Staphylococcus aureus, 
Streptococcus, Bacteroides fragilis, Bifidobacterium, 
Clostridioides difficile
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Fig. 9.10  Dynamics of the dyspeptic symptoms in patients with colorectal cancer during therapy 
with autoprobiotic. The graph shows that the almost complete disappearance of pain and flatulence 
is noted on the 4th day of treatment. Improvement in general well-being occurs on days 5–6, reach-
ing 2.5 points or 1–7 Bristol scale

9.8 � Helicobacter pylori Gastritis

According to present Maastricht V/Florence Consensus Report [32]. H. pylori gas-
tritis is an infectious disease that leads to chronic active gastritis of varying severity 
in all infected subjects [52]. Cure of H. pylori infection heals the inflamed gastric 
mucosa can be achieved by antibiotics, however, usage of antibiotics for eradicaton 
of H.p. meets a lot of concerns in the medical community because of the rapid 
growth of antibiotic resistant strains and dysbiotic conditions at the end of the 
treatment.

Recent data on the effectiveness of monotherapy of H.p. infection with probiotic 
strains of Lactobacilli, Enterococci and Saccharomycetes provides the grounds for 
medical usage of the indigeneous bacteria for the treatment of H.p. gastritis. [4, 16, 
41, 46].

In present study of the effectiveness of eradication therapy of Helicobacter pylori 
infection in patients with gastritis using autoprobiotic enterococci was carried out. 
The presence of H.pylori infection was confirmed by studying biopsy samples of 
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the stomach and feces using bacteriological, biochemical (urease test) immuno-
chromatographic methods, ELISA and PCR.

Autoprobiotic enterococci, originally isolated from feces and then prepared for 
the individual patients with gastritis as milk fermented product were administered 
for 20 days. Results of control study revealed the absence of H.p. after therapy in the 
vast majority of cases (Table 9.8).

Microbiota of the stomach and feces was analyzed before and after the treatment 
by qPCR and metagenome analysis 16S rRNA. Signs of intestinal dysbiosis such as 
a decrease in Firmicutes (Lactobacillus, Enterococcus), an increase in gamma-
Proteobacteria (opportunistic representatives), of the family Enterobacteriaceae) 
were revealed in patients with H.p. gastritis before the therapy. A course of autopro-
biotic monotherapy for 20  days led to the increase of bacteria belonging to the 
genera’s Lactobacillus, Enterococcus, Prevotella, Faecalibacterium prausnitzii, 
Enterococcus, Lachnobacterium and to a decrease of Klebsiella, Citrobacter, 
Burkcholderia, Acinetobacter, Staphylococcus aureus, Akkermansia muciniphila, 
Bacteroides fragilis, Bifidobacterium, and Ruminococcus spp. (Table 9.9).

Gastrointestinal dysfunctions (belching, heartburn, flatulence, nausea, epigastric 
pain, poor appetite) disappeared after autoprobiotic usage (Table 9.10).

Table 9.8  The effect of autoprobiotic therapy on eradication of H.pylori

Material Methods Before therapy After therapy

Fecal samples PCR 12/12 2/12
Immuno-chromatographic test 12/12 1/12
Elisa 11/12 0/12

Biopsy samples Urease test 11/12 0/12
Bacteriological method and PCR 12/12 –

Table 9.9  Changes in intestinal microbiome after autoprobiotic consumption

More than in patients with HPG before 
therapy Less than in patients with HPG before therapy

Lactobacillus, enterococcus, Prevotella, 
Faecalibacterium prausnitzii, 
Enterococcus, Lachnobacterium

Klebsiella, Citrobacter, Burkcholderia Acinetobacter, 
Staphylococcus aureus, Akkermansia muciniphila, 
Bacteroides fragilis, Bifidobacterium, Ruminococcus

Table 9.10  Changes in the gastrointestinal symptoms of patients with H.p. gastritis after 
autoprobiotic therapy

Symptoms Before therapy After therapy

Belching 4/12 0/12
Heartburn 6/12 0/12
Epigastric pain 10/12 0/12
Flatulence 4/12 0/12
Nausea 4/12 0/12
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This pilot study revealed that autoprobiotic enterococci can be considered as 
candidates for an alternative method of eradication of H.p. infection in patients with 
gastritis.

9.9 � Chronic Generalized Periodontitis

Inflammatory periodontal diseases including gingivitis and periodontitis are signifi-
cant in terms of frequency and prevalence among dental diseases. Many authors 
have demonstrated the polyethological nature of periodontal diseases, with an 
important role in their development attributed to inflammatory reactions provoked 
by dysbiosis of the oral cavity, known as periodontal pathogens [36].

The importance of microbial therapy of the oral dysbiosis turns out to be signifi-
cant in the context of the rapid recovery of the biological balance of microbiota 
when the environmental conditions for the development of periodontitis are elimi-
nated. Streptococcus salivarius is an exclusively oral streptococcus species, which 
is often discovered in microbiota of the oral cavity with no negative effects on the 
human body. The use of S.salivarius as probiotic was evaluated in different clinical 
conditions including infections of the oral cavity and dental diseases [7, 8, 68]. 
However, usage of S.salivarius as autoprobiotics for the personalized treatment of 
the oral microbiota was never tested previously.

Studies on the oral application of S.salivarius-based autoprobiotic in the com-
plex treatment of periodontitis [28]. A total of 37 patients aged 29–64 years with 
chronic generalized periodontitis (CGP) of mild severity without concomitant 
pathology were examined. Clinical examination of patients was carried out accord-
ing to the generally accepted methodology: identification of complaints, collection 
of life history and medical history, external examination and examination of the oral 
cavity and X-ray examination. S. salivarius bacteria isolated from the individuals 
were analyzed bacteriologically, genetically and used to prepare autoprobiotics. For 
the monitoring of the detection of autoprobiotics in patients’ periodontal pockets 
was performed by PCR during and after treatment.

It has been demonstrated that the use of S. salivarius-based autoprobiotics in the 
form of irrigation of periodontal pockets as well as in the form of oral baths resulted 
in faster normalization of clinical condition of periodontal tissues (OHI-S hygiene 
index, Plaque IndexPI index, Gingival Index PMA, Bleeding on probing Index BOP 
index, Periodontal Index CPITN) compared to the control group. At the same time, 
the patients of the main group underwent more accelerated elimination of periodon-
tal pathogens (P.gingivalis, T.forsythia, T.denticola, P.intermedia) in periodontal 
pockets compared to the control group (Fig. 9.11).

The use of microorganisms of the individual’s normal microbiota is an important 
component of the concept of personalized approach to the selection of a probiotic 
drug that guarantees the safety of their use based on their biocompatibility for the 
particular person. In this regard, it should be noted, that the above data confirm the 
validity of the use of S. salivarius as an oral autoprobiotic.
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Fig. 9.11  (a) Change in the detection of periodontal pathogens in patients of the main group with 
mild CGP: Group I subgroup 1 – use of S. salivarius-based autoprobiotics in the form of irrigation 
of periodontal pockets in the complex treatment of mild CGP; Group I subgroup 2  – use of 
S. salivarius-based autoprobiotics in the form of oral baths in the complex treatment of mild 
CGP. (b) Change in the detection of periodontal pathogens in patients of the control group with the 
complex treatment of mild CGP

9.10 � Summary

This chapter is devoted to the possible usage of indigenous bacteria as method of 
treatment intestinal dysbiosis. It summarizes some theoretical arguments regarding 
the role of microbial dysbiosis in the development of human diseases and the pos-
sible usage of autoprobiotic therapy. Chapter describes some animal studies and 
several examples when autoprobiotic enterococci were used for personified micro-
bial therapy in the clinic. It is important to mention, that intestines are not the only 
loci of microbial colonization and the concept may be easily transferred for each 
loci including the skin, oral cavity and urogenital tract. Respectively, other kinds of 
bacteria should be selected for the treatment of dysbiotic condition such as 
S.salivarius for the treatment of periodontal diseases. It is obvious, that with accu-
mulation of the knowledge of microbiome and it involvement in the pathological 
development of several chronic diseases it will be possible to improve and optimize 
selection of the best strategy of microbial therapy. However, based on the studies 
undertaken in several clinics of Russian Federation, it is possible conclude that 
autoprobiotic therapy did not cause any side effects and was quite efficient while 
curing several clinical conditions. The exact mechanisms of autoprobiotic therapy 
are still unknown. However, we were able to monitor some general clinical, immu-
nological and laboratory features of autoprobiotic therapy of intestinal dysbiosis. 
Improvement of clinical condition mainly correlated with an improvement of the 
functioning of gastrointestinal tract and the decrease in the abundance of 
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opportunistic bacteria predominantly by the members of Enterobacteriaceae. 
Immunological changes were characterized by the decrease of the low-grade inflam-
mation. However, the cytokine level in blood serum seems to be not very stable 
clinical parameter. It looks like that host immune response follows the change of 
microbial consortium which is establishing after the course of microbial therapy. In 
any case more data on the subject of usage of autoprobiotics in dysbiosis conditions 
will be needed. An additional advantage of autoprobiotic technology is based on the 
present possibility for long term storage of individual microbiota and successfully 
used for microbial therapy autoprobiotic strains. Indigenous microbiota biobanks 
will open a new window of possibilities of microbial therapy in the future when 
more data on the role of microbiota in health and diseases will be collected.

Expert Recommendations for the Use of Autoprobiotics
	1.	 For preventive purposes in conditions of sudden changes in environmental 

parameters.
	2.	 For therapeutic purposes in patients with acute and chronic infectious processes, 

after antimicrobial therapy.
	3.	 People who are exposed to frequent stress (police, military personnel, emer-

gency workers, athletes, pilots, firefighters).
	4.	 Patients with allergic, neuro-degenerative and immune diseases.
	5.	 Patients after surgery.
	6.	 Cancer patients after chemotherapy and radiation therapy.
	7.	 Patients with metabolic syndrome.
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Chapter 10
Fecal Microbiota Transplantation 
in Diseases Not Associated with Clostridium 
difficile: Current Status and Future 
Therapeutic Option

Sergii Tkach, Andrii Dorofeyev, Iurii Kuzenko, Nadiya Boyko, 
Tetyana Falalyeyeva, and Nazarii Kobyliak

Abstract  Fecal microbiota transplantation (FMT) is one of several effective meth-
ods for modifying altered intestinal microbiota and treating certain gastrointestinal 
diseases. Currently, the only officially approved grounds for FMT is a recurrent 
infection of Clostridium difficile. Recently published data showed FMT success in 
paving the use of precision medicine in gastrointestinal disorders. Nonetheless, the 
effectiveness of FMT is presently being studied in treating other gastrointestinal and 
non-gastrointestinal pathologies not associated with recurrent infection of 
Clostridium difficile.
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Here, in the frame of Predictive, Preventive, and Personalized Medicine (PPPM), 
discovered a modern view of current research on the results of FMT use in patients 
with inflammatory bowel diseases, constipation, irritable bowel syndrome, 
antibiotic-associated diarrhea and hepatic encephalopathy, as well as such non-
gastroenterological diseases as psoriasis, multiple sclerosis, autism, Parkinson’s 
disease and metabolic syndrome. Based on a literature review, the authors conclude 
that FMT’s potential effectiveness and feasibility in patients with ulcerative colitis, 
irritable bowel syndrome, antibiotic-associated diarrhea, hepatic encephalopathy, 
autism and metabolic syndrome. Research on Crohn’s disease, psoriasis, multiple 
sclerosis and Parkinson’s disease is still ongoing.

This part considers innovative concepts that an individual approach to each 
patient with appointment FMT and the basis of personalized medicine can improve 
clinical outcomes in patients with ulcerative colitis, irritable bowel syndrome, 
antibiotic-associated diarrhea, hepatic encephalopathy, autism and metabolic syn-
drome. So personalized FMT therapy in diseases not associated with Clostridium 
difficile would be a primary concrete practice for PPPM in the nearest future.

Keywords  Predictive · Preventive · Personalized medicine · Fecal microbiota 
transplantation · Diseases not associated with Clostridium difficile · Ulcerative 
colitis · Pouchitis · Irritable bowel syndrome · Microscopic сolitis · Functional 
constipation antibiotic-associated diarrhea · Gastro-intestinal cancers · Chronic 
liver disease · Acute pancreatitis · Psoriasis multiple sclerosis · Parkinson’s disease 
· Autism spectrum disease · Epilepsy · Metabolic syndrome · Obesity

10.1 � Introduction

The imbalance of the normal gut microbiota has been linked with many diseases 
[1–4]. This goes for both disorders of the digestive system (ulcerative colitis, irri-
table bowel syndrome, constipation, etc.) and diseases of another genesis such as 
cancer, metabolic syndrome, neuropsychiatric disorders, etc. [5–10]. Сonsequently, 
it is not surprising that various methods of modification of intestinal biocenosis 
have always attracted the close attention of the scientific community.

Fecal microbiota transplantation (FMT) is one such method, which consists of 
the administration of a solution of fecal matter from a healthy donor to an ill recipi-
ent to directly change the recipient’s gut microbiota and confer a health benefit. The 
method of FTM was first described by the Chinese physician Ge Hong in the ther-
apy of hard diarrhea as early as the fourth century AD [11]. In 1958, the current 
stage of FMT study started when American surgeon Ben Eisman published in the 
scientific literature four cases of antibiotic-associated diarrhea and clinical improve-
ment after using enemas with fecal donor material [12]. However, this method 
wasn’t officially acknowledged for over 50 years until the first controlled investiga-
tion discovered the elevated improvement of FMT in patients with recurrent 
Clostridium difficile [13]. Today, this disease is the only officially approved ground 
for FMT and is widely used worldwide [14].
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Howsoever, the effectiveness of FMT in the therapy of other gastrointestinal 
(functional constipation antibiotic-associated diarrhea (AAD), pouchitis, irritable 
bowel syndrome (IBS), ulcerative colitis (UC), microscopic сolitis (MC), gastro-
intestinal cancers, chronic liver disease, acute pancreatitis) and non-gastrointestinal 
pathologies (psoriasis multiple sclerosis, Parkinson’s disease (PD), autism spectrum 
disease (ASD), epilepsy, metabolic syndrome/obesity) not associated with recurrent 
infection of Clostridium difficile is currently being studied [15–17].

10.2 � FMT in Focus of Predictive Approach, Targeted 
Prevention and Personalisation of Medical Services

FTM is an innovative investigational treatment with administration in the colon of 
stool from a healthy donor to a recipient with a pathology connected with an 
unhealthy microbiota. FMT is successfully used for treating of recurrent Clostridium 
difficile infection [17]. Nonetheless, the effectiveness of FMT is currently being 
studied in treating other gastrointestinal and non-gastrointestinal pathologies not 
associated with recurrent infection of Clostridium difficile. The ever-increasing 
population of patients with this disease (irritable bowel syndrome, ulcerative colitis, 
antibiotic-associated diarrhea, hepatic encephalopathy, autism and metabolic syn-
drome), requires a change in the system of intervention measures to predictive, 
preventive and personalized medicine (PPPM). The current dramatic situation can 
be significantly improved by implementing appropriate early diagnostic, targeted 
preventive measures and therapies tailored to the person advancing healthcare and 
enhancing the quality of patient life.

10.3 � Ulcerative Colitis (UC)

UC causes irritation and ulcers in the large intestine. It belongs to a group of condi-
tions called IBD. Most of the studies devoted to the effectiveness of FMT in pathol-
ogies not associated with recurrent Clostridium difficile infections relate to 
inflammatory bowel diseases (primarily UC) due to significant violations of the 
qualitative and qualitative composition of the intestinal flora. For example, the 
diversity of gut microorganisms is lower in persons with UC than in healthy indi-
viduals, and there is a decrease in the relative quantity of Bacteroidetes and 
Firmicutes. It has been proven that with the development of UC, butyrate produced 
by Fecalibacterium prausnitzii decreases, and the number of Proteobacteria and 
Actinobacteria increases [18]. These changes in the intestine lead to a reduction of 
short-chain fatty acids (SCFAs) formation, especially butyrate, which is considered 
an essential source of sustenance for colonocytes and plays an important role in 
modulating immune and inflammatory responses [19].

There are three known randomized controlled trials (RCT) from six with the 
proven efficacy of FMT in patients with active UC. The study was conducted on 70 
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patients with active NVC, they participated in a single-blind RCT and received 
either allogeneic FMT by enema (main group) or water enema (control group) [17, 
20]. The primary endpoints, including a reduction in total Mayo score to less than 
three and endoscopic healing (Mayo endoscopic score 0), were seen in 24% of 
FMT-treated patients and 5% of placebo-treated patients within 6 weeks of the start 
of the RCT. Notably, the general part of clinical cases showed high efficiency of 
obtaining FMT from 1 superdonor (39% compared to 10% with material from other 
donors), which, in turn, confirms the important role of donor selection. At the same 
time, it is emphasized that such data are not indicated in treating recurrent 
Clostridium difficile infection. The effectiveness of FMT was investigated in active 
NVC patients (n = 25) by conducting two duodenal infusions consisting of 500 ml 
of fresh allogeneic donor material. The Control group (n = 25) received their own 
fecal material in the same way [21]. The clinical and endoscopic responses were 
significantly better in UC subjects treated with allogeneic treatment. Paramsoti and 
others investigated the efficacy of FMT by colonoscopy in recipients with mild to 
moderate UC. Most patients received FMT by injecting donor material from 3–7 
patients [17, 22]. Steroid-free remission and endoscopic response or remission were 
achieved in 11 of 41 (27%) recipients treated with active fecal material and in 3 of 
40 (8%) patients treated with placebo (saline). An enhancement accompanied the 
clinical response in intestinal microbiota diversity and the lack of an effect was 
associated with a relative increase in Fusobacterium.

Also, the effectiveness of FMT was studied in recipients with mild to moderate 
UC through repeated receiving of frozen fecal material from several donors by 
enema [23]. When comparing the results with the previous study’s data, remission 
was found in 9% of placebo-treated patients as opposed to remission in 32% of 
patients treated with fecal material. The LOTUS study, the first which used oral 
FMT as maintenance therapy in UC and assessed the long-term effectiveness of 
donor engraftment with clinical, endoscopic, and histological outcomes [24]. The 
primary outcome was corticosteroid-free clinical remission with endoscopic remis-
sion or response at week 8. At week 8, FMT responders were randomly assigned to 
either continue or withdraw FMT for a further 48 weeks. At week 8, 53% of patients 
in the FMT group achieved primary endpoint as compared to 15% in the placebo 
group (p = 0.027; OR 5.0, 95% CI 1.8–14.1) [24]. All patients who continued FMT 
in the open-label phase were in clinical, endoscopic, and histologic remission at 
week 56 compared with none of the patients who had FMT withdrawn [24].

A systematic review with the inclusion of 25 studies (2 RCT, 15 cohort studies, 
and 8 case studies) was designed to assess the safety and efficacy of FMT in UC. Of 
234 patients with UC included for analysis, 65% (126/193) achieved clinical 
response and 42% (84/202) achieved clinical remission (CR). Among the cohort 
trials, the pooled estimate of cases that achieved CR and clinical response were 41% 
(95% CI 24.7–58.7%), and 66% (95% CI 43.7–83.0%) [25]. Another systematic 
meta-analysis was conducted to assess FMT as a treatment for active UC in 277 
participants. FMT was connected with better remission between four RCTs than 
placebo [26]. A most recent meta-analysis, involving 6 RCT and 324 patients with 
UC demonstrated that compared with placebo, FMT has a significant benefit in 
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inducing combined clinical and endoscopic remission (OR 4.11; 95% CI 2.19–7.72; 
p  <  0.0001). Subgroup analyses of influencing factors showed no differences 
between fresh or frozen FMT (p = 0.35) and different routes or frequencies of deliv-
ery (p = 0.80 and p = 0.48, respectively) [27]. In contrast, a recent meta-analysis, 
with the inclusion of 14 RCT found that fresh (40.9%) as compared to frozen 
(32.2%) FMT can increase clinical remission rates in IBD patients, with no signifi-
cant risk of study heterogeneity (I2 = 38%, p = 0.03) [28].

This way, in some people with UC, FMT demonstrates its obvious advantages 
over placebo. But its effect seems to connect with the method of introduction of the 
donor material and the donor material used (fresh or frozen material, from a normal 
healthy donor or a superdonor, from one or more donors), as well as the number of 
procedures (one-time FMT, repeated sessions), previous treatment and severity of 
UC. At the same time, it is still not known which microbes or microbial components 
ensure the effectiveness of FMT in patients with UC [17].

10.4 � Pouchitis

After a patient has had surgery to remove the colon and rectum (large intestine), an 
ileal pouch-anal anastomosis is performed to create a structure or pouch that can 
store and eliminate stools. Pouchitis is a frequent complication in these patients, 
especially in individuals with UC. Pouchitis – the pouch inflammation – can be due 
to idiopathic or secondary causes. Chronic antibiotic-dependent pouchitis (CADP) 
and chronic antibiotic-resistant pouchitis (CARP) are the most difficult forms of 
chronic idiopathic pouchitis to treat [29]. The effectiveness of antibiotics in pouchi-
tis determines the need to use tools that can modulate the life of the intestinal micro-
biota [30]. It is also emphasized that treatments such as FMT have good preliminary 
results, shown in small group studies, in the treatment of forms of chronic ileus. 
Thus, for 2 weeks, patients with CARP were administered a single FMT through a 
nasogastric tube; of the eight patients enrolled, none achieved clinical remission. 
However, two patients with previous resistance to ciprofloxacin showed sensitivity 
to the antibiotic, and a decrease in PDAI ≥ 3 after FMT was also observed [31]. 
Selvig et  al. demonstrated the largest pilot, prospective, open-label study in 19 
patients with chronic reservoir pouchitis, a single FMT by puchoscopy from healthy 
donors at screening. Although PDAI scores after FMT were unavailable for all 
patients, and some had PDAI scores ≤ 6 before FMT, endoscopic and histological 
findings did not significantly decrease [32]. Of note, there was a statistically signifi-
cant improvement in bowel movements and a trend toward less abdominal pain after 
FMT [32]. Stallman et  al. partially confirmed these findings and reported endo-
scopic response in all patients (n  =  5) and endoscopic remission in one patient 
(20%) after FMT infusions (n = 1–7 instillations) [33]. Today, there is an urgent 
need for controlled research. Thus, in the only double-blind RCT known to date in 
which participants were randomized to one colonoscopically delivered FMT fol-
lowed by oral capsules versus placebo, the study was stopped prematurely due to 
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low donor FMT engraftment and lack of clinical response [34]. According to exist-
ing data, the use of antibiotics before FMT in UC patients promotes the establish-
ment of beneficial xenomicrobiota, with improved clinical and histological 
responses [35]. Considering the fact that antibiotic therapy is the main method of 
treatment of pouchitis, the use of antibiotics before FMT is promising, provided that 
adequate antibiotic selection, dosage and duration of therapy are ensured [36]. 
Furthermore, successful multiple FMT in patients with UC and a reservoir is accom-
panied by an increase in Firmicutes and a decrease in Proteobacteria in the iliac bag 
[37]. In contrast to Selvig’s study, microbiota profiling revealed no clear changes at 
the community level after FMT, although a small number of specific bacterial taxa 
differed significantly in relative abundance [32].

Data on the effectiveness of FMT in pouchitis were summarized (based on three 
studies) in a sub-analysis as part of a comprehensive meta-analysis of subtypes of 
IBD [38]. Furthermore, these studies were descriptive, with different FMT infusion 
regimens, endpoints, and debatable results. The frequency of clinical remission 
after FMT was 21.5% [38]. The most recent meta-analysis of pouchitis was based 
on nine studies (69 patients treated with FMT). Overall clinical response after FMT 
was reported in 14 (31.8%) of 44 evaluable patients at various time points after 
FMT, and clinical remission in 10 (22.7%) patients [39].

Accordingly, many questions need to be answered, namely: the optimal dosing 
regimen (frequency and interval of infusions), advantages of using multi-donor/
combined infusions, pre-selection of donors according to microbial profiles, etc. 
[17, 36].

10.5 � Crohn’s Disease (CD)

CD is a special type of IBD that causes chronic inflammation of the gastrointestinal 
tract. Given the positive results of FMT in patients with UC, its effectiveness was 
also studied in patients with CD. To date, the question of the effectiveness of FMT 
in patients with CD is still open. Studies with mixed results have been published, 
but there has been no RCT on the effectiveness of FMT in patients with CD [40, 41]. 
No significant improvement was found among the 6 patients with CD at week 8 fol-
lowing FMT via ileocolonoscopy. However, one patient experienced temporary 
clinical remission for 6 weeks. A recent study with an open-label design included 30 
patients with refractory CD (Harvey-Bradshaw Index (HBI) score ≥ 7) for single 
FMT through mid-gut and assessed during follow-up. It was established that the 
rate of clinical improvement and remission in the first month was 87% and 77%, 
which was higher than other assessment points within a 15-month follow-up. A 
decreased abdominal pain associated with sustaining CD was also observed using 
FTM [41]. Nine patients aged 12–19  years with mild to moderate symptoms as 
defined by the Pediatric Crohn’s Disease Activity Index (PCDAI 10–29) partici-
pated in an open-label study of nasogastric tube FMT with follow-up at 2, 6, and 
12 weeks. The mean PCDAI score improved at 2 weeks by 67% and at 6 weeks by 
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56%. 7 of 9 patients were in remission at 2 weeks, and 5 of 9 patients who did not 
receive additional medical therapy were in remission at 6 and 12 weeks. Patients 
who did not receive a graft or whose microbiome was most similar to the donor 
microbiome showed no or moderate improvement [42]. Meta-analysis with the 
inclusion of 39 CD patients estimated the efficacy of FMT. It was found a pooled 
estimate of CR of 61% (95% CI 28.4–85.6%) for CD (P = 0.05; I2 = 37%) [43]. Data 
from 2020 studies (for CD and for UC) were summarized based on the latest meta-
analysis. In particular, it was found that frozen fecal material from universal donors 
may be associated with a higher CR rate, especially for CD. Pairwise meta-analyses 
of six controlled trials showed significant effectiveness of FMT compared with pla-
cebo. An overall CR of 37% and overall clinical response of 54% were established 
for the interventional investigations [44].

Sokol et al., initiated and conducted the first randomized, single-blind, controlled 
trial (NCT02097797) of FMT in adults with colon or ileocolonic CC. The primary 
endpoint was donor microbiota implantation at week 6 (Sorensen index >0.6). 
Importantly, no patient met the primary endpoint. Steroid-free clinical remission 
rates at 10 and 24 weeks were 44 and 33% in the sham transplant group and 88 and 
50.0% in the FMT group. Endoscopic Crohn’s Disease Severity Index decreased 
6 weeks after FMT (p = 0.03) but not after sham transplantation (p = 0.8). In con-
trast, CRP levels increased 6 weeks after sham transplantation (p = 0.008) but not 
after FMT (p = 0.5) [45].

In patients with CD, fever is often a side effect several hours after FMT. A recent 
large-scale study evaluated long-term adverse event (AD) risk factors and short-
term efficacy of FMT in patients with CD. Within 1 month of FMT, 14% of mild 
adverse events occurred, including increased frequency of defecation, fever, abdom-
inal pain, flatulence, hematochezia, vomiting, abdominal distension, and herpes 
zoster. It is important that AE were not observed for more than 1 month. Thus, to 
determine the short-term and long-term side effects of FMT, a cut-off of 1 month 
can be proposed [46]. Other side effects include dyspepsia, gastroenteritis, 
Escherichia coli bacteremia, flares of UC, gastrointestinal tract bleeding, peritonitis, 
or enteritis, colon micro-perforation, pneumonia, transient sore throat and head-
ache, hypotension, herpes zoster, significant weight gain and other [47].

FMT is a safe, highly effective therapy for CD. However, in addition to the 
already clear advantages, the issues of donor screening, stool preparation and appli-
cation, the exact mechanism of microbial recovery, and long-term safety remain 
open [17]. Accordingly, in the FMT perspective are sealed frozen FMT agents, they 
can be administered orally, which significantly reduces risks and costs [47].

10.6 � Irritable Bowel Syndrome (IBS)

IBS is a group of symptoms that occur together, including repeated pain in your 
abdomen and changes in your bowel movements, which may be diarrhea, constipa-
tion, or both. Patients with IBS exhibit a reduced diversity of intestinal microbiota, 
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an increased number of Enterobacteria and a relatively low level of Bifidobacteria 
and Lactobacilli [48]. Underproduction of butyrate and overproduction of acetate 
and propionate in patients with IBS is usually accompanied by symptoms such as 
abdominal pain and distension. Currently, there are few controlled investigations 
about the effectiveness of FMT in the treatment of IBS. For example, in a single-
blind RCT patients (n = 90) with IBS with diarrhea (IBS-D) or mixed IBS (IBS-M) 
received FMT or placebo. It was found significant difference in clinical improve-
ment of the FMT group (mixed material from two donors) in the after 3 months 
[49]. Instead, Halkjær et al. reported a greater reduction in IBS-SSS (−125.71 ± 90.85) 
in the placebo group (n = 23) at 3 months compared to the FMT group (n = 22) who 
received FMT capsules for 12 days (−52.45  ±  97.72) [50]. Moreover, patients 
treated with FMT in capsules had greater microbial diversity, but symptomatic 
improvement was greater than patients in the placebo group [50]. Holvoet et  al. 
conducted an examination among 64 patients with IBS without constipation [51]. 
Patients participated in single-blind, randomized trials in a ratio of 2:1. The aim of 
the studies was to obtain FMT by colonoscopy from 2 donors (experimental group) 
or FMT from own feces (control group). It is worth noting that in the experimental 
group there was a significant decrease in discomfort, abdominal pain and bloating 
compared to the control group. According to the microbiome analysis, it was found 
that patients who received effective FMT had a higher baseline concentration of 
Streptococcus as well as a greater enrichment of the whole gut microbiome [51]. A 
double-blind, placebo-controlled RCT on the efficacy of FMT capsules in patients 
with IBS-D was conducted by Aroniadis JC et al. in three centers in the USA [52]. 
Patients were allocated (1:1) in blocks of four by computer randomization sequence 
to receive 75 capsules of either donor stool (each containing 0.38 g) or 75 placebo 
capsules for 3 consecutive days (25 capsules per day). Interestingly, after 12 weeks, 
there was almost no difference in treatment efficacy between the two groups (as 
measured by the IBS Severity Index). Accordingly, it was concluded that the effec-
tiveness of FMT in patients with IBS requires further thorough research [52].

Today, the results of the studies reviewed by us are combined in a meta-analysis. 
Importantly, a meta-analysis of four [53], five RCT [54] and seven [55, 56] found 
that FMT did not improve overall IBS symptoms compared with placebo. At the 
same time, the meta-analysis evaluated data from single-group studies (SAT) and 
RCTs separately. Thus, in SAT, 60% (95% CI 49.1–69.3) of patients with IBS 
showed significant improvement. In the RCT, there were no differences between 
FMT and controls in terms of improvement (HR = 0.93 (95% CI 0.50–1.75)) or 
change in IBS-SSS [57]. Delivery method is probably worth considering, as classic 
FMT is promising, but capsule delivery is not. In a subanalysis, advantages of 
single-dose FMT using colonoscopy and nasojejunal tubes were observed com-
pared to autologous FMT for placebo treatment and reduced likelihood of multiple 
capsule improvement [53, 54]. In contrast to previous meta-analysis, two recent 
ones which were published in 2022, similar does not show significant global 
improvement in IBS patients. Howsoever, FMT operated by invasive routes, via 
colonoscopy or gastroscope, significantly improved global IBS symptoms [55, 56].
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Benno et al., reviewed FMT in the form of anaerobically cultured human intesti-
nal microbiota (ACHIM) via upper gastrointestinal endoscopy to achieve treatment 
response in 50 patients with IBS. Symptom reduction in the majority of patients, 32 
with a 50-point IBS-SSS reduction and 21 with a 100-point IBS-SSS reduction, was 
observed independent of changes in SCFA baseline [58]. El-Salhy et al. published 
the first placebo-controlled RCT in IBS that used gastroscopy as a delivery route to 
the distal duodenum and compared the efficacy of two different doses of donor stool 
in ultra-high-density fecal solution (30 g FMT and 60 g FMT in 40 ml saline) [59]. 
The study included 165 patients with IBS, resulting in higher FMT response rates 
than in previous studies [60]. Response, defined as a reduction of 50 points or more 
in the IBS-SSS at 3 months, corresponding to a 10% improvement in symptoms, 
was achieved by 77% of patients in the 30 g FMT group, 89% of patients in the 
FMT group, 60 g FMT group, and 24% of patients in the placebo group. Symptom 
remission, defined as an improvement in IBS-SSS score of at least 175 points, was 
achieved in 35% of patients treated with 30 g stool, 47% of patients treated with 
60 g stool, and 6% of patients treated with placebo [59]. Currently the same group, 
reported a 3-year follow-up of the patients in our previous clinical trial to clarify the 
long-term efficacy and possible adverse events of FMT [61]. The response rates 
were significantly higher in the 30-g and 60-g groups than in the placebo group at 2, 
3 years after FMT. No long-term adverse events were recorded [61].

Despite the undeniable facts of the effectiveness of FMT in the treatment of IBS, 
we still consider it necessary to further develop this problem, as well as a detailed 
study of previous antibiotic therapy [62] and the profile of the intestinal microbiome 
before and after the procedure [17]. In addition, scientists should pay attention to 
which changes in the gut microbiota are associated with clinical improvement. The 
mechanisms for the cross talks between gut microbiota and colonic enteroendocrine 
cells remain also to be investigated. It was found, that colonic enteroendocrine cells 
densities significantly change in FMT responders [63].

10.7 � Microscopic Сolitis (MC)

MC is determined by the presence of microscopic modifications of the mucous 
membrane of the large intestine in patients without macroscopic lesions who had 
signs of chronic diarrhea. There are two types of MC lymphocytic colitis (LC) and 
collagenous colitis (CC). However, it is not entirely clear whether these are different 
manifestations of one unique disease or whether they are other conditions [64]. 
Note that 1–6% of patients with microscopic colitis are not amenable to medical 
treatment. Accordingly, the possibility of effectiveness of FMT in MC was consid-
ered [17]. Thus, in one of the recent reports, an assessment of the effect of repeated 
FMT was made in a patient with СС refractory to drug treatment, in particular, 
severe symptoms were observed, including profuse diarrhea and weight loss. After 
3 courses of FMT, the patient remained in remission for 11 months [65].
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Another study discussed the development of a new MC in a patient with UC after 
FMT [66]. Thus, there is a known case of studying the effect of three repeated FMT 
(day 0, 2 weeks, 4 weeks) in patients with CC (n = 9), where feces from two donors 
were studied. The primary endpoint (remission at 6 weeks, defined as <3 stools of 
which <1 watery stool per day) was achieved in two patients and in one at 8 weeks. 
Thus, FMT resulted in an increase in the number of lamina propria lymphocytes, 
which probably indicates the initial immune activation of the mucosa [67].

In the future, studies that will help characterize this subgroup and understand 
whether the stated results apply to all patients with MC.

10.8 � Functional Constipation

Functional constipation is directly related to intestinal dysbacteriosis, but in this 
case there is much less evidence of disturbance of the intestinal microbiota. Thus, in 
a RCT (n = 60), the effectiveness of FMT in constipation with delayed intestinal 
transit was investigated [68]. Patients treated with FMT by nasogastric tube admin-
istration of donor material had significant improvement and acceleration of intesti-
nal transit compared to the control group. Improvements in a clinical remission rate 
were also observed in other RCT studied in patients with chronic functional consti-
pation after three courses of FMT by gastroscopy [69]. Also, FMT treatment pro-
moted intestinal motility, increased levels of NO, 5-HT and amounts of Prevotella 
and Acidaminococcus [69]. According to the processed data, a decrease in the fre-
quency of clinical recovery over time and a higher effectiveness of FMT in combi-
nation with the polysaccharide pectin were observed in patients with chronic 
constipation [70, 71]. However, it should be emphasized that the FMT treatment 
was quite intensive and invasive, as patients received up to 18 nasoduodenal FMTs 
within 3 months [71]. The outlined limitations can be solved with the help of FMT 
capsules. The effectiveness of faecal microbiota in FMT can also be considered due 
to the fact that glycerol has a relaxing effect. It is used to protect the gut biomaterial 
from freezing [72].

10.9 � Antibiotic-Associated Diarrhea (AAD)

Аntibiotics can cause dysbacteriosis, which is accompanied by diarrhea. In particu-
lar, there is one study devoted to the expediency of the use of FMT or probiotics in 
patients with AAD [73]. FMT has been shown to promote rapid recovery of IM and 
improve symptoms, whereas multi-probiotic treatment slows recovery of IM [17].
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10.10 � Immune Checkpoint Inhibitors Associated Colitis 
and Gastro-intestinal Cancers

Fatefully that the interest to FMT as a therapeutic option in the treatment of oncol-
ogy has risen after the discovery of the impact of gut microbiota in determining the 
response to immune checkpoint inhibitors [74].

Thereby, immunotherapy significantly influenced the development of oncology 
as a whole. Treatments with immune checkpoint inhibitors (ICI) targeting cytotoxic 
T-lymphocyte-associated antigen 4 (CTLA-4), programmed cell death protein 1 
(PD-1) and programmed cell death ligand 1 (PD-L1) is associated with increasing 
the number of T cells activation and effective anti-tumor immune responses [75]. At 
the same time, a number of side effects were observed, in particular colitis, which 
was caused by immune checkpoint inhibitors [76]. After FMT, there was a signifi-
cant decrease in CD8+ T-cell density with a concomitant increase in mucosal CD4+ 
FoxP3+ in one participant, meaning that FMT may actually reverse immunotherapy-
related toxicity [76, 77]. To date, there are several studies, most of which are pre-
clinical, devoted to the study of FMT in gastro-intestinal cancer, including colorectal 
cancer [78], hepatocellular carcinoma [79], and pancreatic cancer [80].

10.11 � Chronic Liver Disease

Chronic liver disease is the most common cause of morbidity in the world [81, 82]. 
Despite the achievements of modern medicine in the treatment of most chronic viral 
hepatitis, many causes of chronic liver disease remain insufficient. According to 
recent research data, the human gut microbiome plays an important role in the 
development and progression of chronic liver diseases. Accordingly, FMT may 
become an important segment in general therapy related to liver diseases [83].

Thus, alcoholic hepatitis has an extremely high short-term mortality rate of up to 
50%, and currently there are no specific treatment methods other than steroids [84]. 
The only treatments are a liver transplant and abstinence from alcohol. FMT has 
also been considered as a potential treatment for severe alcoholic hepatitis (SAH) 
[85]. Philips et al. administered FMT for patients during 7 days, and eventually the 
researchers reported an improvement at 1 year in survival compared to the control 
group (88% vs. 33%) [86]. In particular, the improvement was related to the relative 
abundance of Proteobacteria and Actinobacteria, as well as a decrease in patho-
genic Klebsiella pneumoniae species (from 10% to 1% in 1 year) and an increase in 
beneficial species (Enterococcus villorum, Bifidobacterium longum and 
Megasphaera elsdenii) [86]. Based on a study involving 51 patients, it was estab-
lished that FMT is associated with a decrease in the frequency of hepatic encepha-
lopathy (НE), respectively, there were higher survival rates after 3 months (survived 
75% of patients with FMT versus 38, 29 and 30% in group of corticosteroids, nutri-
tion and pentoxifylline) [87]. Preliminary results of the first RCT (NCT 03091010) 
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comparing patients (n = 112) with SAH treated with steroids or FMT showed good 
results with improved 90-day survival in the FMT group [84]. Recent open-label 
study, in patients with SAH presenting as acute-on-chronic liver failure (ACLF), 
demonstrated single FMT administered as a freshly prepared stool suspension from 
pre-identified healthy family member, increase survival rate at 28 and 90 days in the 
FMT arm (100% versus 60%, p = 0.01; 53.84% versus 25%, p = 0.02) [88]. HE 
resolved in 100% versus 57.14% (FMT versus SOC, p = 0.11) patients, while asci-
tes resolved in 100% versus 40% survivors (p = 0.04) [88]. Taking these data into 
account, we can conclude that further studies of FMT are promising [17].

Primary sclerosing cholangitis (PSC) is a chronic cholestatic liver disease, which 
in the majority of patients progresses to liver transplantation or death [89]. About 
70–80% patients with PSC have a concomitant diagnosis of IBD, usually UC [90]. 
According to the conducted studies, the intestinal microbiota plays an important 
role in the etiopathogenesis of PSC [91]. Thus, according to one of the hypotheses, 
bacteria from the inflamed intestinal mucosa move through the portal vein system to 
the liver and stimulate an adverse immune response in the biliary system [92]. 
Studies of the fecal microbiota have highlighted enriched levels of certain species, 
including Veillonella, Streptococcus and Enterococcus, among others [93]. To date, 
no medical treatment has been proven to be of benefit. Several antibiotics, including 
vancomycin [94] and FMT, have shown good results [95]. In 2018, the first case 
report described the utility of weekly FMT in healthy donors for the treatment of 
recurrent acute bacterial cholangitis in PCS. After FMT, the patient’s bilirubin and 
alkaline phosphatase (ALP) levels decreased, and remission lasted for more than a 
year [96]. One of the most recent pilot studies presented the results of using FMT in 
10 patients with PSC and an increase in ALP more than 1.5 times the upper limit of 
normal and simultaneous IBD. As this was the first study of its kind, the primary 
endpoint was safety. There were no related adverse events. 30% (3/10) of patients 
had at least a 50% decrease in ALP, with the relative abundance of these bacteria 
present in the stool microbiota after FMT, but not before FMT, being negatively 
correlated with alkaline phosphatase levels [97]. Therefore, there is an urgent need 
for further research that would confirm the effectiveness of FMT in PSC.

Hepatitis B is one of the most common infectious diseases globally. It has been 
estimated that there are 350 million chronic hepatitis B virus (HBV) carriers world-
wide [98]. New technologies have enabled systematic gut microbiota studies and 
provided more realistic information about its composition and pathological variance 
[99]. FMT may be a useful therapy for HBV-related diseases. Thus, in a study 
involving 18 participants with persistently positive hepatitis B e-antigen (HBeAg), 
it was found that 1 month of FMT treatment reduced HBeAg titers over time, and 
2/5  in the treatment group achieved HBeAg clearance versus 0/13  in the control 
group [100]. They found that monthly FMT treatment reduced HBeAg titers over 
time, and 2/5 patients in the treatment arm achieved HBeAg clearance versus 0/13 in 
the control [100]. Most recently, HBeAg-positive patients, despite being on antivi-
ral treatment for >1 year were given six cycles of FMT via gastroscope (nasoduode-
nal route) at 4 weekly intervals along with antiviral therapy (AVT) In the FMT arm, 
16.7% (2/12) patients had HBeAg clearance in comparison to none in the AVT arm 
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(P = 0.188). None of the patients in either arm had HBsAg loss. The FMT was toler-
ated well and patients reported one or more minor adverse events [101]. 
Optimistically, it may allow patients with persistently positive HBeAg to come of 
otherwise lifelong antiviral therapy and thus warrants further investigation [102].

Non-alcoholic fatty liver disease (NAFLD) has become the most common 
chronic liver condition and described as a multifactorial complication due to genetic 
predisposition, metabolic functions, inflammatory, gut microbiota, and environ-
mental factors [103, 104]. A major current research effort is ongoing to find poten-
tial strategies to treat NAFLD-non-alcoholic steatohepatitis (NASH), with special 
attention to the gut microbiota [105, 106]. In preclinical studies in mice fed a high-
fat diet, FMT reduced weight gain, nonalcoholic fatty liver disease, and the accumu-
lation of intrahepatic lipids and intrahepatic proinflammatory cytokines 8  weeks 
after FMT [107]. Similarly, mice transplanted with feces from human NASH exhib-
ited increased hepatic steatosis and inflammatory cell infiltration compared to mice 
transplanted with feces from healthy humans [108]. Currently, human testing of 
FMT is limited to obese adults with metabolic syndrome (without defined NAFLD) 
[109]. To date, only one pilot RCT has investigated the effect of allogeneic (n = 15) 
or autologous (n  =  6) FMT delivered to the distal duodenum in patients with 
NAFLD. However, FMT did not improve IR as measured by HOMA-IR or liver 
proton density fat fraction, but had the potential to reduce small bowel permeability 
in patients with NAFLD [110]. Disadvantages of this study are the different meth-
ods used to confirm NAFLD: biopsy, FibroScan, and MR elastography. In another 
RCT, allogenic FMT using lean vegan donors as compared to autologous, in indi-
viduals with hepatic steatosis shows an effect on intestinal microbiota composition 
[111]. Unfortunately, the research due to slow recruitment prematurely terminated.

NASH is the leading cause of liver cirrhosis and hepatocellular carcinoma 
(HCC). End-stage liver cirrhosis can lead to recurrent hepatic encephalopathy (НE), 
which is often associated with the development of intestinal dysbacteriosis [112]. 
Animal studies prove the beneficial effect of FMT for HE, in particular, the FMT 
study was conducted in rats. Thus, FMT prevented liver necrosis and intestinal 
mucosal barrier damage, leading to hepatic clearance of ammonia, decreased intes-
tinal permeability, and decreased expression of TLR4 and TLR9 [113]. In one study 
involving 20 male outpatients with cirrhosis and hepatic encephalopathy, the par-
ticipants were divided into 2 groups. In the first group (experimental), patients 
received broad-spectrum antibiotics for 5 days, and then FMT (enema) from one 
donor. The second group (control) received standard therapy [114]. Notably, hepatic 
encephalopathy recurred in 5 of 10 patients with standard treatment but in none of 
10 patients treated with FMT. It is also important that patients in the experimental 
group showed improved cognitive function and a relative increase in Lactobacillaceae 
and Bifidobacteriaceae.

Furthermore, a recent study determined the long-term effects of FMT compared 
to standard of care (SOC) over 12 months on cognitive function, hospitalization and 
HE by extending the results of previous RCTs [114, 115]. SOC therapy for this 
condition includes intestinal laxatives (especially lactulose) and non-absorbable 
antibiotics (rifaximin). Overall, in those assigned to FMT, the intervention was 
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well-tolerated and had a non-concerning long-term safety profile, without infections 
or need for new antibiotic initiation. There was a significantly higher number of 
hospitalizations and HE episodes in the SOC arm compared to the FMT arm during 
the long-term follow-up [115]. Therefore, many questions remain open, especially 
regarding the effectiveness and safety of FMT in HE, because the duration of treat-
ment and the number of necessary transplants are still unknown. In the analyzed 
studies, all faecal transplants used a single donor selected on the basis of microbi-
ome characteristics. Accordingly, it is not entirely clear whether positive results can 
be expected from another donor, and therefore how the composition of the donor’s 
microbiome affects the results in general [83]. Several RCT active recruiting 
(NCT02862249, NCT03796598, NCT03439982) patients with HE and cirrhosis 
can help resolve the controversial issues mentioned above questions [17].

10.12 � Acute Pancreatitis

Currently, only one case of the efficacy of FMT in an acute form of pancreatitis of 
moderate severity is known, which was complicated by a severe infection caused by 
Clostridium difficile. In particular, this is a 51-year-old patient from China who suf-
fered from diarrhea during acute pancreatitis. Because the patient provided informed 
consent for FMT treatment, he was initially treated by FMT rather than metronida-
zole. Diarrhea resolved within 5 days post FMT. The patient remained asymptom-
atic, and the follow-up colonoscopy performed 40 days after discharge showed a 
complete recovery. Regarding these findings, the authors concluded that FMT might 
become a critical component of treating severe Clostridium difficile infection in 
acute pancreatitis patients [116]. Currently, the impact of FMT in pancreatitis 
patients is under active investigation and 3 RCT are registered (NCT03015467, 
NCT02318134, and NCT02318147) [17].

10.13 � Non-gastroenterological Diseases

10.13.1 � Systemic Lupus Erythematosus (SLE) and Sjögren’s 
Syndrome (SS)

SLE and SS are two important conditions which show the properties of chronicity 
and autoinflammation. SLE is a complex condition which especially affects young 
women, is characterized with a chronic course of exacerbations and remissions and 
may lead to serious organ damages [117]. The first clinical trial of FMT in active 
SLE patients provide supportive evidence that FMT might be a feasible, safe, and 
potentially effective therapy in SLE patients by modifying the gut microbiome and 
its metabolic profile [118]. In this 12-week, single-arm pilot clinical trial oral 
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encapsulated FMT once a week for three consecutive weeks along with standard 
treatment lead to significant reductions in the SLEDAI-2K scores and the level of 
serum anti-dsDNA antibody and IL-6 and CD4+ memory/naïve ratio, enrichment of 
SCFAs-producing bacterial taxa and decrease of inflammation-related bacterial 
taxa [118].

Sjögren’s syndrome develops due to accumulation of lymphocytes in exocrine 
glands [117]. The most common clinical findings include xerostomia and immune-
mediated dry eye (DE) which occur as a result of involvement of salivary glands and 
lacrimal glands. In open-label study, after 2 FMTs from a single healthy donor 
delivered via enema, 1 week apart, five individuals subjectively reported improved 
DE symptoms 3 months after FMT [119].

10.13.2 � Psoriasis

Psoriasis is a widespread inflammatory skin disease with symptoms similar to 
IBD. It was established that patients with psoriasis have abnormalities of the intes-
tinal microbiota, namely: a decrease in the relative abundance of Akkermansia 
mucinophila and a threefold increase in the ratio of Firmicutes/Bacteroidetes [120]. 
Therefore, the key to effective treatment of psoriasis is the improvement of intesti-
nal microbiota. The first scientifically based evidence of the effectiveness of FMT 
in psoriasis involved a 36-year-old Chinese man who had suffered from severe 
plaque psoriasis for 10 years and IBS for 15 years. At the same time, he was admin-
istered FMT twice with the help of upper endoscopy and colonoscopy with an inter-
val of 5 weeks After FMT, there were significant improvements in psoriasis area, 
dermatological quality of life index (DLQI), histological examination, intestinal 
symptoms and serum TNF-α level compared to baseline [121]. A 6-month, double-
blind, placebo-controlled RCT of the efficacy and safety of FMT in patients with 
psoriatic arthritis is currently underway [122].

10.13.3 � Multiple Sclerosis

Multiple sclerosis (MS) is a chronic autoimmune demyelinating disease that causes 
severe neurological changes, most of which have no effective treatment options. 
Most patients with multiple sclerosis have gastrointestinal symptoms and changes 
in the gut microbiota [17, 123]. It was observed that the inflammatory response in 
mice with autoimmune encephalomyelitis (AE) was reduced when strains of 
butyrate-producing bacteria were introduced [124]. But, faecal transplantation from 
MS patients can induce an MS-like autoimmune disease in mice [125]. Thus, Li 
et al. tested FMT on mice with experimental AE, a mouse model of MS. At the same 
time, it was established that FMT can improve the altered intestinal microbiota, 
reduce the level of activation of microglia and astrocytes, and therefore provide 
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protection of the blood-brain barrier (BBB), myelin and axons in experimental AE 
[126]. The first case describes short-term improvement in neurological symptoms 
after FMT for constipation in three individuals with MS [127]. A possible long-term 
benefit of FMT on MS progression over 10 years has recently been proposed [128]. 
FMT can become a treatment method for relapsing MS. These results are associated 
with an increase in the relative abundance of “presumed” anti-inflammatory 
butyrate-producing bacteria in the subject’s stool, particularly Faecalibacterium 
prausnitzii. During the FMT study, there was an increase in serum brain-derived 
neurotrophic factor (BDNF), subjective/objective signs of improvement in gait/
walking matrices (the MS patient’s chief complaint). At the same time, patients had 
typical gastrointestinal symptoms, with no episodes of relapsing/remitting relapses/
exacerbations of MS symptoms during the 12-month follow-up period [129]. 
Despite the fact that only one patient participated in the research, the obtained find-
ings can be the basis for the development of future RCTs evaluating FMT in patients 
with MS. Accordingly, it is quite logical to think that MS can be treated with FMT 
in the same way as UC. There are currently three active researches devoted to the 
effectiveness of FMT in patients with multiple sclerosis.

10.13.4 � Parkinson’s Disease (PD)

PD is an intractable neurodegenerative disease, usually associated with gastrointes-
tinal disorders (constipation, IBD, and IBS). Also, patients with PD often have 
increased intestinal permeability [130] and bacterial overgrowth in the small intes-
tine [131]. The gut microbiome of patients with PD (especially in complicated 
cases) is characterized by an excessive number of Bacteroidetes, Faecalibacterium 
prausnitzii, Enterococci, Prevotella and Clostridium [132, 133]. In general, patients 
with PD have more pro-inflammatory gut bacteria, particularly LPS-producing pro-
teobacteria, and less anti-inflammatory butyrate-producing gut bacteria [132].

The transplantation of microbiota from patients with PD in a mouse model led to 
a worsening of neurological manifestations, whereas depletion of gut microbiota in 
the same model reduced neurological symptoms [134]. In another research, a mouse 
model of PD improved motility, increased striatal neurotransmitters, and reduced 
neuroinflammation after receiving feces from healthy mice. FMT of healthy mouse 
donors had neuroprotective effects in PD mice by suppressing neuro-inflammation 
and reducing TLR4/TNF-α signaling [135]. Zhou et al., observed less motor func-
tion decline and loss of dopaminergic neurons in the substantia nigra in PD mice 
that received a fasting mimicking diet (FMD) compared to ad-libitum-fed PD mice. 
Furthermore, FMT from normal mice with FMD treatment to antibiotic-pretreated 
PD mice increased dopamine levels in the recipient PD mice, suggesting that gut 
microbiota contributed to the neuroprotection [136].

The first case report, which assesses the effectiveness of FMT in PD was 
described in a 71-year-old male patient who presented with 7 years of resting trem-
ors. FMT resulted in a reduction in leg tremor and other PD symptoms as early as 
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1 week after three FMTs. However, leg tremors returned to baseline 2 months after 
FMT, as did other PD symptoms, unfortunately. Instead, the constipation also 
decreased, which lasted until the end of the observation [137]. Xue et al., repre-
sented the data of the first pilot study of the efficacy and safety of FMT, in which 15 
patients with PD participated. In particular, colonic-preferred FMT, rather than 
naso-intestinal, has been found to alleviate motor and non-motor symptoms.

Furthermore, 2 from 10 of patients the colonic FMT group achieved self-
satisfying outcomes that last for more than 24 months. In contrast, no patients were 
satisfied with nasointestinal FMT for more than 3 months. Overall, it can be argued 
that FMT was safe, with only five mild side effects reported during the study [138]. 
Therefore, FMT may be considered a research prospect in treating PD, but further 
thorough experiments are needed [17, 139].

10.13.5 � Autism Spectrum Disease (ASD)

ASD is a group of neurodevelopmental disorders characterized by altered social 
communication and interaction as well as repetitive, stereotyped behavior [17, 140]. 
ASD is usually characterized by constipation, bloating, diarrhea, and changes in the 
gut microbiome [141, 142]. Children with autism typically have a reduced Bactero
idetes/Firmicutes ratio [143] and elevated levels of the genus Clostridium, which is 
known to produce potentially toxic metabolites [140]. Presumably, changes in the 
microbiome may interact with tryptophan metabolism and contribute to behavioral 
change, but strong evidence is currently lacking [144].

FMT from ASD children to germ-free wild-type mice was associated with the 
development of ASD-like symptoms and demonstrated alternative splicing of ASD-
relevant genes in the offspring [145]. Another study demonstrated a reduction in 
cerebral oxidative stress after FMT with normal hamster feces in a hamster model 
of ASD. Importantly, this effect was more pronounced after the introduction of 
Lactobacillus paracaseii [146].

A significant improvement in ASD behavior indicators and decreased intestinal 
symptoms (abdominal bloating, constipation, diarrhea) were noted in a pilot open-
label study on 18 children (aged between 7 and 16 years old) with autism after a 
2-week course of antibiotic treatment. Such processes were observed for more than 
8 weeks after the introduction of FMT. In addition, there was engraftment of donor 
stool microbiota with an increase in both overall bacterial α- diversity as well as the 
abundance of Bifidobacteria, Prevotella and Desulfovibrio which persisted for more 
than 8 weeks post-FMT [17, 147]. These same gains were maintained in partici-
pants for 2 years after FMT [148]. But, as already mentioned, the study was open-
label, so there was no comparison group of patients who received placebo/autologous 
FMT. Also, unfortunately, diet or nutritional supplements were not controlled. And 
most importantly, there is no information about side effects during long-term fol-
low-up. Zhao et al., in an open-label, randomized trial, found improvements in ASD 
symptoms and changes in gastrointestinal symptoms 2 months after two FMTs in 24 
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children with ASD compared with 24 control children with ASD. In seven patients 
with FMT, side effects, namely nausea, fever, and allergy, were found, which fortu-
nately were mild [149]. At the same time, we emphasize that the established poten-
tial cause-and-effect relationship between the microbiome and ASD still requires 
additional arguments [17].

10.13.6 � Epilepsy

Epilepsy is a chronic disease accompanied by sudden abnormal cerebral neuron 
discharge, leading to transient brain dysfunction [150]. Although the origin of most 
cases of epilepsy remains unknown, susceptibility to epilepsy is primarily linked to 
genetic and environmental factors [151]. Intestinal microbiota composition in 
patients with refractory epilepsy differs significantly from healthy control groups. 
Thus, some studies indicate an increase in the ratio of Firmicutes/Bacteroides and 
α-diversity, as well as the number of rare genera of bacteria, namely: Ruminococcus, 
Akkermansia, Neisseria, Coprococcus, Methanobrevibacter, and Roseburia [152, 
153]. High levels of Bifidobacterium and Lactobacillus were found to be associated 
with fewer attacks per year [152], and a ketogenic diet reduced attack frequency by 
modulating the gut microbiota [154].

A recent animal study demonstrated that FMT from stressed donor rats increased 
the progression and duration of seizures (standing, with or without falling) in sham-
stressed rats. Proepileptic effects were eliminated in stressed recipients of donor 
feces from sham-stressed rats [155]. Olson et al. established that transplantation of 
ketogenic microbiota or long-term administration of Akkermansia muciniphila, 
Parabacteroides merdae, and Parabacteroides distasonis reduced the number of 
seizures in mice at a higher threshold level [17, 156]. In addition, the researchers 
reported a case of generalized epilepsy and Crohn’s disease in a 17-year-old patient 
who had worsening neurological and intestinal symptoms after three rounds of 
FMT. This antiepileptic therapy discontinued sodium valproate after 20 months, and 
no seizures were observed [17, 157].

10.13.7 � Other Neurological Disorders

Vendrik et al. research and description of cases of FMT in neurological disorders in 
humans or animals. Thus, among 541 studies, 34 were taken into account in the 
analysis. There have been studies involving animal models for stroke, Alzheimer’s 
disease, and Guillain-Barré syndrome. At the same time, the conducted studies con-
firmed the positive effect of FMT of healthy donors. Instead, one study in an animal 
model of stroke found increased mortality after FMT. For Guillain-Barre, only one 
study was identified. Therefore, we cannot confirm the positive results of animal 
research in treating human diseases. It should also be noted that several trials of 
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FMT are ongoing or planned for both the above-mentioned neurological disorders 
and for amyotrophic lateral sclerosis [139].

10.13.8 � Metabolic Syndrome/Obesity/Hypertension

As a rule, the development of metabolic syndrome is associated with changes in the 
intestinal microbiome. Thus, until recent studies, the difference in bacterial flora in 
the human intestine is one of the main aspects of obesity [158, 159]. Metagenomic 
studies and analysis of 16S ribosomal DNA analysis revealed differences in the 
composition of the gut microbiota and most genes, including when comparing fae-
cal subjects with obesity and those with a healthy weight [160]. There is a direct 
relation between dysbiosis and obesity because of diminished fasting-induced adi-
pose factor (also known as an inhibitor of lipoprotein lipase) and AMP-activated 
protein kinase activity (known as a key enzyme that controls cellular energy status), 
decreased vitamin absorption, disabled production of SCFA, reduced inflammatory 
processes, and metabolic endotoxemia [17, 161].

Because the gut microbiota is so important for metabolism and a large number of 
research woks demonstrated that the microbiota changes under obesity, the question 
arises whether certain manipulations of intestinal bacteria can improve the compo-
sition of the gut microbiome in obese people to lose weight and improve metabo-
lism [162, 163]. In the future, this may become a therapeutic strategy for treating 
obesity. In one pilot study, 18 patients were divided into two groups: allogeneic 
FMT from lean donors (n = 9) and obese patients who received autologous FMT 
(n = 9). The allogeneic FMT group demonstrated improved insulin sensitivity at 
6 weeks [164]. In contrast, another, more robust study (n = 38) found that allogeneic 
FMT (n = 26) did not reduce insulin resistance compared with autologous FMT 
(n = 12) after 18 weeks and was directly related to the lack of overall changes in 
composition intestinal microbiome [17, 165]. Allegretti et al. in RCT investigated 
using oral capsules of FMT from lean donors in obese patients. It was determined 
that capsules with gut stool did not influence patients’ body mass index (BMI) but 
led to a decrease in the concentration of taurocholic acid. Consequently, there was a 
change in the composition of the intestinal microbiota, which corresponded to the 
diversity of the lean patient. Both α and β-diversity were increased, as well as the 
number of genus Faecalibacterium. It can be concluded that FMT from lean donors 
may be effective for bacterial diversity improvement, but unfortunately, not for BMI 
reduction [166]. The same group reported a secondary analysis of a previous RCT 
with analysis of postprandial glucose and insulin levels. A significant change in 
glucose AUC was observed at week 12, and insulin AUC changed at week 6 [17, 
167]. Similar placebo-controlled studies were conducted by Yu et al., who applied 
FMT from lean subjects to obese and IR patients. FMT was found to be neither 
associated with changes in BMI, adipose tissue, or insulin sensitivity nor with gut 
microbiome diversity [168]. Zhang et al. compared data on the use of FMT described 
in different studies. In particular, two studies reported improvements in peripheral 
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insulin sensitivity with FMT. FMT increased the species of Roseburia intestinalis, 
A. muciniphila and Clostridium spp. [169]. In meta-analyses, based on 6 RCTs 
(n  =  154), investigated the effectiveness of FMT from the frail donor(s) for the 
therapy of metabolic disorders in comparison with any form of placebo (placebo 
capsules or sham, saline, autologous FMT). There was no difference in obesity 
parameters 6 to 12  weeks after intervention. Nevertheless, HbA1c level was 
decreased and mean HDL cholesterol was up in the FMT group in 6 weeks of the 
study [170].

It has now been established that the response of patients with metabolic syn-
drome to a change in the intestinal microbiome depends on the initial state of the 
microbiome and diet. So, for example, Guirro et  al. investigated the effect of a 
hypercaloric diet on the intestinal microbiota. Significantly, this diet changed the 
gut microbiota. In this way, the use of FMT, after antibiotic therapy, increased the 
number of Bacteroidetes, Firmicutes to the initial level observed before antibiotic 
treatment [171]. The largest as for nowadays RCT included 90 participants, which 
made it possible to assess the effectiveness and safety of autologous FMT (the 
DIRECT PLUS trial) [172]. Participants were randomly assigned to receive 100 
capsules of their own frozen fecal microbiota or a placebo for up to 14 months. 
Thus, it has been found that FMT administered during the recovery phase can main-
tain weight loss and glycemic control and is directly associated with specific micro-
biome signatures. A diet based on consumption of green plants high in polyphenols 
optimizes the microbiome for FMT procedure. In details, FMT significantly attenu-
ated weight regain in the green-Mediterranean group (FMT, 17.1%, vs placebo, 
50%; P = .02), but not in the dietary guidelines or Mediterranean diet groups [173]. 
Recent studies [174, 175], also confirmed the suggestion that FMT followed with 
dietary and lifestyle interventions, associated with microbiota engraftment, improve-
ment in lipid profile and liver stiffness in obese T2D patients.

A hypothesis of gut microbiota intervention for treating hypertension is now 
postulated [176]. Fan et al., reported the protocol for multicenter, placebo-controlled 
RCT in 120 grade 1 hypertensive patients for 3  months (NCT04406129). All 
recruited patients will be randomly assigned in a 1:1 ratio to take oral FMT capsules 
or placebo capsules. The primary outcome is the office systolic blood pressure 
change from baseline to day 30 [176].

Positive impact studies and meta-analyses provide further evidence for the ben-
efits of FMT as an option for obese patients with metabolic syndrome. Most of the 
physiological changes that occur after FMT are antidiabetic in nature, namely 
improved glucose handling, increased basal metabolism, and reduced systemic 
inflammation [177]. However, determining the role of FMT in these patients requires 
high-quality RCTs with long-term follow-up [17].
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10.14 � Discussion/Conclusion/Obstacles and Limitation 
of Wide Implementation

Thus, despite advances in gut microbiome research, few controlled studies have 
investigated the effectiveness of therapeutic interventions that can genuinely modify 
it. The same applies to FMT. As we know, FMT was first used to treat patients with 
recurrent Clostridium difficile-associated colitis, which is now the only official rea-
son for its use. At the same time, FMT rules and classifications have changed. Let 
us emphasize that the vectors of FMT research differ significantly in different coun-
tries (Fig. 10.1).

The Medicines and Healthcare Products Regulatory Agency (MHRA) in the UK 
and the FDA in the USА now define FMT as a medicinal product. In Europe, how-
ever, in 2014, the European Commission qualified FMT as a “combined substance” 
consisting of human and non-human components. Accordingly, FMT is not subject 
to the European Tissue and Cell Directive; therefore, its status must be determined 
locally [74].

The condition is under investigation and has active recruiting status according to 
the https://www.clinicaltrials.gov/ database on a beginning of 2022 presented in 
Fig. 10.2. Nevertheless, the effectiveness of FMT is currently being studied inten-
sively or refined in treating other gastroenterological and non-gastroenterological 
diseases, some of which were discussed above (Table 10.1).

PPPM strategies in the field of well-designed clinical trials of FMT will help 
validate the microbiota’s role in disease and identify the specific bacteria or metabo-
lites responsible for this effect. We emphasize that the mentioned tests will deter-
mine the development vectors of targeted bacteriotherapy. Accordingly, with the 
increase in the number of FMT treatments and clinical trials in other indications, 
there is a need to develop standardized guidelines to ensure patient safety, and there-
fore to develop microbiota-based medicines that are safer [16].

So far, many questions that potentially have a great impact on the effectiveness 
of FMT remain unanswered. These questions are related to the origin of the disease, 
the initial state of the recipient patient’s IM and the selection of a suitable donor 
(super donor?) or donors, as well as the means of introducing the material and the 
frequency of procedures. We hope that research in the next 5–10 years will be able 
to provide answers to all of the aforementioned questions and that causes need to be 
elucidated to efficiently enable PPPM.

10.15 � Expert Recommendations in the Framework of 3PM 
to the Practical Medicine

Clinical research on FMT has dramatically increased in the last few years and is still 
ongoing. The results of existing clinical studies show that FMT treatment can be 
beneficial for a wide range of acute and chronic diseases and new findings are being 
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Fig. 10.1  The contribution for FMT research in different regions. (Published [17] and modified 
for this chapter)

published constantly. Future PPPM/3P-related studies should consider the propos-
als presented below:

–– This article emphasizes that an individual approach to each patient with appoint-
ment FMT which is the basis of personalized medicine, can improve clinical 
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Fig. 10.2  The contribution for FMT research between different regions. (Published [17] and mod-
ified for this chapter)

Table 10.1  Diseases for which the effectiveness of FMT is being investigated

Disease Study type Assessment of FMT effect to date

Gatroenterological pathology
 �� NUC
 �� Crohn’s disease (CD)
 �� IBS
 �� AAD
 �� Constipation
 �� Hepatic encephalopathy

RCT
Series of cases
RCT
Series of cases
RCT
RCT

Overall positive
Negative thus far
Assumed
Assumed
Assumed
Assumed

Neurological diseases
 �� Multiple sclerosis
 �� Parkinson’s disease
 �� Autism

RCTs ongoing
RCTs planned
Uncontrolled pilot study

Unknown
Unknown
Assumed

Psoriasis RCTs ongoing Unknown
Metabolic syndrome Controlled study Assumed

Note: RCTs are randomized clinical trials

outcomes in patients with ulcerative colitis, irritable bowel syndrome, antibiotic-
associated diarrhea, hepatic encephalopathy, autism and metabolic syndrome.

–– In this context, the role of PPPM/3P medicine is to introduce innovative predic-
tive approaches to develop predictive diagnostics methods, targeted prevention, 
and personalized medical services for diseases not associated with Clostridium 
difficile.

–– All donors need to undergo thorough and regular medical examinations that 
include testing for a wide variety of conditions, including infectious diseases 
such as HIV and hepatitis. During this process, the medical history and predispo-
sitions of the donors are also assessed and donors with an increased risk of devel-
oping certain conditions aren’t eligible to donate stool. All donors must follow 
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lifestyle and diet recommendations, ensuring their intestinal ecosystem is at an 
optimal, balanced level.

–– In PPPM/3P medicine, doctors should focus on providing a comprehensive treat-
ment protocol that aims to optimize intestinal microbiota, revitalize the intestinal 
mucosa, and offer lifestyle recommendations. During the patient stay at the 
clinic, they would be advised on how to take good care of your new gut micro-
biota even after returning home to ensure that you’re able to maintain the profits 
of FMT treatment long-term.

Legalislation Issues  Data/Results/Biomarkers/Other approaches recommended as a Preliminary 
Protocols for the Prevention and Predictive Personalised Patients treatment and Relevance to the 
Existent Medical Protocols (Country, National, etc.)

No declare.

Founding  No declare.
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Chapter 11
Personalized Microbiome Correction 
by Application of Individual Nutrition 
for Type 2 Diabetes Treatment

Tamara Meleshko and Nadiya Boyko

Abstract  Type 2 diabetes is one of the most common noncommunicable diseases 
in the world regardless of their age and region due to the changes in lifestyles, 
genetics, and environmental factors, all of which together influence the disorder. 
Recent researches have demonstrated that the development of low-grade inflamma-
tion is a consequence of gut microbiota alteration, which is closely related to meta-
bolic disorders such as obesity and type 2 diabetes. Gut microbiota-targeted therapy 
has gained significant importance in recent decades for its health-promoting role in 
the prevention and treatment of type 2 diabetes. However, applying all observations 
about personalized diet in practice taking into consideration patients’ microbiome 
uniqueness is a challenge. The fundamental purpose of this review was to summa-
rize our studies that have investigate the possibility of correction of lipid metabo-
lism of patients with type 2 diabetes using a personalized diet based on the most 
important microbial, biochemical, and immunological biomarkers of chronic 
inflammation.

Keywords  Predictive · Preventive · Personalized medicine · Human microbiota · 
Personalized diet · Prebiotic and probiotic components · Metabolism regulation · 
Prognostic correction
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11.1 � Introduction

Type 2 diabetes (T2D) has gradually become an increasingly striking social health 
problem around the world. According to the International Diabetes Federation, 
there were about 425 million of diabetics worldwide in 2017, and this figure is 
expected to increase to 693 million by 2045 [1]. T2D and the increased incidence of 
its complications are among the leading causes of death and cause huge burden to 
patients, especially those living in underdeveloped or developing countries. Another 
problem is that the annual pool of new cases of individuals diseased on T2D 
becomes enriched by patients in the teenager-age. Also, particularly individuals dis-
eased on diabetes early in life are particularly predisposed to a cascade of every 
diabetes-related complications with poor outcomes such as cardiovascular disease, 
several types of cancer and neurological disorders [2].

T2D is a group of metabolic syndrome characterized by absolute or relative 
insufficiency of insulin secretion and decreased sensitivity of target organs to insu-
lin, followed by fat, protein, water, electrolytes and other metabolic disorders [3]. 
Typical clinical markers of T2D include glucose and glycosylated hemoglobin, 
increased cholesterol, triglycerides, low-density lipoprotein (LDL-cholesterol), 
very low-density lipoprotein (VLDL), and decreased high-density lipoprotein 
(HDL) [4]. T2D is a multi-factorial disease, the manifestation of which is regulated 
by both genetic and epigenetic components. Several exogenous and endogenous 
risk factors are synergistically involved in the disease predisposition and clinical 
manifestation [2]. Although the etiology and pathogenesis of T2D are still unclear, 
its occurrence is related to insufficient insulin secretion or insulin resistance (IR), 
and IR is often associated with obesity. Age, sex, family history, lifestyle related 
factors (e.g. disturbed dietary patterns, lack of exercise, smoking, stress) and anthro-
pometric data (e.g. waist circumference, the Body Mass Index (BMI)) form non-
laboratory based clinical risk assessment of diabetes [5–7]. Modern researches have 
shown that the development of low-grade inflammation is a consequence of gut 
microbiota alteration and plays a vital role in the occurrence and development of 
T2D [8, 9]. Host-microbial interaction and the possibility of targeted regulation of 
[gut] microbiota following to maintenance mucosal immune response is subject of 
great practical interest for prevention and treatment of noncommunicable diseases 
(NCD) initiated by low grade inflammation such as T2D, cardiovascular diseases 
(CVDs), metabolic syndrome, obesity [10].

In particular, in the majority of patients suffering from diabetes the levels of 
Bifidobacterium and Lactobacillus decrease, which leads to an increase in the levels 
of Bacteroides, Prevotella, Peptococcus, Clostridium, Proteus, Staphylococcus, and 
Candida. Importantly, T2D subjects have smaller amounts of butyrate producing 
bacteria, such as Roseburia intestinalis and Faecalibacterium prausnitzii, and a 
mucus-degrading bacterium Аkkermansia muciniphila [11].

Studies conducted within the “Human Microbiome” project [12] demonstrated 
that intestinal microbiome can be dominated by different ratios of beneficial micro-
organisms and still perform identical functions. Thus, it is not only the species 
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composition of the microbiome, but also its “function” that is important. Herewith, 
it is obvious that the microbiome of each individual is unique [13].

In the new era of predictive, preventive, and personalized medicine (PPPM), it is 
no longer enough to diagnose a disease and its accompanying complications and 
treat patients using the classical tools, but rather take the process to a higher level of 
developing platforms that can predict the onset of such events, prevent the disease 
or its complications, and administer treatment based on personalized variations 
between patients [14]. T2D can be prevented or delayed by lifestyle and/or pharma-
cological interventions [15, 16]. The White Paper of the “European Association for 
Predictive, Preventive and Personalised Medicine (PPPM)” (EPMA) [17] suggested 
that a central component of preventive strategies is identification of individuals at 
risk for development of T2D. It is known that today there are no specific methods of 
prediction, prevention, and treatment of T2D, and they are therefore still to be in the 
focus of clinical research [18].

Recently, numerous research studies have been conducted to find a relationship 
between nutrition and its impact on human health. The reason is, on the one hand, 
that people misunderstand (underestimate) the role of food as a source of essential 
balanced nutrients. On the other hand, there are huge amounts of data on “proper 
nutrition” (rational nutrition) available and they are often contradictory, scientifi-
cally unsubstantiated, and clinically unconfirmed. A new modern challenge is the 
use of P3 approaches, in particular personalized nutrition, in medical practice.

The diet-microbiome interplay is currently the basis for personalized nutrition 
introduction and microbiota composition is the key factor affecting responsiveness 
to nutritional interventions that will soon take into account initial stratification of 
individuals on the basis of microbiota [19].

The health benefits of adherence to the different diets, as well as the relationship 
between microbiota and its associated metabolome in people consuming varied 
diets ranging from vegan to omnivorous, are now evidence-based [20]. The most 
popular diets whose positive health effects on the human body are considered to be 
established include the Mediterranean diet, vegetarian/vegan diet, high-fiber diet, 
and high-protein diet.

The antioxidant and anti-inflammatory effects of the Mediterranean diet on the 
whole as well as the effects of this diet’s individual components, in particular olive 
oil, fruits and vegetables, whole grains, and fish, have a beneficial impact on abdom-
inal obesity, lipids levels, glucose metabolism, and blood pressure levels [21]. Gut 
microbiota in individuals following the Mediterranean diet is characterized by high 
levels of Lactobacillus spp., Bifidobacterium spp., and Prevotella spp. and low lev-
els of Clostridium spp., which relates to weight loss, improvement of the lipid pro-
file, and decreased inflammation [22].

For vegetarians and vegans, the most relevant risk factors for chronic disease, 
such as BMI, lipid variables, and fasting glucose, are significantly lower. People 
following a plant-based dietary pattern demonstrate significantly lower levels of 
BMI, total cholesterol, LDL-cholesterol, triglycerides, and blood glucose when 
vegetarians were compared to nonvegetarians, and lower levels of BMI, total cho-
lesterol, and LDL-cholesterol when vegans were compared to nonvegans [23]. 
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People following vegan and vegetarian diets rich in fermentable plant-based foods 
were reported to have a microbiota characterized by a lower abundance of 
Bacteroides spp. and Bifidobacterium spp. [24].

High fiber intake is associated with lower serum cholesterol concentrations, 
lower risk of coronary heart disease, reduced blood pressure, enhanced weight con-
trol, better glycemic control, reduced risk of certain forms of cancer, and improved 
gastrointestinal function [25]. One study revealed that three diets containing differ-
ent fiber-rich whole grains (barley, brown rice, or a combination of both) increased 
microbial diversity, the Firmicutes/Bacteroidetes ratio, and the abundance of the 
genus Blautia in fecal samples [26].

High-protein diet decreases weight, fasting glucose, and insulin concentrations 
as well as total and abdominal fat. In addition, this diet significantly decreases LDL-
cholesterol concentrations [27]. Dietary protein intake in humans has been associ-
ated with the Bacteroides enterotype [26].

However, applying all these diets in practice taking into consideration patients’ 
microbiome uniqueness is a challenge.

Extremely promising in this regard are new approaches to the adjustment of 
microbiota, in particular those described by the authors [28]. Their research demon-
strated the ability to predict the glycemic response to the consumption of certain 
foods (PPGR), which resulted in the possibility of making plans for personalized 
nutrition and adjusting the intestinal microbiota. Baseline data included: intestinal 
microbiome analysis, anthropometric data, blood test, food frequency question-
naire, lifestyle and health surveys. The authors also performed constant monitoring 
of blood glucose and exercise. Prediction of glycemic response was performed 
using machine learning approaches. Cohort studies have shown that such a person-
alized change in diet leads to consistent changes in the intestinal microbiota and a 
decrease in PPGR.  According to the results of these studies, the company DAY 
TWO was created, which uses simplified approaches to personalized food. However, 
this approach has some drawbacks. In particular, it does not take into account a 
significant part of important immune markers. Also, the adjustment of the microbi-
ota with the help of personalized food is based on a dietary approach and in no way 
takes into account the presence or absence of certain diseases in the patient. A simi-
lar approach is used by the established company Viome [29]. However, unlike previ-
ous authors, the use of Metatranscriptome Sequencing is suggested here. Intestinal 
microbiome analysis and a patient-completed questionnaire, as well as, in some 
cases, a blood sample taken from a finger, are used as baseline data. The obtained 
data are analyzed using artificial intelligence. As a result, the patient receives, in a 
convenient format, recommendations for lifestyle and diet. In our opinion, the infor-
mation provided is not enough to assess the provability of this selection.

Taking into account the paradigm of PPPM/3P medicine [30], in our opinion, the 
most promising way of individual microbiome correction, as well as prognostic 
modulation of local immune response, is the use of complete personalized diets 
rather than individual components [13].

This chapter is devoted to investigation the possibility of creating or developing 
personalized (individual) approaches (diet plans) using traditional dishes (based on 
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traditional dishes) of our region as a source of biologically active components 
(BAC) selected for their known biological effects on the microbiome and local 
immune response and that could be used to treat T2D in a controlled diet study [13, 
31, 32].

To achieve this goal, it was necessary: (1) to determine the typical ratios of the 
main functional groups of representatives of the intestinal microbiota of patients 
with atherosclerosis (AT), obesity, T2D and CVD in Zakarpattia; (2) to investigate 
the biological properties of extracts of edible plants – potential prebiotic compo-
nents; (3) to determine the effect of individually designed nutrition on the intestinal 
microbiota and metabolic parameters in in vivo studies; (4) to create personalized 
nutrition plans for target intestinal microbiota correction; (5) to prove clinically 
effectiveness of proposed targeted correction of the intestinal microbiota through 
the use of personalized diet plans in the comprehensive treatment of patients with 
diabetes mellitus-2.

Research on intestinal microbiome changes and its role in the occurrence of 
NCDs have become one of the main today’s scientific topic [33]. We believe that 
among many NCDs it is necessary to identify a group of diseases that are directly 
related to changes in the microbiome, the main triggers of which are chronic inflam-
mation, namely atherosclerosis, obesity, T2D, CVDs.

Chronic low-grade inflammation, caused by gut microbiota perturbation and 
changes in gut permeability, accompanies all stages of atherosclerotic disease [34]. 
In obese people, the increased number of capillaries in the small intestine epithe-
lium [35] leading to more monosaccharides absorption. At the same time, the 
increase number of microorganisms capable of fermenting indigestible carbohy-
drates in the colon [36, 37], significantly increase the ability to obtain more energy 
from food. The major risk for the development of type 2 diabetes, which leads to the 
destruction of insulin receptors and causes resistance to insulin, is obesity. In turn, 
patients with diabetes have an extremely high cardiovascular risk due to develop-
ment of comorbidities, such as hypertension and dyslipidemia, which further accel-
erates the atherosclerotic process [38].

The results obtained from limited clinical case study presents data of the typical 
ratios of the main functional groups of representatives of the intestinal microbiota 
of patients with atherosclerosis, obesity, T2D and CVD in Zakarpattia [39]. Also, 
the individual differences of the intestinal microbiota of patients with these nosolo-
gies are characterized.

The represented study showed the typical ratio of the main functional groups of 
the gut microbiota of persons with atherosclerosis, namely: an increase in the num-
ber of LPS-containing bacteria of the genera Klebsiella, Proteus, and Enterobacter, 
immunomodulatory bacteria of the genus Enterococcus, and commensal 
Streptococcus spp., slight excess of the norm for immunomodulatory E. coli, as well 
as a decrease in the number of neuroactive and lactate-producing bacteria of the 
genus Bifidobacterium, representatives of acetate-propionate-producing bacteria of 
the genus Bacteroides, butyrate-producing bacteria F. prausnitzii, and R. intestina-
lis, as well as the mucin-degrading A. muciniphila (Figs. 11.1 and 11.2).
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Fig. 11.1  The patients gut microbiota composition: coccal microorganisms and enterobacteriaceae

It should be noted that the decreased number of acetate-propionate-producing 
bacteria of the genus Bacteroides, butyrate-producing bacteria R. intestinalis, neu-
roactive and lactate-producing bacteria of the genus Bifidobacterium, mucin-
degrading A. muciniphila, as well as immunomodulatory E. coli along with an 
increased number of neuroactive, lactate-producing bacteria Lactobacillus spp., and 
immunomodulatory bacteria of the genus Enterococcus can be considered typical 
for Zakarpattia ratio of the main functional groups of the intestinal microbiota of 
patients with obesity (Figs. 11.1 and 11.2).

It was found that the most characteristic ratio of the main functional groups of 
gut microbiota representatives of people with T2D was a decrease in the number of 
immunomodulatory E. coli, neuroactive, lactate-producing bacteria of the genus 
Bifidobacterium, acetate-propionate-producing bacteria of the genus Bacteroides, 
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Fig. 11.2  The patients gut microbiota composition: anaerobes, facultative-anaerobes and obligate 
anaerobes

butyrate-producing strains F. prausnitzii, and R. intestinalis, and mucin-degrading 
bacteria A. muciniphila (Figs. 11.1 and 11.2).

Also, an increase in the number of immunomodulatory Enterococcus spp., com-
mensal bacterial genera Streptococcus and Staphylococcus, LPS-containing bacte-
ria of genera Proteus and Enterobacter, as well as Candida spp., along with 
decreased number of immunomodulatory strains of E. coli, neuroactive and lactate-
producing Bifidobacterium spp., acetate-propionate-producing bacteria of the genus 
Bacteroides, butyrate-producing strains of F. prausnitzii and R. intestinalis, and 
mucin-degrading A. muciniphila can be considered as a typical ratio of the main 
functional groups of the gut microbiota of persons with CVDs (Figs. 11.1 and 11.2).

Analysis of the data gathered revealed that patients with CVDs were the only 
group to have a substantial rise in the staphylococci in their intestinal microbiota, 
but patients with atherosclerosis and CVDs also showed an increase in the strepto-
cocci. Gut microbiota of patients with obesity, atherosclerosis, and CVDs was char-
acterised with high levels of enterococci. Therefore, an increase in the number of 
coccal microbial forms in the gut microbiota, including Enterococcus spp., 
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Streptococcus spp., and Staphylococcus spp., may be a sign of atherosclerosis and 
CVDs development.

According to the study’s results, patients with atherosclerosis alone were more 
likely to have an increase in Klebsiella spp. in gut microbiota, whereas patients with 
both atherosclerosis and CVDs were more likely to have an increase in P. vulgaris 
and Enterobacter spp. of intestine microbiota. Patients with obesity, T2D, and 
CVDs had E. coli concentrations that were below the normal range, but patients 
with atherosclerosis had a modest overabundance of this bacterium. In light of the 
aforementioned, an increase in enterobacteria, particularly Klebsiella spp. and 
Enterobacter spp., is indicative of the onset of atherosclerosis.

According to the data obtained in the study, patients with obesity had higher 
concentrations of lactobacilli in their gut microbiota, while patients with T2D had 
lower concentrations of Lactobacillus spp., and patients with atherosclerosis and 
CVDs had levels that were within the normal range. Individuals from all groups had 
normal concentrations of Clostridium spp. in their intestinal microbiota, but only 
patients with obesity had normal concentrations of F. prausnitzii. Patients from all 
nosological groups had lower concentrations of Bifidobacterium spp., Bacteroides 
spp., R. intestinalis, and A. muciniphila in their gut microbiota.

11.2 � Effect of Edible Plant Extracts on Intestinal 
Microbiota: In Vitro Studies

Modern human nutrition needs to meet a lot of demands and provide not only safe 
and necessary composition of micro and microelements, but also be functional, 
which means enable the prevention of the development or even treatment of various 
diet-associated diseases, such as T2D, CVDs, etc. [32].

Whole grains, fruits, and vegetables as well as other traditional foods are the 
primary sources of BAC. It is well acknowledged that bioactive compounds – pri-
marily vitamins, trace minerals, and antioxidants such polyphenols and anthocya-
nins [40] – are known to have an impact on a number of critical bodily functions, 
including gene expression, the synthesis of hormones and enzymes, the activation 
of receptors, immunological and antioxidant functions, etc. [41, 42]. The creation of 
contemporary preparations based on BAC, such as prebiotics and synbiotics, is a 
well-known trend of recent decades [43]. It is well recognized that BAC have long 
been utilized in practical medicine.

The edible plants’ fruits which are characterized by high BAC contents and abil-
ity to stimulate the growth of beneficial microorganisms and inhibit the growth of 
conditionally pathogenic microorganisms could be perspective components for per-
sonalized nutrition. Additionally, it is known that the geographical location of plant 
food ingredients’ growth affects the quantitative and qualitative composition of 
their BAC. Herewith, local plants are extremely important, because they are most 
often used for food in a particular region. Therefore, for our study, we selected the 
most typical edible plants for Zakarpattia region  – Ribes rubrum (red currant), 
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Prunus avium (sweet cherry), Prunus  ×  domestica (plum), Ribes  ×  nidigrolaria 
(jostaberry), Vaccinium myrtillus (blueberry), Ribes nigrum (black currant), Prunus 
cerasifera (alycha) and Cornus mas L. (cornelian cherry). Our group has recently 
studied the gross polyphenols’ content and total anthocyanins’ amount of those 
edible plants [44].

In our previously published study, we investigated the antibacterial properties of 
the edible plants fruits in relation to the selected microorganisms such as Escherichia 
coli, Enterobacter cloacae, Klebsiella pneumoniae, Klebsiella oxytoca, Proteus 
mirabilis, Pseudomonas aeruginosa, Streptococcus pyogenes, Staphylococcus 
aureus, Enterococcus faecalis, Candida albicans by culturing them in extracts 
obtained from these edible plants’ fruits [39].

The red currant extract completely inhibited the growth of K. pneumoniae, 
K. oxytoca, and P. aeruginosa on 48 h of co-cultivation, as well as S. aureus on 72 h 
of co-cultivation. After 48 h of co-cultivation with S. aureus, and after 72 h co-
cultivation with K. pneumoniae, K. oxytoca, and P. aeruginosa, the black currant 
extract completely inhibited their growth (Figs. 11.3 and 11.4).

After 48 and 72 h of co-cultivation, the sweet cherry extract totally inhibited the 
growth of E. cloacae, S. aureus, K. pneumoniae, K. oxytoca, P. aeruginosa, E. 

Fig. 11.3  Biological influence of Ribes rubrum extract on growth of selected microorganisms in 
dynamics
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Fig. 11.4  Biological influence of Ribes nigrum extract on growth of selected microorganisms in 
dynamics

faecalis, and P. mirabilis. The plum extract completely inhibited growth of K. pneu-
moniae, K. oxytoca, S. aureus, and C. albicans after 48  h of co-cultivation and 
E. coli, E. cloacae, P. mirabilis, P. aeruginosa, and S. pyogenes strains after 72 h of 
co-cultivation (Figs. 11.5 and 11.6).

The growth of P. aeruginosa and S. aureus was completely inhibited by josta-
berry extract after 48 h of co-cultivation while growth of E. cloacae – after 72 h. 
After 48 h of co-cultivation blueberry extract totally inhibited growth of P. mirabilis 
as well as s K. pneumoniae, K. oxytoca, and S. aureus after 72 h of co-cultivation 
(Figs. 11.7 and 11.8).

The alycha extract completely inhibited growth of P. aeruginosa and S. aureus 
on 48 h of co-cultivation as well as E. cloacae, K. pneumoniae, K. oxytoca, P. mira-
bilis, E. faecalis, and C. albicans after 72 h of co-cultivation. The growth of P. mira-
bilis, S. aureus, and C. albicans was totally inhibited after 48 h of co-cultivation 
with cornelian cherry extract (Figs. 11.9 and 11.10).

According to the data obtained in the study, it can be concluded that extracts of 
red currant and plum can be used as a growth inhibitors of Klebsiella spp.; the 
extract of sweet cherry can be used for inhibition of Enterobacter spp. growth; the 
extracts of blueberry and cornelian cherry are effective growth inhibitors of Proteus 
spp.; the extracts of plum and cornelian cherry can be used as Candida spp. growth 
inhibitors; the extracts of black currant, sweet cherry, plum, jostaberry, alycha and 
cornelian cherry are effective growth inhibitors of Staphylococcus spp.
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Fig. 11.5  Biological influence of Prunus avium extract on growth of selected microorganisms in 
dynamics

After analyzing the experimental data and considering the findings of our earlier 
research [32], we can recommend that specific extracts from edible plants and fruits 
be utilized as parts of individualized nutrition plans for the prevention and treatment 
of NCDs caused by chronic inflammation.

11.3 � Investigation of the Impact of Individually Designed 
Nutrition on Gut Microbiota and Metabolism: In 
Vivo Studies

In order to confirm the interactions between modulation of microbiota by individu-
ally designed nutrition and intestinal beneficial effects our research group performed 
in vivo investigations [45]. The aim of the study was to determine the effect of indi-
vidually designed nutrition on the intestinal microbiota and metabolic parameters of 
rats. Outbred laboratory rats with obesity were randomly divided into 9 groups 
(n = 12) depending on the type of food ingredients taken orally for 3 months. The 
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Fig. 11.6  Biological influence of Prunus x domestica extract on growth of selected microorgan-
isms in dynamics

ratio of the gut commensal microorganisms’ main groups, as well as the lipid profile 
and the content of glucose, urea, calcium in the serum of animals were determined.

In this in vivo study, all experimental animals were divided into nine groups 
depending on the orally consumed different ingredient(s): Group 1 – lactobacilli 
suspension (Lactobacillus casei IMB B-7412, Lactobacillus plantarum IMB 
B-7414, Lactobacillus paracasei IMB B-7483, and Lactobacillus plantarum KR-1); 
Group 2 – blueberry juice (Vaccinium murtillus); Group 3 – fermented milk drink 
with strains of lactobacilli (L. paracasei IMB B-7483, L. casei IMB B-7412, 
L. plantarum IMB B-7414, and L. plantarum KR-1) and blueberry juice (the ratio 
of the fermented drink and blueberry juice was 4:1); Group 4 – fermented milk 
drink with strains of lactobacilli (L. paracasei IMB B-7483, L. casei IMB B-7412, 
L. plantarum IMB B-7414, and L. plantarum KR-1) without plant components; 
Group 5  – sauerkraut juice with L. casei IMB B-7412 and L. plantarum IMB 
B-7414; Group 6 – persimmon juice (Diospyros kaki); Group 7 – lignin; Group 8 – 
pectin (15%); Group 9 – control group, standard vivarium diet food.

In the present study, we observed a significant decrease of body weight of all 
groups’ experimental animals except the control one and the fourth group of rats 
under the influence of various components of the new generation functional foods. 
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Fig. 11.7  Biological influence of Ribes x nidigrolaria extract on growth of selected microorgan-
isms in dynamics

The body weight of the rats that followed the fermented milk drink diet without 
plant components (Group 4) increased on (15 ± 4) g. The body weight of the rats 
that followed the fermented milk drink diet without plant components (Group 4) 
increased on (15 ± 4) g, and in the control one – on (20 ± 4) g. It should be noted, 
that under the influence of lactobacilli, 15% apple pectin concentrate, lignins, and 
sauerkraut juice LDL-cholesterol significantly decreased (p < 0.05), while in the 
control group this parameter significantly increased (namely 2.5 times), and in other 
experimental groups there were no significant changes observed.

Under the influence of apple pectin and lignin, and also in the control group total 
lipid content significantly increased, while in all other groups total lipid level was 
significantly decreased. Interestingly, that triglyceride concentration decreased only 
in case of apple pectin consumption and reduction of cholesterol level occurred in 
all experimental groups of animals.

As a result of the introduction of the diets we developed, blood urea concentra-
tion decreased only in the group of animals following a diet enriched with probiotic 
bacterial strains. Under the effect of blueberry juice and fermented milk drink with-
out plant components the glucose content decreased significantly, but not when this 
ingredients was used separately. Calcium level was increased under the 
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Fig. 11.8  Biological influence of Vaccinium myrtillus extract on growth of selected microorgan-
isms in dynamics

consumption of fermented milk drink without plant components, while using all 
other diets, a decrease in calcium levels was observed.

Interesting, that despite the weight increasing of two animals groups, namely the 
control group and animals consuming fermented milk drink with lactobacilli with-
out plant components, the other lipid profile indices of these groups significantly 
differed. Unlike the control group, an improvement in almost all registered bio-
chemical parameters (including a slight decrease in total blood plasma lipids and a 
similar increase in calcium levels) was detected in animals consuming fermented 
milk drink without plant components.

It should be noted, that this study have shown that animals can be overweight not 
only because of high levels of opportunistic microorganisms such as Staphylococcus 
nepalensis and E. faecalis, but also because of the increasing level of the probiotic 
strain Bifidobacterium breve. The in vivo results proved the ability of developed 
fermented milk drink and blueberry juice to regulate blood glucose levels that in 
turn confirmed a prognostic value of these ingredients as recommended components 
of diet to type 2 diabetes patients.

No less important were changes in rats’ intestinal microbiota throughout the 
experiment under the influence of different diets. In almost all experimental groups 
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Fig. 11.9  Biological influence of Prunus cerasifera extract on growth of selected microorganisms 
in dynamics

compared to the control group we observed a consistently high level of lactic acid 
and other beneficial bacteria and a decreasing level of opportunistic 
microorganisms.

The daily oral administration of almost all the developed food components 
(diets) leads to decrease in the level of E. faecalis and different Staphylococcus spe-
cies compared to that in the control group. Consumption of blueberry juice caused 
a decrease in the concentration of K. pneumoniae and Morganella morganii. During 
the whole experiment under the influence of the test samples based on plant extracts, 
plant pectins, and lignins the level of Bacillus subtilis remained almost unchanged.

In obese rats consumption of lactobacillus strains suspension (L. casei ІМВ 
В-7412, L. plantarum IMB B-7414, L. paracasei IMB B-7483, and L. plantarum 
KR-1) caused an antagonistic activity against S. aureus, Peptostreptococcus anaero-
bius, and E. faecalis and led to a decrease in E. coli and E. cloacae levels. Under the 
influence of a blueberry juice-based diet the concentration of commensal K. pneu-
moniae, M. morganii, E. coli, Actinomyces naeslundii, and Bacteroides significantly 
decreased as well as the complete elimination of Streptococcus parvulus and 
increase in E. faecalis and staphylococci were detected.

During the whole study we observed a decreased concentration of E. coli and an 
increase in commensal lactobacilli, elimination of Staphylococcus spp. and E. 
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Fig. 11.10  Biological influence of Cornus mas. L. extract on growth of selected microorganisms 
in dynamics

faecalis under the influence of the developed fermented milk product with blueberry 
juice compared to the control group.

Reduction in concentration of E. coli and Actinomyces israelii and elimination of 
M. morganii and E. faecalis were observed in obese rats after 2-weeks oral admin-
istration of fermented milk drink with strains of lactobacilli (L. paracasei IMB 
B-7483, L. casei IMB B-7412, L. plantarum IMB B-7414, and L. plantarum KR-1).

Under the influence of sauerkraut juice increased commensal lactobacilli con-
centration, partial elimination of E. coli and B. subtilis, as well as complete elimina-
tion of cocci were demonstrated in this study.

The observed result indicate that long-term oral administration of persimmon 
juice to animals caused a decrease in the levels of E. coli, P. mirabilis, E. cloacae, 
and E. faecalis and led to a significant antagonistic effect against Staphylococcus 
cohnii. Also, it should be noted that in case of persimmon juice consumption a con-
sistently high levels of microorganisms, such as Lactobacillus acidophilus, 
Bifidobacterium longum, and B. subtilis were observed compared to the con-
trol group.

Commonly known, that dietary fiber (pectin, lignin, cellulose, and hemicellu-
lose) can be found in most vegetables and fruits, and they are well known as a natu-
ral enterosorbent with can affect gut microbiota composition. Therefor we 
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investigated the effect of apple pectin and lignin in a chronic experiment on 
obese rats.

Oral administration of lignin-based diet demonstrated reduction in enterococci, 
B. subtilis, E. coli, and P. mirabilis with a slight increase in commensal lactobacilli 
concentration. Complete elimination of E. faecalis and a decrease in the concentra-
tion of commensal Bifidobacterium, staphylococci, E. coli, and B. subtilis were 
observed under the influence of apple-pectin concentrate. In this study, an increase 
in the concentration of P. mirabilis as well as a decrease in the concentration of 
E. faecalis and B. subtilis were observed in the control group of animals. It should 
be noted that the decrease in the levels of Lactobacillus spp., B. subtilis, and P. mira-
bilis in the intestinal microbiome may serve as a biomarker of LDL-cholesterol and 
cholesterol reduction and triglyceride increase (and vice versa). The increase in 
B. breve and B. subtilis is a biomarker of decreased plasma calcium (and vice versa).

A direct correlation between the amount of S. aureus and L. acidophilus in the 
gut microbiota of rats using the tested products was found by us. A positive effects 
of the novel functional food itself, namely fermented milk drink with strains of 
lactobacilli and blueberry juice as well as separate components of this food were 
demonstrated in our study. Apparently, this is due to the fact that plant extracts and 
probiotic strains have the ability to adjust and stimulate the beneficial intestinal 
microbiota of the experimental animals. Additionally, probiotic strains of bifidobac-
teria and lactobacilli create unfavorable conditions for pathogens’ colonization by 
decreasing their adhesive features.

Since the long-term oral administration of suspension of lactobacilli L. paracasei 
ІМВ В-7483, L. casei ІМВ В-7412, L. plantarum ІМВ В-7414, and L. plantarum 
KR-1 led to a decrease in cholesterol levels from 2.95 mmol/l to 0.84 mmol/l it can 
be argued that the suspension of these strains demonstrated the best hypocholester-
olemic activity.

While analyzing the results of this study, we concluded that the particular com-
ponents – blueberry juice, as well as fermented milk drink with strains of L. casei 
IMB B-7412, L. plantarum IMB B-7414, L. paracasei IMB B-7483, and L. planta-
rum KR-1 can be offered to patients with type 2 diabetes because of their ability to 
decrease the glucose level in the serum of obese animals.

Interestingly, that the decreasing in LDL-cholesterol levels were demonstrated 
under the oral administration of suspensions of lactobacilli L. paracasei ІМВ В-7483, 
L. casei ІМВ В-7412, L. plantarum ІМВ В-7414, and L. plantarum KR-1, sauerkraut 
juice (enriched with strains of L. plantarum IMB B-7414 and L. casei IMB B-7412), 
15% apple pectin concentrate, and lignin. Since the long-term consumption of 15% 
apple pectin concentrate leads to a decrease in not only LDL-cholesterol, but also 
triglycerides and cholesterol these component has the highest hypolipidemic activity 
and can be used to prevent atherosclerosis and cardiovascular disease.

The correlation between the changes in key representatives of gut microbiota and 
values of biochemical indicators of the organism’s state together with the results 
obtained during this study provide an opportunity to develop new generation func-
tional food products capable of regulating the balance of intestinal microbiota and 
preventing the development of diet-related pathologies.
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11.4 � Personalized Nutrition for Microbiota Correction 
and Metabolism Restore in Type 2 Diabetes Mellitus 
Patients: Clinical Trail

Previous research has focused on fecal microbiota has provided evidence that both 
the composition and function of gut microbial communities were critical for main-
taining physical health and also associated with metabolic diseases like diabetes and 
obesity. [46]. Recent studies suggest the possibility of prevention and treatment of 
T2D by using personalized approaches to nutrition [13].

In our previously published study [13], we conducted a randomized controlled 
trial on the effects of a personalized diet on 56 female patients in two parallel 
groups. Patients from experimental group followed an 18-day personalized diet, 
which included individually selected products rich in BAC and yogurts with unique 
microbial starters (sequenced strains of L. casei IMB B-7412, L. plantarum IMB 
B-7414, and L. plantarum IMB B-7413). Control group patients for 18 days ate 
usual for them food and additionally included to the ration berries and yogurt pre-
pared without microbial starters. Biochemical, physical, and immunological param-
eters were measured by standard methods on days 1 and 18 of the experiment. Gut 
and oral microbiota detection were performed in dynamics on days 1, 7, 11, and 18 
using selective culture mediums and real-time polymerase chain reaction. With the 
help of the developed information system, a personalized diet was developed for 
each participant of the experiment. Developed diets included products that contain 
functioning groups of biologically active substances such as polyphenols, anthocya-
nins, and flavonoids as well as unique microbial starters for fermentation. The selec-
tion of food products was based on WHO recommendations (https://www.who.int/
nutrition/publications/nutrient/en/), taking into account individual wishes and con-
traindications, as well as when determining the portion size – individual character-
istics of patients such as the level of physical activity, body mass index, etc. [13].

It was found out that the suggested correction of intestinal microbiota with help 
of personalized nutrition plans in complex treatment of T2D patients clinically has 
proven its effectiveness. It was shown that after compliance with personalized nutri-
tion plans in patients of the experimental group the normalization of intestinal and 
oral microbiota was observed. In particular, the statistically significant changes in 
the numbers of representatives of the gut microbiota (E. faecalis, E. coli (lac +), 
E. coli (lac-), Lactobacillus spp., and Candida spp.) and microorganisms of oral 
cavity (E. faecalis, Lactobacillus spp., P. aeruginosa, and Candida spp.) were 
detected.

This indicates the normalization of intestinal microbiota, which, in turn, leads to 
metabolism improvement, including glucose and cholesterol metabolism.

The issue of diagnostics and treatment of T2D and other NCDs are still relevant 
because emergence of a number of new markers greatly simplifies and increases the 
accuracy of the disease diagnosis. In our work, we used a “classic” set of diabetes 
markers which still mostly used by medical personnel in particular because of their 
availability for analysis [47, 48] as well as indicators of gut and oral microbiota as 

T. Meleshko and N. Boyko

https://www.who.int/nutrition/publications/nutrient/en/
https://www.who.int/nutrition/publications/nutrient/en/


327

they play a significant role in the development of type 2 diabetes and human health 
in general [49, 50]. During the experiment there were improvements in a number of 
markers, such as VLDL-cholesterol, glucose, creatinine, urea, magnesium, sodium, 
thymol test, and uric acid according to the results of indicators’ change.

It should be noted that according to the results of our research, a decrease in LDL 
cholesterol indicates an improvement in lipid metabolism, a reduction in the risk of 
developing atherosclerosis and coronary heart disease [51]. In patients in the experi-
mental group, a statistically significant drop in creatinine and urea levels and an 
increase in magnesium concentration within normal ranges may be signs that the 
renal excretory function has returned to normal [52–54]. The normalization of 
sodium level indicates the effectiveness of the proposed diet [13] as sufficient con-
centration of this indicator is extremely important for proper functioning of mem-
brane transport, muscle contraction, nerve impulse transmission, and many other 
vital functions [55, 56].

A statistically significant decrease in thymol test levels within normal limits can 
indicate improvement of liver function [57]. A statistically significant increase in 
uric acid levels within normal limits can be explained by the increase in the con-
sumption of foods containing fructose, such as apples, persimmons, blueberries, 
pears and dried fruits [13].

There was also a statistically significant decrease in the levels of immune param-
eters  – secretory IgA (SIgA) and tumor necrosis factor alpha (TNF-α) which is 
considered one of the many risk factors in the development of T2D [3, 58].

Normalization of patients’ gut and oral microbiota, above mentioned changes in 
biochemical and immunological parameters led to changes in physical parameters 
of all patients of the experimental group, namely a statistically significant decrease 
in body weight and the circumference of waist, hips, and upper thighs [13].

All this confirms that our proposed targeted correction of the intestinal microbi-
ota through the use of personalized diet plans in the comprehensive treatment of 
patients with diabetes mellitus-2 has clinically proven its effectiveness.

11.5 � Analysis of Experimental Data, Development 
and Application of Methods for Selecting Markers 
of the Process of Intestinal Microbiota 
Personalized Correction

For detection of the most promising clinical indicators as biomarkers the obtained 
data of the 62 indicators (indicators of the experiment participant’ state - IEPS) of a 
randomized controlled clinical trial of the effectiveness of personalized correction 
of the intestinal microbiota for the treatment of patients with type 2 diabetes were 
analyzed. Basic statistical analysis of the obtained data was performed by known 
methods of descriptive statistics and statistical inference. Its results showed a statis-
tically significant presence for the group of patients and the absence for the 
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participants of the control group of a clear dynamics of changes in IEPS during the 
experiment (Fig. 11.11).

Peculiarities of this dynamics for a group of patients were identified and investi-
gated by correlation analysis, Principal Component Analysis (PCA) and cluster 
analysis. One of the main established features is manifested in the presence of a 
direction (in the space IEPS), along which the set of points of experimental data is 
clearly extended by the variance (respectively, in other directions it is compressed). 
And this indicates the existence of clear patterns of development of the process of 
personalized correction of the intestinal microbiome (Fig. 11.12). Accordingly, the 
task of identifying informative markers of this process among IEPS becomes 
relevant.

A methodology for identifying such markers has been developed, which is 
reduced to quantifying each IEPS on: (1) formation of correlations with other indi-
cators, (2) role in the formation of the first main components of PCA related to the 
above direction, (3) impact on cluster compactness experimental points in the space 
of the studied indicators and (4) importance in the “tree-based” model of classifica-
tion of available data on IEPS (Fig. 11.13).

Fig. 11.11  Heat map matrix of dynamic correlation coefficients, which corresponds to the data set 
for the group of patients on the 1st and 18th days of the study
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Fig. 11.12  Obtained within the framework of the studied model of k-means picture of clusters of 
experimental points of the 1st (yellow color) and 18th (violet color) days of the experiment. The 
centers of the clusters are marked with gray circles

On the basis of correlation, PCA and cluster analysis of experimental data and 
using a specially developed method, an orderly list of microbial, biochemical and 
immune markers of the process of personalized treatment of diabetes mellitus-2 by 
correcting the intestinal microbiota. The first 10 places in this list are occupied by 
E. faecalis (saliva), TNF-a, creatinine, urea, thymol test, Na, Lactobacillus spp. 
(saliva), E. faecalis (stool), E. coli (lac -) (stool), Lactobacillus spp. (stool). All this 
indicators should be used as a prioritized biomarkers of type 2 diabetes.

11.6 � PPPM Strategies in the Field

The fact that co-evolutionary relationships between nutrition, gut microbiota, stress, 
lifestyle, and environmental factors lead to epigenetic influence on human health 
outcomes is already widely accepted [59]. Nowadays, it is obvious that changes in 
gut microbiota often act as a trigger of noncommunicable diseases connected to 
low-grade inflammation and metabolic disorders, such as obesity, T2D, CVDs, and 
others. One of the commonly known and most widely used approaches to correct 
human microbiota is to prescribe various biopharmaceuticals like pre-, pro-, and 
synbiotics, or pharmabiotics, if their efficacy is clinically proven [45]. There are 
numerous studies in animal models on the use of various probiotic microorganisms 
and prebiotic components such as biologically active substances for microbiota cor-
rection. However, there are very few clinical studies that confirm the effectiveness 
of such microbiota correction approaches to prevent NCDs. Therefore, to date, the 
question of individual selection of a composition of pro- and pre-biotic components 
in the form of a personalized nutritional plan remains open.
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Fig. 11.13  Correlation of estimates calculated based on the results of cluster analysis and analysis 
of the importance of IEPS using the “tree-based” model of data classification

11.7 � Expert Recommendations in the Frame-Work of 3PM 
to the Practical Medicine

–– In diagnostics of different NCDs such as type 2 diabetes, cardiovascular dis-
eases, atherosclerosis and etc. and more accurate interpretation of obtained 
results systemic approach should be used. In this case attention should be 
addressed not only to “classic” markers of diseases but also to new biomarkers 
which will indicate the general condition of the patient, including not only bio-
chemical parameters, but the condition of the patient’s microbiota and his 
immune parameters.

–– For more precise personalized diagnostic of type 2 diabetes such biomarkers as 
levels of E. faecalis (saliva), TNF-a, creatinine, urea, thymol test, Na, 
Lactobacillus spp. (saliva), E. faecalis (stool), E. coli (lac -) (stool), Lactobacillus 
spp. (stool) should be used.
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–– Targeted correction of the intestinal microbiota through the use of personalized 
diet plans which include individually selected appropriate probiotics and compo-
nents of food products of plant origin of prebiotic purpose, can be used for treat-
ment of patients with type 2 diabetes.

–– Taking into account P3 medicine’s position on the correction of the human 
microbiome, the prescription of individual nutrition should be made on an 
evidence-based basis. Such a necessary verification is the conduct of randomized 
clinical trials and cohort studies.

–– Developed and applied in this work, the methodology of search and quantitative 
assessment of the quality of microbial, biochemical and immune markers of the 
process of personalized treatment of NCDs by correcting the intestinal microbi-
ota has practical use as a component of a new method of implementing “feature 
selection” – optimal selection of data for machine learning, which will maximise 
an efficacy of the disease prevention and prognosis, and optimised treatment 
algorithms.
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Chapter 12
Pro- Pre- and Synbiotic Supplementation 
and Oxalate Homeostasis in 3 PM Context: 
Focus on Microbiota Oxalate-Degrading 
Activity

Ganna Tolstanova, Iryna Akulenko, Tetiiana Serhiichuk, Taisa Dovbynchuk, 
and Natalia Stepanova

Abstract  Hyperoxaluria has been proven to be the major risk factor for the forma-
tion of oxalate-calcium stones, which are the cause of 75% of all kidney stones. The 
oxalate-degrading bacteria (ODB) is a diverse group of bacteria consisting of the 
“narrow-profile oxalotrophs” that use oxalate as their sole source of carbon and 
energy (e.g. Oxalobacter formigenes) and the “broad-profile oxalotrophs” that use 
oxalate as an alternative or additional source of metabolism (e.g. Lactobacillus spp., 
Bifidobacterium spp., Bacillus spp., etc).

Taking into account the difficulties in assessing ODB due to their wide range of 
colonization density, which can reflect both diet and competing microorganisms, 
and considering the need for multiple tests to detect ODB colonization, we hypoth-
esized that the total ability of intestinal ODB to degrade oxalate rather than the 
ODB number is a key determinant in oxalate homeostasis.

Therefore, in the present chapter, based on the results of our previous research 
and other published data, we present a new perspective on the translational rele-
vance of oxalate-degrading activity assessing in the prediction of nephrolithiasis 
formation and individualized prescribing of probiotics or synbiotic in kidney stone 
disease patients which would allow shifting the reactive medicine paradigm to 
PPPM/3P model.
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Keywords  PPPM /3P medicine · Ceftriaxone · Synbiotic · Probiotic · Oxalate 
homeostasis · Oxalic acid · Hyperoxaluria · Oxalate-degrading activity · Oxalate-
degrading bacteria

12.1 � Introduction

Oxalate is a potentially toxic anion of dicarboxylic acid (C2O4H2), that is wide-
spread in both plants and mammals [13, 35, 75]. In humans, the balance of body 
oxalate is achieved due to its renal (up to 90%) and intestinal (10%) excretion [10, 
64]. The oxalate homeostasis is maintained by kidneys‘(the bulk 90% to 95% of 
circulating oxalate) and intestinal (10%–15%) excretions [13, 37]. A high-oxalate 
diet and/or gut microbiota violation can result in hyperoxaluria, defined as urinary 
oxalate excretion greater than 44 mg per day [74], and calcium oxalate stone forma-
tion [10, 40]. In turn, kidney function decline in non-stone-formers leads to a 
decrease in renal oxalate clearance and an increase in plasma oxalic acid (POx) 
concentration corresponding to the progression of chronic kidney disease 
(CKD) [57]. The accumulation of oxalate has been postulated to be associated with 
oxidative stress [43], inflammation [22, 24] and a high risk for cardiovascular dis-
ease (CVD) in kidney stone disease patients [40].

The intestine plays a complex role in oxalate homeostasis via interconnected 
mechanisms of intestinal epithelium oxalate transport (both secretion and absorp-
tion) and microbiota-dependent degradation of intraluminal oxalate reducing its 
intestinal absorption [74].

The absorptive flux of oxalate across the intestine can occur via both the paracel-
lular (predominantly passive) and transcellular pathways. The active transcellular 
movement of oxalate is provided by anion exchange proteins belonging to the multi-
functional SLC26 gene family. Among them, Slc26a6 is highly expressed in the 
intestine and renal proximal tubule and plays an important  role in the control of 
systemic oxalate metabolism [42]. Its pivotal role in oxalate homeostasis was dem-
onstrated in Slc26a6−/− mice. These mice had a defect in intestinal oxalate secretion 
resulting in enhanced net absorption of oxalate accompanied by an  increase  in 
serum and urinary oxalate [39].

Despite the potential toxicity, humans lack the oxalate metabolizing enzymes 
and are therefore unable to degrade excessive amounts of oxalate [6]. The gut oxa-
late-degrading bacteria (ODB) play an important role in oxalate destruction express-
ing the catabolic enzymes formyl-CoA transferase (Frc) and oxalyl-CoA 
decarboxylase (Oxc). The genes encoding these proteins are clustered on the 
genomes and show strong phylogenetic relationships [1]. Humans’ intestinal ODB 
that complement the missing oxalate metabolizing ability in a mammalian host are 
collectively identified as Oxalate Metabolizing Bacterial Species (OMBS) [71]. 
OMBS include “narrow-profile oxalotrophs“that use oxalate as their sole source of 
carbon and energy, for example, Oxalobacter formigenes (O. formigenes), and 
“broad-profile oxalotrophs” that use oxalate as an alternative or additional source of 
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metabolism, for example, Lactobacillus spp., Bifidobacterium spp., Bacillus spp., 
E. faecalis, N. albigula [8, 32].

O. formigenes described in 1985 and isolated from the rumen of a sheep, the 
cecum of a pig, and human feces were all similar Gram-negative, obligate anaerobic 
rods [8]. O. formigenes uses oxalate as its sole source of  energy and carbon; it 
metabolizes oxalate into formate and CO2. O. formigenes is the only specialized 
oxalate degrader in humans [8]. In a recent comparative study on the prevalence of 
O. formigenes, among the USA adults and infants (the first three years of life) with 
Venezuela and Tanzania ethnic groups, a higher prevalence of O. formigenes in both 
adults and children from the developed countries vs. the USA population have been 
found [56].

In addition to the oxalate-degrading activity (ODA), O. formigenes have been 
shown to produce small proteins that can directly induce oxalate transport through 
the oxalate transporter SLC26A6 –dependent pathway in intestinal Caco-2 cells, 
confirming a specific role of the gut microbiota in oxalate homeostasis [11].

The therapeutic use of antibiotics and other medications may contribute to the 
loss of ODB. O. formigenes and other ODB are susceptible to commonly used anti-
biotics [34, 44]. Patients with cystic fibrosis often lack fecal oxalate degraders, per-
haps because of intensive drug therapy [60]. The antibiotic-induced deficiency of 
gut ODB has been considered one of the potential causes of intestinal oxalate 
absorption upregulation and hyperoxalemia [18, 48].

Currently, the medical community is pulling out all the stops to shift the para-
digm from diagnosis and treatment to prediction and prevention. One of the primary 
goals of Predictive, Preventive and Personalized (PPPM / 3P) medicine is to pro-
mote innovative analytical approaches that enable targeted prevention and treat-
ments tailored to the patient [28]. The gut microbiota is becoming the focus of 
advanced PPPM / 3P strategies through its key role in the prediction and prevention 
of many diseases including kidney stone disease [9, 14–16, 59].

The number of data on the efficacy of particular probiotic strains in the treatment 
of various diseases is growing day by day, but there is still not enough evidence-
based data on probiotics‘contribution to disease pathophysiology and their applica-
bility in clinical care [63]. The effectiveness of personalized probiotic prescription 
based on patient symptoms has been reported to treat metabolic syndrome and 
hyperuricemia and to restore kidney function in gout. The authors suggested that 
patients with gout may be able to achieve the same results by eating yogurt or taking 
an over-the-counter probiotic supplement, but the personalized approach provided a 
higher likelihood of effectiveness [14–16].

Taking into account the difficulties in assessing ODB due to the wide range of 
their colonization density, which may reflect both diet and competing microorgan-
isms, and considering the need for multiple assays to detect ODB colonization [54, 
71], we hypothesized that the total ability of intestinal ODB to degrade oxalate, 
rather than the number of ODB, is a key determinant of oxalate homeostasis.

Therefore, in the present chapter, based on the results of our previous research 
and other published data, we present a new perspective on the translational 
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relevance of assessing total fecal ODA in predicting the formation of nephrolithiasis 
and personalized prescribing of probiotics or synbiotics.

12.2 � The Differential Sensitivity of Narrow-Profile Vs. 
Broad-Profile Oxalotrophs to Oxalate-Rich Diet 
and Antibiotic Violence: A Preclinical Study

The relevant animal model is the cornerstone of translational medicine. In our previ-
ously published study, we screened the widely used laboratory animal species (non-
linear rats, Wistar rats, BalbC mice, Chinchilla rabbits) for the presence of 
narrow-profile (obligate) and broad-profile (facultative) oxalotrophs in the intestine, 
their response to diet and antibiotic administration to find the appropriate species to 
study the role of gut microbiota in oxalate homeostasis [4]. Fecal biopsy of nonlin-
ear rats (n = 12), Wistar rats (n = 12), BalbC mice (n = 12), and Chinchilla rabbits 
(n = 10) were inoculated into highly selective medium Oxalate Medium (the only 
source of energy is Na2C2O4). To distinguish between obligate and facultative oxa-
lotrophs, after cultivation on Oxalate Medium, all colonies were transferred to MRS 
agar, Bifidobacterium agar, and MPA media and cultured under anaerobic condi-
tions. Cultures grown on these media after inoculation were classified as facultative 
oxalotrophs, and those grown only on Oxalate Medium were classified as obligate 
oxalotrophs (Fig. 12.1). Among all the experimental animals studied, only 100% of 
the Wistar rats were colonized with both narrow-profile (obligate) and broad-profile 
(facultative) oxalotrophs. Other animals had obligate oxalotrophs only, in particular, 
58% of nonlinear rats, 42% of Balb C mice, and 7% of сhinchilla rabbits. The Wistar 
rats had the greatest number of obligate oxalotrophs in the fecal biopsy (l  g 
6.12 ± 0.63 CFU/g), whereas in the other laboratory species studied obligate oxalo-
trophs ranged from l g 2.1 ± 0.4–2.97 ± 0.25 CFU/g. There was no difference in the 

Fig. 12.1  The amount (M ± SD l g CFU/g) of oxalate-degrading bacteria in the fecal biopsy of 
different experimental animal species. (*** P < 0.001)
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number of facultative oxalotrophs in  nonlinear rats, Wistar rats, BalbC mice, 
Chinchilla rabbits [4].

The aforementioned results are in agreement with the study conducted by Niv 
Palgi et al. in which a significant difference has been found in the percentage of 
O. formigenes in three lines of laboratory rats [55].

Bearing in mind the importance of an oxalate-restricted diet in urolithiasis pre-
vention [50], the following questions arise: (1) Is there a relationship between the 
consumption of oxalate-rich foods and the ODB number? (2) How does oxalate 
affect the mammalian gut microbiota in general? (3) How does an  impaired gut 
microbiota affect the overall host oxalate metabolism since the majority of previous 
research have focused on the role of individual taxa in oxalate degradation? [35]. To 
try to answer these questions, we further investigated the impact of oxalate-enriched 
and oxalate-free diets on ODB numbers. The daily oral administration of 2 mg/kg 
sodium oxalate solution to experimental rats for 14 days was supported by a signifi-
cant increase in the number of obligate oxalotrophs in fecal biopsy compared with 
a control group on a regular diet (l g 4.21 ± 0.37 CFU/g vs. l g 2.97 ± 0.25 CFU/g). 
Conversely, the number of the facultative oxalotrophs was 1.5-fold lower compare 
with the control rats (p < 0.05) [4] (Fig. 12.2).

Unlike O. formigenes, the growth of L. acidophilus and S. thermophilus is inhib-
ited by the presence of oxalate, even though these bacteria have been shown  to 
effectively degrade oxalate in vitro [17]. Therefore, the growth of obligate oxalo-
trophs in the oxalate-rich diet cannot be considered a purely positive effect, because 
of the tendency to reduce the number of facultative oxalotrophs, which are predomi-
nantly anaerobic, sugar-fermenting bacteria.

An interesting comprehensive study on fecal microbiota using high-throughput 
sequencing has been done on the wild mammalian herbivore Neotoma albigula 
which consume a diet composed of nearly 100% Opuntia species cactus (1.5% dry 

Fig. 12.2  The dynamics of changes in the number (M ± SD l g CFU/g) of obligate (a) and faculta-
tive (b) oxalotrophs in rat fecal biopsies of (n = 12) depending on the duration of sodium oxalate 
(2 mg/kg, per os) administration. (*– P < 0.05)
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weight of oxalate content) and can degrade >90% of dietary oxalate most likely via 
microbial metabolism [49]. It was found a linear correlation between the amount of 
oxalate in diet and the rate of its degradation. Furthermore, feeding with an oxalate-
enrich diet increases the abundance of certain taxa in N. albigula (the relative abun-
dances of 117 operational taxonomic units exhibited a significant correlation with 
oxalate consumption). Some bacteria in this group, such as O. formigines, may 
engage in oxalate degradation directly. Others, such as Oscillospira, Clostridium, 
Streptococcus, and Ruminococcus are not directly involved in the oxalate degrada-
tion function and may benefit indirectly from oxalate degradation possibly via the 
process of acetogenesis or methanogenesis [49].

It is well-known that O. formigenes are characterized by high sensitivity to anti-
biotic quinolones, macrolides, tetracyclines, and metronidazole [41, 52]. However, 
there is scarce information on the effect of antibiotic therapy on the total ODB 
number and sensitivity of facultative vs. obligate oxalotrophs to antibiotics.

Recently, 2 models of dysbiotic disorders in male Wistar rats were used: co-
administration of ampicillin (75 mg/kg) and metronidazole (50 mg/kg) for three 
days [25] and intramuscular injections of ceftriaxone (300 mg/kg) for seven days 
[70]. However, the long-term effects of antibiotic therapy on the ODB number have 
never before been evaluated. We assessed quantitative changes in obligate and fac-
ultative oxalotrophs in the fecal biopsy on the first, 14th and 56th days after antibi-
otic withdrawal. The ampicillin with metronidazole mixture as well ceftriaxone 
induced a rapid decrease in the number of obligate oxalotrophs starting from the 
first day after antibiotics withdrawal. Moreover, we did not observe a restoration of 
growth of obligate oxalotrophs even on the 56th day after antibiotic withdrawal. The 
facultative oxalotrophs were less sensitive to antibiotic treatment compared with 
obligate oxalotrophs. However, we still observed a decrease in the facultative oxa-
lotrophs number on the 1st  - 14th days after the withdrawal of ampicillin with a 
metronidazole mixture. Notably, despite a gradual increase in facultative oxalo-
trophs on day 56, their number was lower compared to the control group. After the 
first day of ceftriaxone withdrawal, there was an increase in the number of faculta-
tive oxalotrophs by almost 2 folds from l g 7.60 ± 0.15 CFU/g to l g 9.0 ± 0.23 CFU/g 
(P < 0.01). While by the 56th day after ceftriaxone withdrawal the number of facul-
tative oxalotrophs was 2 folds lower than the control values (Fig. 12.3).

Recently, Nassal et  al. have demonstrated the prevalence of O. formigenes in 
50% of healthy subjects only [54]. It should be noted, that O. formigenes coloniza-
tion was significantly and persistently suppressed in antibiotic-exposed subjects but 
remained stable in controls. The authors have shown no significant recolonization of 
O. formigenes by 6 months after therapy, which is consistent with persistent micro-
biome disturbance.

Moreover, the study provides evidence that antibiotic therapy may be one of the 
key triggers for the development of hyperoxaluria, since the presence of obligate 
oxalotrophs, e.g. O. formigenes is highly individualized, and its changes can sub-
stantially alter the harmony of the bacterial taxa consortium associated with urinary 
oxalate. In this context, we proposed that the total ability of intestinal ODB to 
degrade oxalate rather than their quantity is the key determinant of oxalate 
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Fig. 12.3  Time-dependent changes in the number of oxalate-degrading bacteria in rat fecal biop-
sies after the withdrawal of the mixture of ampicillin and metronidazole (a) or ceftriaxone (b). (** 
p < 0.01; *** p < 0.001)

homeostasis. The identification of ODA may provide a personalized signature for 
kidney stone prevention in healthy adults.

12.3 � Methods for Urine Oxalate Determination

The diagnosis of hyperoxaluria is based on the measurement of oxalate in the urine. 
Currently, the leading methods of oxalate quantification are various analytical 
approaches such as ion chromatography, high-performance liquid chromatography, 
gas chromatography, colorimetry, etc.

Colorimetric methods have the  advantage of being simple, convenient, sensi-
tive and do not require expensive equipment. The methods have been developed 
using metal-indicator complexes, which have clear advantages: easy of measure-
ment in an aqueous medium, reduction of complex organic synthesis, and easy 
of preparation of various metal-indicator complexes using different metal ions [72]. 
Since oxalate has four oxygen atoms that can bind to metal ions, metal complexes 
must be effective chemosensors for the detection of oxalates in an aqueous solution. 
Studies have shown that metal complexes, including calcium, copper, nickel, or zinc 
can be used as good colorimetric or fluorescent chemosensors to detect oxalate.

In the gas phase chromatography, a filtered and degassed buffer (pH = 3) solu-
tion of 20 mm potassium phosphate and orthophosphate acid is used. Before analy-
sis, the column is cleaned and balanced bypassing the mobile phase. The 
chromatographic peak exit time is 35 min at a flow rate of 07 mL/min The limit of 
oxalate detection is 21 ng, the linearity of the calibration graph is maintained up to 
11  μg [2]. The disadvantages of this method include the duration and cost of 
analysis.

Capillary electrophoresis with indirect detection of ultraviolet absorption is also 
used to determine oxalates [76]. Electrophoresis is performed in a capillary coated 
with polyethylene amine. Samples diluted 1:10 and filtered, injected hydrodynami-
cally under pressure. The analyte is identified by comparing the migration of 
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analytes and standard solutions. Peak identity is confirmed by the method of addi-
tives. Quantitative determination is performed on the corrected peak area, which is 
defined as the ratio between the peak area of ​​the analyte and the corresponding 
migration time and comparing this ratio with the internal standard (sodium sulfate).

The method of ion chromatography allows the detection of  oxalate in  an 
amount of 25 ng (5 μg in the sample) [30]. The disadvantages of this method include 
duration (about 1 h), complexity (more than 7 operations), including heating the 
sample and the cost of analysis (using liquid chromatography).

Permanganatometric titration is a simple and relatively inexpensive method for 
the quantification of oxalates but it requires a very long sample preparation. This 
method is based on the precipitation of calcium oxalate, the subsequent dissolution 
of this salt in sulfuric acid, and the determination of the amount of oxalate by titra-
tion with permanganate [77].

The described methods require painstaking preparation of samples, highly quali-
fied specialists, and expensive equipment. Many of these methods have practical 
applications in medical practice for the quantification of oxalate in biological fluids 
such as urine and blood.

12.4 � Methods for Total Fecal Bacteria ODA Measuring

Most of the existing studies are based on the quantitative determination of ODB in 
coprofiltrates. However, the quantification methods independently of them assess 
way (bacteriological, molecular, etc) could only estimate the strains’ number but 
not their total fecal ODA [1, 31]. Total ODA is conservatively estimated as the dif-
ference between radioactive [14C]-oxalate consumed and [14C]-oxalate excreted in 
feces and urine [33]. Isolation of pure microbial culture is routinely used to estimate 
total ODA in fecal microbiota [29, 51]. Only one study has attempted to measure 
total ODA directly in fecal samples from patients with a jejunoileal bypass diluted 
in anaerobic dilution solution with [14C]-oxalate [7]. Therefore, there is a general 
lack of published data on non-radioactive methods for measuring the total ODA 
directly in the fecal biopsy to adaptation and further routine use in clinical practice. 
Moreover, there is a general lack of accepted methodology for the ODA deter-
mination .

We adapted the method of redoxmetric titration with KMnO4 to determine the 
bacteria ODA without isolation in pure cultures, which was published [69]. The 
fecal samples were collected from the study individuals within 4 h of defecation, 
0.01  g feces were cultured in highly selective media Oxalate Medium (g/L): 
K2HPO4–0.25, KH2PO4–0.25, (NH4)2SO4–0.5, MgSO4·7H2O – 0.025, CH3COON – 
0.82, yeast extract – 1.0, resazurin – 0,001, Na2CO3–4, L-cysteine-HCl – 0,5, Trace 
element solution SL-10 – 1 mL (mix/L: HCl (25%; 7.7 M) – 10.00 mL, FeCl2 × 
4H2O – 1.50 g, ZnCl2–70.00 mg, MnCl2 × 4H2O – 100.00 mg, H3BO3–6.00 mg, 
CoCl2 × 6H2O – 190.00 mg, CuCl2 × 2H2O – 2.00 mg, NiCl2 × 6H2O – 24.00 mg, 
Na2MoO4 × 2H2O – 36.00 mg; Na2C2O4–5 g) and cultivated anaerobically at 37 °C 
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for 48 h (test solution). In 48 h, a 10 mL aliquot of the test solution or 10 mL of 
Oxalate Medium (control) was centrifuged at 3000 g for 15 min, Troom. 10 mL of 
the supernatant was transferred to a 50 mL beaker. Calcium oxalate was precipitated 
from the samples by adding 10 mL of 0.4 M Ca(NO3)2. The precipitate formed was 
filtered through duplicate paper filters with a low filtration rate (80 g/m2). The fil-
trate was discarded. The precipitated calcium oxalate was dissolved with 25 mL of 
H2SO4 (1:4). About 10 mL of the acidified calcium oxalate solution was mixed with 
20 mL of deionized water and heated to 80 °C prior to titration. About 10 mL of 
H2SO4 (1:4) solution was immediately added and titrated with KMnO4 (0.02  N) 
solution until a pink color persisted for 30 seconds. The results were expressed as % 
of oxalate degradation per 0.01 g of feces.

We confirmed the accuracy and reliability of the method of redoximetric titration 
with a KMnO4 solution to evaluate the total ODA level in fecal microbiota incu-
bated in an Oxalate Medium. This method is suitable for measuring the total ODA 
in the fecal biopsy, even at high oxalate concentrations and has been tested in both 
clinical and experimental settings [65, 69].

12.5 � The Proof of Concept on the Significance of Total Fecal 
ODA Vs. ODB to Support Oxalate Homeostasis: 
A Preclinical Study

The term total ODA in fecal microbiota could be defined as the general ability of 
different strains of ODB to metabolize oxalate [64]. Several in vitro studies have 
been devoted to oxalate degradation abilities of Oxalobacter formigenes, 
Bifidobacterium and Lactobacillus strains in which the efficiency degrade oxalate 
from 15% to 98% has been reported [51, 53]. However, the effect of antibiotics on 
total ODA in fecal microbiota has never been evaluated before. Consequently, it is 
still unclear whether the use of antibiotics could affect not only the number of ODB 
but also their ODA and thus influence the oxalate concentrations in blood and urine. 
In our study on the ceftriaxone-treated Wistar rats, we found a decrease in the total 
fecal ODA (which was evaluated by the method of redoximetric titration) indepen-
dently of fecal ODB level after ceftriaxone withdrawal compared to the vehicle 
group. These changes were associated with a significant increase in the urine oxa-
late excretion immediately after ceftriaxone withdrawal despite the increased ODB 
level. On the 57th day after ceftriaxone withdrawal, the number of ODB and the 
urine oxalate excretion did not differ compared with the vehicle group while ODA 
was statistically lower in the ceftriaxone-treated group. Moreover, plasma oxalate 
concentration in the ceftriaxone-treated rats was significantly higher compared to 
the vehicle-treated group [69]. These results also accord with our earlier studies, 
which reported a strong association between antibiotics administration, intestinal 
barrier dysfunction and hyperoxaluria formation [66]. Surprisingly, we observed a 
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significant increase in the total ODB number with a simultaneous decrease in total 
fecal ODA after ceftriaxone exposure compared to the vehicle-treated group.

The observed result of an increase in ODB number after antibiotic exposure is in 
line with the recent papers in which the abundance and extraintestinal dissemination 
of Enterococcus spp and Lactobacillus spp. after ceftriaxone treatment [19], and a 
substantial increase in the relative abundance of Enterococcus spp., Lactobacillus 
spp. and Bifidobacterium spp. after the use of a combination of four antibiotics 
(bacitracin, meropenem, neomycin and vancomycin) [38] have been demonstrated. 
In this context, it is logical to assume a compensatory increase in ODB number with 
a lesser ability to degrade oxalate, which could explain a significant decrease in total 
fecal ODA simultaneously with a transient increase in the ODB number in the 
ceftriaxone-treated rats. Previously we reported sustained decreased levels of short-
chain fatty acids (SCFAs) in rat feces long after ceftriaxone withdrawal with the 
most profound changes observed for propionic and butyric acids, which led to an 
increase in the relative amount of the acetic acid [34]. SCFAs are the main end-
products of anaerobic fermentation of dietary fiber by large intestine microbiota, 
which provide the major source of energy for colonocytes, therefore, their levels 
may reflect the metabolic activity of intestinal microbiota [61].

These data are the first confirmation of the key role of total fecal ODA vs ODB 
to support oxalate homeostasis. However simultaneous studies on the ODB number 
and their total functional ability to degrade oxalate have never been conducted 
before, hence the obtained results cannot be directly compared with the results of 
previous reports.

12.6 � The Proof of Concept on the Significance of Total Fecal 
ODA Vs. ODB to Support Oxalate Homeostasis: 
A Clinical Study

Bearing in mind the promising experimental results of total fecal ODA evaluation, 
we tried to reproduce the method of redoximetric titration in humans and assessed 
the role of ODA in fecal microbiota in oxalate homeostasis. To this end, we evalu-
ated total fecal ODA, plasma oxalate concentration and daily urinary oxalate excre-
tion in 24 healthy volunteers and 78 end-stage kidney disease (ESKD) patients. This 
cohort of patients was chosen because they have many causes for changes in the 
intestinal microbiota, such as uremia, malabsorption, increased inflammation and 
immunosuppression, pharmacological therapy, and dietary restrictions [27, 36, 62].

The results we obtained are partially reflected in several published works [67, 
68]. Briefly, in healthy subjects, increased daily urinary oxalate excretion was 
directly associated with high fecal ODA (r = 0.58; p ˂ 0.0001). The comparative 
analysis demonstrated a significantly high total fecal ODA in the volunteers with 
hyperoxaluria compared with the normooxaluric subjects 5.5 [2–20] vs. -1[-4–-7] % 
(p = 0.008).]
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Total fecal ODA in ESKD patients ranged from −23 to 24%/0.01 g of feces and 
was statistically lower compared with the healthy volunteers: 3.0 (−4.5–8) vs 4.5 
(2–15.5) %/0.01 g of feces, p = 0.03. For further analysis, the patients were allo-
cated into 2 groups according to total fecal ODA status: Group 1 included ESKD 
patients with positive total fecal ODA status (≥ 1% of oxalate degradation per 
0.01 g of feces) and Group 2 consisted of the patients with negative total fecal ODA 
status (≤ −1% of oxalate degradation per 0.01 g of feces). Logically, high POx 
concentration and low UOx excretion were diagnosed in the patients with negative 
total ODA in fecal microbiota compared with the Group 1 patients: 5.5 [4.5–7.0] vs 
3.3 [2.5–4.5] mg/L, p  =  0.001 and 34.2 [24.4–39] vs 61.8 [51.6–70.3] mg/d, 
p = 0.002, respectively. Moreover, the ESKD patients with positive total fecal ODA 
status had significantly lower serum indoxyl sulfate [28.1 (15.3–41.2) vs 55.2 
(35.1–82.7) μg/mL, p  <  0.001] and POx [26.8 (24.1–35.7) vs 50.0 (42.2–78.2) 
μmol/L, p < 0.001] levels compared with the healthy participants. Total fecal ODA 
was inversely associated with serum indoxyl sulfate (r = −0.41, p < 0.001), athero-
genic dyslipidemia (Fig. 12.4) and POx (r = −0.67, p < 0.001) concentrations in 
ESKD patients.

In addition, we observed lower concentrations of serum pro-inflammatory cyto-
kines interleukin 6 and monocyte chemoattractant protein 1 in ESKD patients with 
positive ODA status compared with the negative one: 1.4 (0.1–4.9) vs 3.7 (0.7–9.8) 
pg/mL, p = 0.001 and 290.3 (246.1–331.2) vs 339.2 (321.7–407.2) pg/mL, p = 0.008, 
respectively [69].

In the present study, we analyzed total ODA in the normalized amount of feces 
which indicated total ODA function in fecal microbiota independently of strains and 
bacteria numbers. Together, the method of redoximetric titration with a KMnO4 
solution to evaluate the total ODA level in fecal microbiota can be used in clinical 

Fig. 12.4  The concentration of HDL-C and triglycerides in ESKD patients according to the total 
fecal ODA status
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practice. The normal oxalate-degrading functioning ability of fecal microbiota can 
lead to a decrease in plasma oxalate concentration and an increase in urinary oxalate 
excretion. Moreover, we provided preliminary evidence that a decrease in total 
ODA in fecal microbiota was associated with atherogenic dyslipidemia, elevated 
serum indoxyl sulfate, and systemic inflammation in ESKD patients.

Therefore, we believe that our results might be useful for providing the ground-
work for future research projects.

12.7 � ODA in Fecal Microbiota Is a Key Point 
for Personalized Probiotic Therapy in Kidney Stone 
Disease Patients

Various pro-, pre- and synbiotic supplements have been proposed for restoring gut 
microbiota after antibiotic treatment and preventing urolithiasis [21, 26, 45, 58]. 
The overwhelming majority of the published experimental and in vitro studies have 
demonstrated a promising effect of probiotics and synbiotics on increasing ODB 
number and reducing urinary oxalate excretion [21, 45, 47]. However, little is 
known about the ODA of synbiotic vs. probiotic strains. We hypothesized that the 
ODA of a specific probiotic or synbiotic could explain the lack of its clinical effi-
cacy and provide a personalized approach to their choice to reduce hyperoxaluria 
and prevent kidney stone disease.

As mentioned above, O. formigenes is the first and most studied oxalate destruc-
tor [8]. The use of O. formigenes as a probiotic is problematic due to the complexity 
of its cultivation and storage [46]. Currently, O. formigenes strains are being 
sought that are capable of surviving in the absence of oxalate and surviving for long 
periods of time in freeze-dried or yogurt-mixed  forms, since O. formigenes requires 
oxalate in the culture medium which can be a barrier to large-scale production due 
to its cultivation and storage conditions [23].

The alternative bacterial species with high ODA look like reliable options. 
Several studies validate the ODA of different Lactobacillus species. In an early 
study, Turroni et al. have postulated some species of Lactobacillus spp. with pro-
nounced oxalate-degrading features [73].It was established that all L. acidophilus 
and L. gasseri isolates were able to degrade oxalate because of the Frc and Oxc 
genes in their genome.

Mogna et al. have detected the efficiency ODA of different Lactobacillus strains 
and showed that their activity is not only species-specific but also strain-specific. In 
their study, L. gasseri were found to be the best oxalate converter that destruct 
68.5% of ammonium oxalate. The L. acidophilus and L. plantarum srains degraded 
54.2% and 40.3% oxalate respectively [51]. Chamberlain et  al. calculated the 
percent-degradation of the oxalate substrate by L. acidophilus and L. gasseri using 
liquid scintillation and showed 100% degradation. by L. acidophilus [20]. Campieri 
et  al. rated the best oxalate converters accordingly to the percentage of 10  mM 
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ammonium oxalate degradation by HPLC.  There were L. acidophilus −  11.8%, 
B. infantis - 5.3%, S. thermophilus - 2.3% and L. brevis − 0.9% of ammonium oxa-
late, respectively [17].

In the next study, we aimed to isolate bacteria from various foods and investigate 
their ODA. Bacteria capable of oxalate degradation were isolated from foods (spin-
ach, tomato, sour cream, cream, grained cheese, sourdough) on MRS-agar medium 
with the addition of 20 mg/ml Na2C2O4. As a result, 37 strains were isolated. To 
confirm the ability of oxalate degradation, the isolated strains were inoculated on 
Oxalate Medium. As a result, 23 strains retained the ability to grow. Subsequently, 
to identify stable strains, performed five-fold re-inoculation on Oxalate Medium 
and, as a result, only seven strains were isolated. All newly isolated strains were 
rod-shaped, Gram-positive, catalase-negative, and did not form gas on glucose 
medium. According to morphological-cultural and physiological-biochemical char-
acteristics, the newly isolated strains were assigned to the genus Lactobacillus. For 
species identification, the spectrum of carbohydrate fermentation was investigated 
using ANAEROtest 23. All isolated Lactobacillus species were capable of ferment-
ing arabinose, cellobiose, glucose, sucrose, maltose, galactose, lactose, fructose, 
trehalose, mannose, rhamnose and they did not use xylose and raffinose. No culture 
could produce indole and was unable to break down urea. As a result, the following 
species of the genus Lactobacillus were identified: L. nagelii, L. rhamnosus, L. fru-
menti, L. plantarum and L. acidophilus. In the next step, the ODA of the newly 
isolated strains was studied at the points of transition of the microbial population 
from the Lag-phase to the Log-phase and from the Log-phase to the stationary one. 
The most active oxalate destroyer on Oxalate Medium was L. plantarum C3, with 
42% ODA; it was followed by L. acidophilus C5 and L. nagelii C2 strains with 38% 
and 35% ODA, respectively; L. rhamnosus K7 and L. nagelii C12 showed the worst 
results and degraded only 7% of sodium oxalate [5].

To move closely from bench to bedside we have analyzed the ODA of three 
widely used commercially available probiotics vs. synbiotic: (i) the manufactured 
by LLC “Biopharma Plasma”, Ukraine, and consisted of 2 strains of Lactobacillus 
spp. (L. fermentum 2 × 109 CFU/g, L. plantarum 2 × 109); (ii) the manufactured by 
LLC “Biopharma Plasma”, Ukraine, and consisted of Baciilus subtilis 
«UКМV-5020» 1 × 1010 CFU/g; (iii) the manufactured by Sanofi Aventis, Italy, and 
consisted of Bacillus clausii 2 × 109 CFU/g; (iv) the synbiotic was manufactured by 
LLC “Element of Health”, Ukraine, and consisted of 4 strains of Lactobacillus spp. 
(L. acidophilus 5  ×  108  CFU/g, L. rhamnosus 9  ×  108  CFU/g, L. plantarum 
2 × 107 CFU/g, L. casei 4 × 108 CFU/g), 2 strains of Bifidobacterium spp. (B. bifi-
dum 5  ×  108  CFU/g and B. longum 8  ×  108  CFU/g), Saccharomyces boulardii 
3 × 107 CFU/g, selenium 0.05 mg, oligofructose 40 mg and inulin 450 mg. The 
obtained ODA of examined probiotics and the synbiotic are presented in Table 12.1.

We found that both monospecies probiotics consisting of Bacillus spp. showed 
the lowest ODA rate compared to the probiotic containing Lactobacillus spp. 
Baciilus subtilis degraded only 13% oxalate in Oxalate Medium, while Bacillus 
clausii degraded 23% oxalate. The combination of 2 strains of Lactobacillus spp. 
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Table 12.1  ODA of commercially available probiotics and synbiotic in nutrient media with high 
oxalate content (5 g/l)

Oxalate-degrading activity, %
MRS + Na2C2O4 MPB + Na2C2O4 Oxalate Medium

Probiotic 1 10 – 26
Probiotic 2 – 18 23
Probiotic 3 – 4 13
Synbiotic 42 – 69

(L. fermentum, L.plantarum) was able to degrade 26% oxalate in Oxalate Medium. 
The synbiotic consisting of Lactobacillus spp. (L.acidophilus, L. rhamnosus, 
L. plantarum, L. casei), Bifidobacterium spp. (B. bifidum, B. longum), Saccharomyces 
boulardii, selenium, oligofructose, and inulin, degraded 69% oxalate in Oxalate 
Medium. We established that the synbiotic had a high ODA compared to probiot-
ics [65].

In our recent study, we found that the synbiotic was able to restore fecal ODA 
and numerous in vitro studies have addressed the beneficial effect of probiotics on 
ODA of gut microbiota and reducing hyperoxaluria [1, 51]. The clinical results are 
not so encouraging and require further large-scale studies [45, 46].

It should be noted that only a few studies have been conducted to investigate the 
synbiotics effect on human health [45, 47] and the only one addressed the effects of 
prebiotic and synbiotic on oxalate degradation in vitro [3, 21].

Moreover, there are limited data on the interaction between antibiotics and syn-
biotics [38]. Thus, it is not well understood how synbiotics alter antibiotic-induced 
oxalate homeostasis imbalance and whether the synbiotic supplementation changes 
the short- or long-term effects of antibiotics.

12.8 � Conclusion

PPPM Strategies in the Field
Collectively, in the presented chapter for the first time, we demonstrated that total 
ODA in the fecal microbiota rather than the ODB number plays a pivotal role in 
oxalate homeostasis. These findings are crucial experimental justification for the 
implementation of predictive diagnostics based on each individual’s ODA level and 
establishing a targeted prevention strategy by predicting the susceptibility for kid-
ney stone disease formation. It is also expected to be utilized for personalized medi-
cal services according to the patient’s ODA level including medical care and medical 
foods. However, it should be noted that certain limitations of the experimental pro-
tocol used preclude an unambiguous conclusion concerning the use of synbiotics 
for the treatment of hyperoxaluria or prevention of kidney stone disease recurrences 
in humans.
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12.9 � Expert recommendations in the Framework of 3 PM 
to the Practical Medicine

This study addresses several multidisciplinary aspects of synbiotic prescribing in 
view of PPPM/3P medicine. Future PPPM/3P-related studies should consider the 
proposals presented below:

–– Total fecal ODA but not the ODB number should be thoroughly examined in the 
future to develop predictive diagnostics methods, targeted prevention and per-
sonalized treatment in kidney stone disease;

–– The total fecal ODA determination could be an innovative tool for clearly delin-
eating the need for the probiotic or synbiotic prescribing in a particular patient 
which would allow shifting the reactive medicine paradigm to PPPM/3P;

–– To increase clinical efficacy and provide cost-effective targeted prevention, the 
choice of probiotic or synbiotic to reduce hyperoxaluria and prevent urolithiasis 
could be based on their specific ODA rate;

–– Synbiotics might be useful for more targeted kidney stone disease prevention due 
to their beneficial effect on the total ODA in fecal microbiota even when used 
simultaneously with ceftriaxone;

–– The probiotic or synbiotic prescribing in patients with hyperoxaluria or Ca 
oxalate-lithiasis makes sense as a person-tailored approach to providing condi-
tions for the restoration of the intestine biocenosis and stimulation of ODB 
activity.
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Chapter 13
In Vitro Study of Specific Properties 
of Probiotic Strains for Effective 
and Personalized Probiotic Therapy

Rostyslav V. Bubnov, Lidiia P. Babenko, Liudmyla M. Lazarenko, 
Victoria V. Mokrozub, and Mykola Spivak

Abstract  Probiotics have tremendous potential to develop healthy diets, treatment 
and prevention. Investigation of in vitro cultural properties of health-promoting 
microorganisms like lactic acid bacteria (LAB) and Bifidobacteria is crucial to 
select probiotic strains for treatments based on gut microbiota modulation to justify 
individualized and personalized approach for nutrition and prevention of variety of 
diseases.

The studied strains of LAB and bifidobacteria did not form spores, were posi-
tively stained by Gram, grow on medium in a wide range of pH (1.0–9.0, optimum 
pH 5.5–6.5), were sensitive to wide range of antibiotics; and showed different resis-
tance to gastric juice, bile and pancreatic enzymes.

The most resistant to antibiotics were L. rhamnosus LB-3 VK6 and L. delbrueckii 
LE VK8 strains. The most susceptible to gastric juice was L. plantarum LM VK7, 
which stopped its growth at 8% of gastric juice; L. acidophilus IMV B-7279, B. ani-
malis VKL and B. animalis VKB strains were resistant even in the 100% 
concentration.
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Strains L. acidophilus IMV В-7279, L. casei IMV В-7280, B. animalis VKL, 
B. animalis VKB, L. rhamnosus LB-3 VK6, L. delbrueckii LE VK8 and L. del-
brueckii subsp. bulgaricus IMV В-7281 were resistant to pancreatic enzymes.

Adhesive properties of the strains according to AIM index were high in L. casei 
IMV В-7280, B. animalis VKL and B. animalis VKB; were moderate in L. delbrueckii 
subsp. bulgaricus IMV В-7281; and were low in L. acidophilus IMV В-7279, 
L. rhamnosus LB-3 VK6, L. delbrueckii LE VK8 and L. plantarum LM VK7.

Keywords  Predictive preventive personalized medicine · Lactobacillus · 
Bifidobacterium · Probiotics · Gut microbiota · Antibiotics · Gastric juice · Bile · 
Pancreatic enzymes · Adhesive properties · Pili · Patient phenotype · Individualized 
medicine

13.1 � Relevance of In Vitro Research to Support Strains 
Stratification for Effective Personalized 
Probiotic Interventions

Intestinal microbiota (mainly represented by Firmicutes and Bacteroidetes) impact 
on health and homeostasis [1]. The definition of a probiotic was determined in 2001 
by the World Health Organization (WHO) and Food and Agriculture Organization 
of the United Nations (FAO) [2] and confirmed in 2014 by the experts of International 
Scientific Association for Probiotics and Prebiotics (ISAPP) [3]. Probiotic microor-
ganisms have large potential as a part of healthy diets and treatment of immunity-
related disease [3–12]. They are effective actors both in distant sites and in the gut 
[12] and have potential for use in nutrition and personalized medicine [13, 14].

Gut microbiota modification in metabolic syndrome and other chronic diseases 
[14, 15] is a leading task of microbiome studying and for clinical use of probiotics 
[16]. Excluding few aspects, evidence-supported knowledge on the role of probiot-
ics in applicability to clinical care and disease pathophysiology is not yet sufficient 
[17]. The effects of probiotic microorganisms are considered evidence-based in 
cases of diarrhea associated with Clostridium difficile and respiratory tract infec-
tions [18]. In vitro and in vivo studies, including ecology of gut microbiota, mecha-
nism of probiotics functioning, and metabolomic researches for strains screening 
are needed to implement personalized probiotic treatment [8, 19, 20]. Taking into 
account that clinical studies are complicated to conduct and design, in vitro studies 
[21] and the use of animal models [22] can still provide a high quality data. For now 
original postulates of Koch were adapted and requirements for different microor-
ganism to be considered a probiotic were formulated:

–– Commensal microorganism’ strain is associated with the health of the host, 
which is regularly manifested in healthy hosts, but less common in patients with 
disease.

–– Commensal microorganism’ strain can be identified as pure culture and culti-
vated in the laboratory.
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–– Commensal microorganism’ strain improves or alleviate the disease when intro-
duced into a new host organism.

–– Commensal microorganism’ strain can be detected after its introduction into a 
host [23].

The principle mechanisms of the role of probiotics in several diseases pathogenesis 
is the ability of microorganisms to change the immune response, matabolize nutri-
ents, regulate balance of energy and prevent pathogens colonization [1, 2]. Probiotics 
have antagonistic relations with pathogens due to the producing of a number of 
organic acids, lysozyme, bacteriocins, and hydrogen peroxide [2, 3, 24]. Probiotic 
microorganisms are also able to synthesize digestive enzymes and vitamins C, K, A, 
PP, E, B and others [25, 26], produce metabolites such as histamine and short-chain 
fatty acids [27]. Due to the presence of these substances, probiotic microorganisms 
are able to change microbiota and participate in the metabolism of bile, fatty acids, 
cholesterol, glucose, bilirubin, and choline; as well as influence on the metabolism 
of calcium and iron and have antitoxic and immunomodulatory properties [28].

Each strain of probiotic microorganism may have specific phenotype/genotype 
and have multiple mechanisms of action [10]. In vitro tests have demonstrated the 
strain-dependent immunomodulation properties of bifidobacteria [29, 30]. In vitro 
studies have several limitations but they should obviously be used for preliminary 
screening of bacterial cells’ effects [31, 32], such as in vitro models using 
macrophage-like cells and cells isolated from the gut-associated lymphoid tissues 
(GALT) [33]. Biological properties such as parameters of the cell wall [30, 31] play 
an essential role in different aspects of immune response modulating and EPS-
producing phenotype [32]. Such crosslinks between genotype and phenotype can 
warrant to stratify strains on their modulatory activity on innate immunity to justify 
an individual approach to prevention and nutrition.

13.2 � Cultural-Morphological and Tinctorial Properties

To find the potential of lactic acid bacteria (LAB) and bifidobacteria as probiotics 
we determined their morphological and tinctorial properties by conventional 
research methods. A total of eight isolates were researched, as L. casei IMV B-7280 
(B-7280 strain), L. acidophilus IMV B-7279 (B-7279 strain), L. rhamnosus LB-3 
VK6 (VK6 strain), L. delbruecki subsp. bulgaricus IMV B-7281 (B-7281 strain), 
L. delbrueckii LE VK8 (VK8 strain), L. plantarum LM VK7 (VK7 strain), B. ani-
malis VKB (VKB strain) and B. animalis VKL (VKL strain), which we obtained 
from the intestines of clinically healthy people. Freeze-dried LAB and bifidobacte-
ria were used in our studies, therefore, we tested the viability of these bacteria by 
monitoring their growth on Man-Rogoza-Sharp (MRS) agar (MRSA) or bifidum 
agar (BA), respectively, for 24-48 h at 37 °C. Electron microscopy of bacterial sam-
ples was performed according to the generally accepted method [34] on an electron 
microscope JEM-1400 (Zabolotny Institute of Microbiology and Virology of the 
National Academy of Sciences of Ukraine), at 80 kV (Fig. 13.1).
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В-7281 strain VK6 strain VK7 strain VK8 strain

VKL strain В-7279 strain В-7280 strai VKB strain

Fig. 13.1  Subcellular imaging (electronic microscopy) of the strains of LAB and bifidobacteria. 
The scale is shown in the images

These tested LAB and bifidobacteria strains were Gram-positive and grew on 
nutrient media in the pH range 1.0–9.0 (optimal pH 5.5–6.5). They did not form a 
dispute, they were motionless. Bifidobacteria cells were polymorphic. Instead, LAB 
strains were typically rod-shaped. Figure 13.1 illustrates that the shape of bifidobac-
terial cells dependent on the stage of culture development. Thus, it ranged from 
rod-shaped to spindle-shaped, hairpin, amorphous, Y- or X-shaped cells.

The dynamics of growth of these LAB and bifidobacteria strains during incuba-
tion in MRS nutrient medium at 37 °C was also investigated. We determined the 
beginning of the stationary phase of their growth. The beginning of the stationary 
phase of their growth that was 7–12 h after, t did not depend on the species or genus 
of these probiotic cultures. The stationary growth phase of VKB, VKL and B-7279 
strains was approximately 8 h after their inoculation into the MRS nutrient medium. 
The stationary growth phase of VK6 and B-7280 strains began at 10 h. However, the 
stationary growth phase of B-7281, VK8 and VK7 strains occurred only after 
11–12 h, i.e. it turned out to be the longest.

13.3 � Tolerance of Probiotic Bacteria to Gastric Juice, Bile 
Salts and Proteolytic Enzymes (Pancreatin)

The tested LAB and bifidobacteria strains were examined for gastric juice (of 1, 2, 
5, 8, 10, 20, 30, 50, 75, and 100% in medium; for 2.5 h), bile (of 0.1, 0.25, 0.5, 0.75, 
1, 2, 3, 4, and 5%; for 5 h) and proteolytic enzymes tolerance (of 0.1, 0.25, 0.5, 0.75, 
1, 2, 3, 4, and 5%; for 15 h) in this research (Fig. 13.2). Daily probiotic cultures 
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Fig. 13.2  Resistance of studied strains of LAB and bifidobacteria to gastric juice (a), bile acids 
(b), and proteolytic enzymes (c)

strains were grown in liquid media at 37 °C with these aggressive factors, and after 
this, bacteria were sown to MRSА and BA, respectively. The number of colony-
forming units (CFU) was counted after cultivation at 37 °C for 24–48 h. Complex 
effect of these aggressive factors (gastric juice 2%, for 2.5 h; of bile salts 1%; for 
5 h; proteolytic enzymes 1%; for 15 h) on the LAB and bifidobacteria was also 
evaluated. Thus, tested LAB and bifidobacteria strains were grown with the gradual 
addition [35, 36].

It was found that these probiotic cultures had different tolerance to these aggres-
sive factors. The resistance to gastric juice even at 100% concentration were for 
three strains, as B-7279, VKL and VKB. The growth of VK6 strains was inhibited 
at a concentration of 50% gastric juice in MRS medium, and VK6 and B-7280 
strains were characterized by moderate resistance to its effect. The gastric juice of 
10% completely inhibited the growth of VK8 strain. Note that the growth of these 
bacteria was significantly inhibited by gastric juice at 1% concentration. In Fig. 13.2 
illustrated that complete inhibition of growth of B-7281 strain was observed at 10% 
concentration of gastric juice in nutrient medium. The most sensitive was the VK7 
strain, the growth of which was inhibited at a concentration of gastric juice of 8%.

The bile salts at a concentration of 1–40% had also different degrees of inhibition 
on the tested LAB and bifidobacteria strains in our study; their tolerances to bile 
salts are also shown in Fig. 13.2. The B-7279, B-7280, VK6, VKB, VKL strains 
were the most resistant to bile salts; their viability was not completely inhibited in 
the presence of this aggressive factor in concentrations up to 40%. According to our 
unpublished data, the growth of VKB and VKL strains began to be inhibited after 
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the introduction of bile salts into the nutrient medium at concentrations of 50% and 
75%, respectively. The B-7281 and VK7 strains resisted 40 or 10% bile salts, 
respectively. Medium bile salt resistance was found for B-7281 and VK7 strains. At 
the same time, complete inhibition of the VK8 strain occurred at a concentration of 
bile salts of only 8%. That is, this strain of LAB was the most sensitive to them. The 
viability of tested LAB and bifidobacteria with different proteolytic enzymes toler-
ance is also strain-dependent. Similar tolerance to proteolytic enzymes was observed 
among the seven strains. Thus, B-7279, B-7280, VKL, VKB, VK6, VK8, B-7281 
strains had the highest survival in the MRS nutrient medium with proteolytic 
enzymes in concentrations up to 5% (inclusive). The growth of the VKB strain was 
inhibited at 5% concentration of proteolytic enzymes. But, VK7 and VKB strains 
were the most susceptible to them. Proteolytic enzymes at a concentration of 4% 
completely inhibited their growth.

Subsequent studies have investigated the complex effects of gastric juice, bile 
and proteolytic enzymes on tested LAB and bifidobacteria strains, as live probiotic 
bacteria must gradually resist these aggressive factors of the digestive human or 
animal tract (Fig. 13.3). Thus, only four tested strains were the most tolerant. In 
particular, the survival of B-7279, B-7280, VKB and VKL strains was over 90% 
(96.7; 95.7; 90.2 and 91.9%, respectively). The survival of VK6, VK8 and B-7281 
strains was lower (50.0; 86.0; 65.6 and 79.2%, respectively). That is, they were 
moderately sensitive to the complex action of these aggressive factors. But the sur-
vival rate of VK7 strain was only 49.3%.

Probably more critical for the complete survival of live probiotic bacteria in the 
digestive tract is their resistance to bile salts and pancreatic enzymes, as B-7280 
strain has moderate resistance to gastric juice (alone). But more research is needed 
to confirm this.

Fig. 13.3  Stability of probiotic strains to the complex effect of biological fluids in the gastrointes-
tinal tract. (1). В-7279 strain, (2) В-7280 strain, (3) VK6 strain, (4) VK7 strain, (5) VK8 strain, (6) 
В-7281 strain, (7) VKB strain, and (8) VKL strain
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13.4 � Adhesive Properties of Probiotic Bacteria

For analysis of some cell surface characteristics, the adhesive properties of the 
tested LAB and bifidobacteria strains were measured (Table 13.1). Adhesive proper-
ties of these probiotic culture were assessed, as AAR (average adhesion rate; this is 
an average number of bacteria, which attached to the one epitheliocyte); AIM (index 
of adhesion of microorganisms; this is the average number of bacteria attached to 
one epitheliocyte); and PRE (the participation rate of epithelial cells; this is a per-
cent of epithelial cells, having on its surface-adhered bacteria), AIM is calculated by 
the formula [37]. It was considered that bacteria had high adhesive activity at AIM 
>4.0; average adhesive activity at AIM 2.51–4.04; at AIM 1.75–2.5 were low adhe-
sive activity, and at AIM index ≤1.75 there was no adhesive activity [29]. As shown 
in Table 13.2, the adhesive properties of these strains were significantly different 
(p < 0.05), and AIM index ranged from 2.14 to 7.81. Our data showed that the tested 
bacteria were distributed in this way by adhesive properties: В-7280 strain ≥ VKВ 
strain ≥ VKL strain ≥ В-7281 strain ≥ В-7279 strain ≥ VK8 strain ≥ VK6 strain ≥ 
VK7 strain. Consequently, the adhesive properties of В-7280, VKВ and VKL strains 
are higher than that of other tested probiotic cultures.

13.5 � Antibiotic Resistant of Probiotic Bacteria

The tested LAB and bifidobacteria strains resistance to antibiotics (by disc-diffusion 
method [19, 22]), that are inhibitors of protein, or peptidoglycan, or nucleic acid 
biosynthesis, was studied to determine the possibility of their use together with 
antimicrobial drugs (Table 13.2). In our studies the standardized discs with antibiot-
ics were used. According to the size of the zone of growth inhibition, we determined 
the degree of sensitivity of bacteria to antibiotics: over 20  mm as sensitive (S); 
10–20 mm as medium resistant (M); and less than 10 mm as resistant (R) [31].

Table 13.1  Adhesive properties of LAB and bifidobacteria strains, M ± m

Strain
Parameter of adhesion
AAR, units PRE, % AIM, units

В-7279 2.3 ± 0.1 91.9 ± 2.2 2.5 ± 0.1
В-7281 2.0 ± 0.1 75.2 ± 4.6 2.6 ± 0.2
В-7280 6.8 ± 0.3 87.5 ± 3.3 7.8 ± 0.9
VKВ 4.8 ± 0.4 93.8 ± 2.7 5.1 ± 0.5
VKL 4.0 ± 0.5 85.2 ± 4.5 4.7 ± 0.5
VK6 2.0 ± 0.2 88.0 ± 4.0 2.2 ± 0.3
VK7 1.9 ± 0.1 88.0 ± 5.1 2.1 ± 0.3
VK8 2.1 ± 0.2 92.0 ± 3.0 2.3 ± 0.2
В-7279 2.3 ± 0.1 91.8 ± 2.2 2.5 ± 0.1
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Table 13.2  The resistance of investigated strains of LAB and bifidobacteria to antibiotics

Mechanism of 
effect

Group of 
antibiotics Strain of bacteria/antibiotic resistance (diameter of 

growth inhibition zone)Generation/name

Inhibition of cell 
wall synthesis

VKL VKB В-
7279

В-
7280

В-
7281

VK6 VK7 VK8

Penicillins

I Penicillin M M S S M R S M
II Oxacillin R R R R R R M R

Ampicillin S S S S M R M M
Carbenicillin S S S S S R S S
Azlocillin S S S S S R S M
Piperacillin M S S S S R M M
Amoxicillin S S S S S R S M
Amoxicillin/
clavula-nic acid

S S S S S R S M

Ticarcillin M S S S S R S M
Ticarcillin/
cla-vulanic acid

M S S S S M S S

Cephalosporins

I Cefazolin R M M M M R M R
Cefalexin M M M M R M M R

II Cefuroxime M R M M R R M M
Cefaclor M S M M M M R M

III Cefotaxime R S S M S R S R
Ceftriaxone M M S M S R M M
Cefoperazone M M S M S R M M
Ceftazidime R M S R R R R R
Cefamandole M R S S S S R M
Ceftibuten R R R M R R R R

IV Cefepime R M M M R R R R
Glycopeptides

Teicoplanin R R R R R R R M
Vancomycin R R R R R R R M

Carbapenems

Meropenem M S S M M M S M
Imipenem S S S M M M M M

Inhibition of cell 
wall synthesis

VKL VKB В-
7279

В-
7280

В-
7281

VK6 VK7 VK8

Aminoglycosides

I Streptomycin M M S S M R M M
Neomycin S M S M R M M M
Kanamycin R R S M R R R M

II Garamycin S S S M M M S M
Tobramycin R S S M M M S M

(continued)
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Table 13.2  (continued)

Mechanism of 
effect

Group of 
antibiotics Strain of bacteria/antibiotic resistance (diameter of 

growth inhibition zone)Generation/name

Sisomycin M M S S M M S S
Amikacin M M S M R M R R

III Netilmicin M M S M M R M M
Macrolides

I Oleandomycin S S S S M R S M
Erythromycin M S S S M R S S

II Azithromycin R S S S M R S S
Clarithromycin S R S S S R S S
Roxithromycin M M S S S R S M

Lincosamides

Lincomycin M S S S M M S S
Clindamycin M S S S S R S M

Tetracyclines

I Tetracycline M S S M M S S M
Chlortetrazyklin M R S S S S S S

II Doxycycline M S S M S R S M
Violation of the 
synthesis of 
respiratory 
enzyme and 
biosynthesis of cell 
membrane

VKL VKB В-
7279

В-
7280

В-
7281

VK6 VK7 VK8

Nitrofurans

I Nitrofurantoin R M S R S R M M
Furazolidone R M S R M R R R
Fusidin M M S R M R R R

II Nitroxoline 
(oxyquinolines)

S M S S S M S S

Rifampicin M S S S S R S S
Levomycetin S S S S S R M M

Violation of 
synthesis of nucleic 
acids
Fluoroquinolones

I Nalidixic acid R R R R R R R R
II Ofloxacin R M M M R R M M

Ciprofloxacin R R S M R R M M
Norfloxacin R M R M M R M R

III Levofloxacin S R R M R R M M
Sparfloxacin S S S R R R M M

II Pefloxacin M M M M R R M M

R resistant, M medium resistant, S sensitive
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In particular, VK7, B-7279 and B-7280 strains were highly sensitive to antibiot-
ics that inhibit protein biosynthesis. The VKB strain was resistant to chlortetracy-
cline, clarithromycin and roxithromycin. To aminoglycosides was highly sensitive 
only to the B-7279 strain. To nitrofurans VKB or B-7279 strains were moderately 
resistant or highly sensitive, respectively. But nitrofurans did not inhibit the growth 
of B-7280 and VK6 strains. The B-7281 strain was sensitive to furadonin, and VK8 
and VK7 strains were moderately resistant to furadonin and resistant to fucidin and 
furazolidone. To most antibiotics, that blocking the peptidoglycan biosynthesis, 
were sensitive B-7279 (except oxacillin), B-7280 and VKB (except oxacillin, peni-
cillin, imipenem, meropenem) strains. VK8 strain was also predominantly sensitive 
to these antibiotics. But strain VK6 3 was resistant to most of them.

Importantly, vancomycin, oxacillin, and teicoplanin did not inhibit the growth of 
LAB and bifidobacteria strains we studied. As shown in Table 13.1, most of them 
were moderately resistant or resistant to cephalosporins, except for B-7279 and 
B-7281 strains. The tested probiotic cultures also had different sensitivity to antibi-
otics, inhibitors of nucleic acid synthesis. Only the VK6 strain was resistant to these 
antibiotics. At the same time, they moderately inhibited the growth of VK8, VK7 
and B-7280 strains. Levofloxacin and sparfloxacin inhibited the growth of VKL 
strain, and sparfloxacin and ciprofloxacin inhibited the growth of B-7279 strain. 
However, the VKB strain was sensitive only to sparfloxacin. All of these tested pro-
biotic cultures were resistant to nalidixic acid. Our results showed that the antibiotic 
resistance of LAB strains and bifidobacteria dependent on the strain and not on the 
genus and species of microorganisms.

Therefore, based on the results of our study, the strains with the best probiotic 
properties were selected. These LAB and bifidobacteria strains, as B-7279, B-7280, 
VKB and VKL, with the highest survival (over 90%) at complex effects of gastric 
juice, bile salts and proteolytic enzymes, proved their tolerance to digestive tract 
conditions. But the adhesive properties were high only of B-7280, VKB and VKL 
strains (their AIM index ranged from 4.72 to 7.81). Average adhesive activity was in 
the В-7281 strain with moderately tolerance (79.2%) to the complex of these aggres-
sive factors. B-7279 strain and other tested probiotic cultures had low adhesive 
activity (their AIM index ranged from 2.14 to 2.45) and different tolerance to gastric 
juice, bile salts and proteolytic enzymes. Thus, strains B-7280, B-7281, VKB and 
VKL, isolated from the intestines of clinically healthy people, have some probiotic 
properties and are promising for use in probiotic preparations. But other compre-
hensive preclinical studies of their safety and probiotic properties using different 
models, as well as clinical trials, are needed.

13.6 � Data Interpretation

Obtained data partially coincide with the data of other researchers [38–44]. 
Antibiotic resistant bacteria could be transmitted from animals to humans via food 
chain [41]. Almost all LAB isolated from farm animals and humans are susceptible 
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to ampicillin, amikacin, different cephalosporins, gentamicin, imipenem, erythro-
mycin, oxacillin, and penicillin.

Teuber et al. [45] shoved that bifidobacteria and LAB have sensitivity to ampicil-
lin, penicillin, cephalosporin, erythromycin, and tetracycline and resistance to van-
comycin, gentamicin, and streptomycin. A matter of concern to use strains resistant 
to antibiotics is that antibiotic resistance is not a safety parameter due to the risk of 
plasmid transfer to pathogenic strains [35, 36, 46].

The strains studied by us meet such important criteria of selection as resistance 
to antibiotics according to probiotics guidelines like European Food Safety Authority 
(EFSA) [37].

As far as metabolism of cholesterol has strong crosslinks with circulation of bile 
acids and the potential associations between modulatory of immune response and 
hypocholesterolemic activity of probiotics [8], search for bile resistant strains might 
have a strong input on treatment patients with atherosclerosis, cholestasis, and other 
conditions. Some LAB and bifidobacteria strains had high hypocholesterolemic 
activity in different in vivo models of metabolic disorders and associated in vitro 
with degradation of bile acids [47].

Gram-positive LAB strains have bacterial pili for adhesion strengthening and 
protection against environmental stresses. However, their role in immune interac-
tion is still largely unknown [48–50]. Pilus-associated SpaC pilin and gene cluster 
spaCBA makes possible exertion of both intimate and long distance contact with 
host tissue and provides mucus-binding [50]. Glycosylation as a sortase-dependent 
pili modification was shown to play a great role in the immunomodulation [50]. 
These findings altered the assumption about glycoconjugates’s underappreciated 
role in interplay between bacteria and host. Studying of cell wall of probiotic bacte-
ria using imaging and molecular methods is important to predict or evaluate adhe-
sion and immunomodulatory properties of the strain [31, 51–53].

Gut microbiota is a key player in host energy homoeostasis’ regulation and in the 
pathogenesis of metabolic syndrome and obesity for now is properly studied in 
clinical set due to number of unpredictable and uncontrollable factors in humans 
[54–56] such as genetic and environmental factors (drug assumption, diet, life style) 
[8, 56]. The essential task for probiotic and microbiome research in clinico is the 
search for reproducible in large population and reliable microbiome phenotype 
markers for longitudinal observation.

Immunomodulatory properties and anti-inflammatory properties [5, 7, 31] has 
been hypothesized to be likely correlate with clinically relevant effects, in particular 
the ability to demonstrate liver protective and hypocholesterolemic properties and 
modulate metabolic conditions [8]. All probiotic strains have primary native antivi-
ral [57, 58], antibacterial [59] and antifungal properties [60–62], and have a high 
perspective to be alternative for antibiotics during treatment of various infections. 
Oxygen tolerance of probiotic microorganisms is another important parameter that 
should be studied in the near future, as far as for now there are only few studies in 
the field [63, 64]. LAB strains can potentiate hypoxia-inducible factor in the gut 
[65]. These results open new perspectives to propose individualized treatment to 
patients with Flammer syndrome [66]; manage hypoxia-associated conditions and 
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stress [65]; use patient stratification on important gut hypoxia signaling marker, 
mesenteric ischemia in patients with atherosclerosis [67]. Potential of probiotic 
microorganisms for enhancement of safety and regenerative therapy efficacy [68], 
stem cells transplantation is difficult challenge aimed to develop biological prepara-
tions of a new generation. Finally, many of the mentioned properties of probiotic 
strains should be used in cancer case management as a part of supportive therapy 
[18] to facilitate, treatment-associated symptoms [69, 70].

This chapter includes concepts to the topic developed by the authors within pre-
viously performed studies [71–73].
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Chapter 14
Probiotic Concepts of Predictive, 
Preventive, and Personalized Medical 
Approach for Obesity: Lactic Acid 
Bacteria and Bifidobacteria Probiotic 
Strains Improve Glycemic 
and Inflammation Profiles

Liudmyla Lazarenko, Oleksandra Melnykova, Lidiia Babenko, 
Rostyslav Bubnov, Tetyana Beregova, Tetyana Falalyeyeva, and Mykola Spivak

Abstract  The use of probiotics demonstrate efficacy against obesity and metabolic 
syndrome (MetS). Detection of effective probiotic strains for hyperglycemia and 
immunity correction is important task. Current study was evaluating an influence of 
Lactobacillus casei IMV B-7280 separately and composition L. casei IMV B-7280 
/ Bifidobacterium animalis VKB / B. animalis VKL on the levels of blood glucose 
and immunity in obese mice. Obesity was induced by fat-enriched diet (FED) in 
male BALB/c mice. Obese mice were transferred to standard diet and received per 
os probiotic strains daily during 10 days. We measured tumor necrosis factor-alpha 
(TNF-alpha) in blood serum using enzyme-linked immunosorbent assay and func-

L. Lazarenko · L. Babenko · R. Bubnov (*) 
Zabolotny Institute of Microbiology and Virology, National Academy of Sciences  
of Ukraine, Kyiv, Ukraine 

O. Melnykova 
Zabolotny Institute of Microbiology and Virology, National Academy of Sciences  
of Ukraine, Kyiv, Ukraine 

ESC “Institute of Biology and Medicine” of Taras Shevchenko National University of Kyiv, 
Kyiv, Ukraine 

T. Beregova · T. Falalyeyeva 
ESC “Institute of Biology and Medicine” of Taras Shevchenko National University of Kyiv, 
Kyiv, Ukraine 

M. Spivak 
Zabolotny Institute of Microbiology and Virology, National Academy of Sciences  
of Ukraine, Kyiv, Ukraine 

PJSC «SPC Diaproph-Med», Kyiv, Ukraine

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
N. Boyko, O. Golubnitschaja (eds.), Microbiome in 3P Medicine Strategies, 
Advances in Predictive, Preventive and Personalised Medicine 16, 
https://doi.org/10.1007/978-3-031-19564-8_14

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-19564-8_14&domain=pdf
https://doi.org/10.1007/978-3-031-19564-8_14


372

tional activity of peritoneal exudate macrophages (PEMs). Glucose levels in blood 
were defined with glucometer.

We ascertained that all probiotic strains induced reducing mice weight and vis-
ceral fat, normalization of TNF-alpha production and functional activity of PEMs. 
Treatment with L. casei IMV B-7280 was associated with decreasing blood glucose 
levels. No normalization of glucose and TNF-alpha levels was observed in obese 
mice, transferred to standard diet without probiotic treatment; although we revealed 
decreasing their weight and visceral fat and partial recover of functional activity of 
PEMs. In conclusion, probiotic strain L. casei IMV B-7280 (separately) and com-
position L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL can re-
equilibrate metabolic and inflammation indices in mouse obesity model. L. casei 
IMV B-7280 alone was more efficient in decreasing glucose levels than composi-
tion of strains.

Keywords  Metabolic syndrome · Diabetes mellitus · Obesity · Lactobacilli · 
Bifidobacteria · Glucose · Macrophages · Inflammation · Mouse model · Predictive 
preventive personalized medicine
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14.1 � Introduction

Obesity is a major risk factor for the development of type 2 diabetes mellitus 
(T2DM) and being more than doubled during the last 30 years, is considered to be 
the most important health problem globally [1–5].

Metabolic syndrome (MetS) is a common condition, associated with profound 
violation of metabolic processes in the human body, and include development of 
diabetes mellitus (DM), cardiovascular (coronary heart disease, atherosclerosis, 
arterial hypertension) and hepatobiliary diseases (gallstone disease, bile dyskinesia, 
chronic cholecystitis), pathology of the musculoskeletal system, as well as several 
types of cancer and premature death [1].

The diagnosis of “metabolic syndrome” can be made if at least three of the fol-
lowing five criteria [2] are met: visceral adiposity; dyslipidemia; high density lipo-
protein (HDL) cholesterol ≤ 40 mg/dL; hypertension of 130/85 mmHg or more; and 
type 2 diabetes mellitus (T2DM).

Abdominal obesity most often occurs as a result of increased energy consump-
tion with food, uncontrolled use of nutritional supplements, low levels of physical 
activity and genetic predisposition. The complex relation of obesity/overweight and 
DM as well as their associations with the microbiome has been demonstrated [2–
5]. Microbiome is highly variable and a very important player mutually related to 
DM as well as obesity, e.g., weight gain may be also considered as a complication 
of insulin treatment [5]. Dietary intervention was found to modulate the gut micro-
biota and improve glucose control in individuals with T2DM [6].

The role of immunity, the development of inflammatory processes in diabetes 
type 1 and 2 and all aspects of metabolic disorders of obesity, have been extensively 
discussed and different immunity patterns switch on during both diabetes type 1 and 
2 during the modification of gut microbiota have been hypothesized [7–10]. One of 
the potential proinflammatory pathways in development of obesity and T2DM may 
occur through activation as the innate so the adaptive immune response via toll-like 
receptors (TLRs), which can recognize antigens like lipopolysaccharides (LPS) and 
initiate the production of proinflammatory cytokines and TNF-α [9]. Thus, in type 
1 diabetes mellitus, a greater immune response may be a result of the lowered 
expression of adhesion proteins within the intestinal epithelium that favours destruc-
tion of pancreatic β cells by CD8+ T-lymphocytes, and increased expression of 
interleukin(IL)-17, related to autoimmunity [8]. The development of T2DM asso-
ciation with increased levels of LPS has been observed in some clinical trials [9]. 
The cytokine-induced inflammatory or “acute-phase response” hypothesis claims 
that T2DM and the MetS are associated with proinflammatory cytokine IL-6 and 
acute-phase reactants such as C-reactive protein [10]. The gut microbiota benefits 
humans via short-chain fatty acid (SCFA) production from carbohydrate fermenta-
tion, and deficiency in SCFA production is associated with T2DM. Targeted restora-
tion of these SCFA producers may present a novel ecological approach for managing 
T2DM [11].
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On the other hand, it has been proven that both the high-fat as well as carbohydrate-
rich diet are independent factors causing the reduction of the number of Bacteroidetes 
and the increase of the amount of Firmicutes [12]. The relative raise of Firmicutes 
in response to a fat-dominant diet has been described in both mice and human 
observations [12].

The pathophysiological mechanisms of obesity can involve a number of neuro-
immunodecrine disorders [13, 14]. The development of chronic systemic inflam-
mation, dysfunction of specific hypothalamic neurons, and activation of the 
hypothalamic-pituitary-adrenal axis during obesity cause disturbances in the 
control of body weight in the lipostat system. In obese patients, with the low level 
of adiponectin, products of leptin and proinflammatory cytokines increase adipo-
cytes of adipose tissue, which in turn activates the production of IL-1β, IL-6, tumor 
necrosis factor-α (TNF-α), interferon-γ (IFN- γ) and chemokines by the cells of the 
immune system. Proinflammatory cytokines affect the activity of adipocytes, lipoly-
sis, insulin reaction, glucose metabolism and adipokine production, which results in 
fat deposition and systemic chronic inflammation [13, 14]. Activation of proinflam-
matory cytokines is considered to be the main factor in the development of resis-
tance to insulin and hyperlipidemia [14].

Clinical data taken from several meta-analyses of randomized controlled trials 
(RCTs) [15–19] confirm that probiotics may have beneficial effects for diabetes, 
especially for T2DM patients. Consuming probiotics may improve glucose metabo-
lism by a modest degree, with a potentially greater effect when the duration of 
intervention is ≥8 weeks, or multiple species of probiotics are consumed [15]. The 
findings by Horvath et al. [18] explain the beneficial effects of probiotics on immune 
function via increased serum neopterin levels and the production of reactive oxygen 
species by neutrophils to improve liver function in cirrhosis. A meta-analysis of 
RCTs by Jun et al. [19] stated that application of probiotics may decrease the lipid 
profile indices, blood pressure, and fasting blood glucose (FBG) in patients with 
T2DM and can be a new method for lipid profiles and blood pressure management 
in T2DM [19]. It has been concluded in the study by Wang et al. [17] that probiotics 
may have beneficial effects on the reduction of glucose, insulin and HbA1c for dia-
betes, especially for T2DM patients.

However, the limitations of completed RCTs [15–19] have been noted to be as 
follows [17, 19]: differences in the inclusion criteria and exclusion criteria for 
patients; different patients with previous disease and treatments were unavailable; 
most trials with low quality and low Jadad score; pooled data used for analysis, and 
unavailable individual patients’ data. It was suggested that improvement of quality 
of clinical trials urgently needed and it would require to consider all known poten-
tial biases, update the list periodically, and score the trial by multiplying (not add-
ing) the component scores with regard to risks of potential bias to obtain an overall 
score, etc. [20].

Probiotics have a great potential to alleviate many aspects of MetS and associated 
immunity [21–24]. Thus, recently we have studied efficacy of use of probiotic for 
pillar conditions of MetS, namely obesity, dyslipidemia and liver dysfunction, and 
also for modifying gut microbiota [24] and against glutamate-induced and 
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immune-mediated obesity [12] and the potential for individualized use according to 
strain-specific probiotic properties has been recently studied [25]. We have found 
that the original probiotic strains of lactic acid bacteria (LAB) and bifidobacteria 
(Lactobacillus casei IMV B-7280, Bifidobacterium animalis VKB and B. animalis 
VKL and others), having hypocholesterolemic, immunomodulatory and anti-
inflammatory properties [25] also demonstrate high levels of antagonistic activity 
against pathogenic and opportunistic bacteria [26], the resistance to aggressive con-
ditions of the gastrointestinal tract, high or moderate adhesion to the cells of the 
epithelium of the gastrointestinal mucosa [25] and immunomodulatory properties 
associated with bacterial wall structure [27]. It has been proved on different models 
of experimental obesity in animals that probiotics improved the metabolism and 
modified the intestinal microbiota. The most effective were L. casei IMV B-7280 
and composition L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL [14, 24].

The probiotic strain L. casei IMV B-7280 in recent studies demonstrated most 
pronounced beneficial effect for most applications.

Despite the number of human and animal studies have been conducted, many 
aspects of using probiotics for MetS have not been finalized up to date. Individualized 
use according to the probiotic properties and host’s phenotype and aiming to pick a 
proper strain in particular clinical case. We believe that focused studies can provide 
new data on mechanics of probiotic activity for MetS treatment and add a value to 
the paradigm of personalized / individualized use of probiotics. According to our 
hypothesis the lack of personaliztion in the studies is a main limitation supporting 
existence of gap in the evidence.

Therefore, we have set this study in order to finalize the puzzle to study effects 
of mentioned strains against conditions that constitute MetS.

We have supposed the model with use as a malnutrition leading trigger of MetS 
development. In this regard the diet that was given to mice was largely unhealthy 
and corresponded rather to “industrial trans-fatty acids-enriched” diet vs “fat-
enriched diet“. It was an intention to model obesity and hyperglycemia affecting gut 
microbiota and even overall metabolic syndrome.

The aim of the study was to evaluate the effect of probiotic strain L. casei IMV 
B-7280 (separately) and composition L. casei IMV B-7280 / B. animalis VKB / 
B. animalis VKL on the level of glucose in blood and also inflammatory response 
(inflammation) on the experimental obesity in mice, induced by a fat-enriched 
diet (FED).

14.2 � Study Design

14.2.1 � Animals

Experimental study was carried out on BALB/c male mice at the age of 6–8 weeks 
(17–24 g). Throughout the experiment, animals are kept under standard vivarium 
conditions, in plastic cells in a separate room at a constant air temperature 
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(20–22 °C). They received a full-fledged meal and had free access to auto-squirrels. 
The keeping of animals and all manipulations against them was carried out in accor-
dance with the Law of Ukraine No. 3447-IV “On the Protection of Animals from 
Cruel Treatment“and the “European Convention for the Protection of Vertebrate 
Animals Used for Experimental and Scientific Purposes of September 20, 1985”, 
Strasbourg, 1986), and according to the “General Ethical Animal Experiments” 
(First National Congress on Bioethics, 2001) and “Code of Practice for the Housing 
and Care of Animals Used in Scientific Procedures” [28].

The whole group was conducted under anesthetics of pentobarbital sodium, and 
all efforts were made to minimize animal suffering.

The randomization method was used as follows: all the animals enrolled to the 
experiment were put into one large cell, and then they were consequently randomly 
one by one animal taken from the large cell and allocated for each group.

14.2.2 � Ethics

The keeping of animals and all manipulations on them have been carried out in 
accordance with the Law of Ukraine No. 3447-IV “On the Protection of Animals 
from Cruel Treatment“and the “European Convention for the Protection of 
Vertebrate Animals Used for Experimental and Scientific Purposes of September 
20, 1985”, Strasbourg, 1986), and according to the “General Ethical Animal 
Experiments” (First National Congress on Bioethics, 2001) and “Code of Practice 
for the Housing and Care of Animals Used in Scientific Procedures” [28].

The experiments have been conducted under using of anesthetics (pentobarbital 
sodium), and all accessible efforts have been made to minimize animal suffering.

This study has been approved by the ethics committee of institutional review 
board and Special Academic Council on Doctoral Thesis of D.K. Zabolotny Institute 
of Microbiology and Virology of the National Academy of Sciences of Ukraine 
(protocol N 7 issued 03.07.2018).

No human subjects were included to the study.

14.2.3 � Bacteria and Culture Conditions

We used original probiotic strains of LAB and bifidobacteria – L. casei IMV B-7280, 
which is deposited in the Depository of Microorganisms of the D.K.  Zabolotny 
Institute of Microbiology and Virology of National Academy of Sciences of Ukraine, 
as well as B. animalis VKL and B. animalis VKB. The studies were conducted using 
bacteria freeze dried in Cuddon Freeze Dryer FD1500 (New Zealand). Prior to each 
experimental study, the activity of these freeze-dried probiotic bacteria was checked 
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by control of their growth on a Man-Rogosa-Sharpe Agar or Bifido Agar medium 
(Merck, Germany) at 37 °C during 24–48 hours.

14.2.4 � Diet

The composition of FED consisted of 30% fats, 40% proteins and 30% carbohy-
drates and included following ingredients: margarine  – 1200  g; liver sausage  – 
1800 g; wheat porridge – 750 g; milk whey – 750 ml. FED did not contain vitamin, 
mineral supplements.

Regular diet was the standard mixed feed balanced by amino acid composition, 
mineral substances and vitamins; did not contain preservatives, hormones, nitrates. 
Regular diet included ingredients: grains, wheat flour, wheat bran, sunflower meal, 
soybean meal, dry milk, vegetable oil, yeast, fish meal, vitamin-mineral complex.

14.2.5 � Design of the Experiment

The experimental model of FED-induced obesity in mice, previously developed in 
[24], was used in current study.

Mice were randomly allocated into five different groups of 6 animals each: intact 
mice (controls) (n = 6); and mice that received FED during 35 days (n = 24), and 
thereafter were divided to: obese mice that continued to receive FED (n = 6); obese 
mice, transferred to a regular diet, and did not receive probiotic bacteria (n = 6); 
obese mice, transferred to a regular diet, that received L. casei IMV B- (n = 6); 
obese mice, transferred to a regular diet, that received the probiotic composition 
L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL (n = 6).

All groups of mice, except the controls, received FED.
Mice with obesity were injected with L. casei IMV B-7280 (separately) or com-

position L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL (in a ratio of 2: 
1: 1) orally at a dose of 5 × 106 cells / animal every day during 10 days. To reproduce 
the rational therapeutic scheme, these mice were transferred to a regular diet on day 
35. Probiotics were given from day 35 to day 45.

Mice were weighed weekly. The blood samples were collected from all animals 
including control animals that continued to receive standard diet. The blood was 
taken from the caudal vein of mice to determine the level of glucose prior to the 
beginning of the FED and at 7, 14, 21, 28, 35, 45 and 52 days of observation from 
the beginning of FED. Serum was received from the blood, and was stored at −20 °C 
before the experimental studies were performed. At 52 day mice were killed by 
cervical dislocation after complete anesthesia, visceral fat was removed from the 
abdominal cavity and weighed.
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14.2.6 � Glucose Measurements

To determine the blood glucose content, the Glucometer FreeStyle Optium NEO 
(Abbot Diabetes Care Ltd. (England)) was used.

14.2.7 � Cytokines Production Measurements

The concentration of TNF-α in serum was determined using the enzyme-linked 
immunosorbent assay (ELISA) using the immunoassay system Thermo Fisher 
Scientific Inc. (Bender MedSystems GmbH, Austria) according to manufacturer’s 
recommendations and expressed in pg / ml.

14.2.8 � Macrophages Harvest

On the 52 day after the probiotic bacteria injection, a fluid was collected from the 
peritoneal cavity in mice of all groups that were killed by cervical dislocation after 
complete anesthesia. The cooled culture medium 199 was injected into the abdomi-
nal cavity, and after the soft massage of the abdomen, the abdominal fluid was col-
lected by aspiration. Peritoneal exudate cells were centrifuged three times for 
10 min at 400 × g.

The precipitate was then resuspended in a cold culture medium RPMI-1640, 
which was added to 10% fetal calf serum, 50 μg / ml gentamicin and 1 M Hepes. 
The cell suspension was placed in a 35 mm culture plate and incubated for 1 hour at 
37 °C in a CO2 incubator. Nonadherent cells have been removed by gently washing 
three times with warm phosphate buffered saline (PBS). After that, the adherent 
cells – the peritoneal exudate macrophages (PEMs) were detached from the surface 
by jetting chilled RPMI-1640 into the cells and counted using Goryaev’s chamber. 
A suspension of PEMs was prepared in RPMI-1640 with 10% fetal calf serum, 
50 μg / ml gentamicin and 1 M Hepes in a quantity of 5 × 107 cells / ml.

14.2.9 � Respiratory Burst and Phagocytic 
Activity Measurements

Respiratory burst activity (RBA) of PEMs was evaluated using a spontaneous and 
stimulated nitro-blue tetrazolium (NBT) reduction test [29].

The principle of this method is the restoration of NBT in the PEMs cytoplasm to 
formazan under the influence of the superoxide anion formed during cell activation. 
Formazan has the appearance of dark blue granules, the number of which varies 
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depending on the severity of the oxygen explosion. The advantage was given to the 
cytochemical record of the results, based on the мicroscopic examination and count-
ing of the percent NBT-positive (formazan-containing) PEMs. Briefly, in a sponta-
neous NBT test, 100 μl suspension of PEMs (5 × 107 cells / ml), 100 μl of 0.1% 
NBT (Sigma, USA) in PBS and 100 μl of PBS were applied to the substrate and 
incubated at 37 °C for 2 hours in an atmosphere of 5% CO2. In the stimulated NBT 
test, 100 μl suspension of PBS by daily culture of Staphylococcus aureus strain 
8325–4 (inactivated by heating at 57 °C during 30 min) at a concentration of 5 × 109 
cells / ml was introduced into the PEMs. After cultivation, PEMs were washed twice 
with PBS, сarefully dried, fixed with methanol and stained with 1% safranin solu-
tion. In the field of view of the microscope, 100 or more cells were counted, the 
percent of NBT-positive PEMs was determined. The difference between the indices 
of the spontaneous and stimulated NBT test was calculated by the PEMs functional 
reserve (FR).

The phagocytic activity of PEMs was determined using latex beads (1.1 μm, 
Sigma, USA) microscopically [2]. Briefly, a 100 μl suspension of PEMs (5 × 107 
cells / ml) and a suspension of latex particles in PBS was applied to the substrate 
and incubated at 37 °C for 2 hours in an atmosphere of 5% CO2. Then PEMs was 
washed twice with PBS, сarefully dried, fixed with methanol and stained with 
Giemsa. A total of 100 or more PEMs were calculated and determined the Phagocytic 
index (PI) as the number of phagocytic cells (in %) and phagocytic number (PN) – 
the average number of latex particles phagocyted by a single PEM (presented 
in units).

14.2.10 � Statistics

Statistical analysis of data was carried out by the software package “Statistica 8.0”. 
The comparison between control and experimental groups was checked using the 
Student’s t test for independent samples and also non-parametric Kolmogorov-
Smirnov test.

The data was represented as M ± Std.Dev. The difference between the indicators 
was considered statistically significant at P < 0.05.

14.3 � Achievements

At day 7 from the beginning of FED in mice, observed the following changes in 
behavioral reactions: mice became sluggish, their response to external stimuli 
decreased, and the body temperature increased. At the 14th and 21st day, we detected 
a tendency to increase their weight, however, the difference compared with the val-
ues for intact mice (controls) was insignificant (Fig. 14.1).Weight of mice that con-
sumed FED exceeded normal values (P < 0.05) on average by 3–4 g, starting from 
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Fig. 14.1  Changes in the weight (a) and glucose (b) levels in the blood of mice receiving FED or 
a regular diet (n = 6 in each group, M ± Std.Dev). 1 – intact mice receiving regular diet (dotted 
line); 2 – mice receiving FED (solid line)

the 28th day from the beginning of FED and during the entire subsequent follow-up 
period. We have found that the consumption of FED by mice led to the development 
of alimentary visceral obesity, confirmed by significant accumulation of visceral fat 
in the abdominal cavity, and more than 18-fold increased mass (1206.0 ± 437.4 mg 
/ animal, in control of 64.8 ± 2.2 mg / animal; P < 0.05) after 52 days. Along with 
this, the glucose level in blood of obese mice, was observed to be higher than 
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normal at 35, 45 and 52 days of observation and was measured as 7.46 ± 0.30; 
8.10 ± 0.40 and 8.23 ± 0.15 mmol / l accordingly (P < 0.05), which may indicate the 
development of mild hyperglycemia. Thus, an increase in the weight of mice as a 
result of FED consumption was preceded by an increase in blood glucose levels 
(Fig. 14.1).

In the case of injection of L. casei IMV B-7280 (separately) or L. casei IMV 
B-7280 / B. animalis VKB / B. animalis VKL, the weight of obese mice decreased 
to the level of control indices, however, there was no probable difference from mice, 
which continued to consume FED (Table  14.1). After administration of L. casei 
IMV B-7280 (separately) or probiotic composition to obese mice, the weight of the 
visceral fat was reduced at the 52nd day accordingly to 366.8  ±  17.8 and 
343.0  ±  89.5  mg / animal relative to the mice, who continued to consume FED 
(P < 0.05), but remained higher than control (P < 0.05).

Note that similar results were obtained when weighing of the visceral fat in mice 
with obesity, translated into a regular diet, which did not receive probiotic bacteria 
(Table 14.1). The weight of the visceral fat in these mice was also higher than in 
controls (358.0 ± 65.4 mg / animal, P < 0.05), although it decreased compared with 
the mice that continued consuming FED (P < 0.05).

The blood glucose levels were measured as normal only in obese mice injected 
with L. casei IMV B-7280 (Fig. 14.2). Under the influence of L. casei IMV B-7280 
/ B. animalis VKB / B. animalis VKL composition, the blood glucose level in obese 
mice did not recover to the control level, although there was a tendency to decreas-
ing this parameter. Hyperglycemia has been retained in obese mice transferred to a 
regular diet that did not receive probiotic bacteria. Consequently, the transfer of 
obese mice to the regular diet did not have a significant effect on the level of blood 
glucose.

Table 14.1  Weight of obese mice received L. casei IMV B-7280 (separately) and composition 
L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL

A group of animals

Weight of mice, g / period of observation from the 
beginning of FED
day 0 day 35 day 45 day 52

Intact mice (controls) 23.5 ± 0.1 24.5 ± 0.9 24.9 ± 0.8 24.8 ± 1.0
Obese mice that continued to receive 
FED

22.0 ± 0.9 30.5 ± 1.1•* 29.7 ± 1.9•* 29.5 ± 1.2•*

Obese mice, transferred to a regular 
diet, and did not receive probiotic 
bacteria

22.7 ± 1.1 30.9 ± 1.1•* 24.0 ± 1.1 24.0 ± 2.0

Obese mice, transferred to a regular 
diet, that received L. casei IMV B-7280

21.5 ± 0.8 28.9 ± 0.8•* 25.3 ± 1.8 25.4 ± 2.8

Obese mice, transferred to an regular 
diet, that received the probiotic 
composition

22.9 ± 1.5 28.5 ± 0.9•* 25.3 ± 1.0 25.0 ± 1.9

Notes: • - P < 0.05 vs indices of intact mice; * - P < 0.05 vs parameters before FED (day 0)
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Fig. 14.2  The level of glucose (a) in the blood of obese mice and the levels of serum TNF-α (b) 
under conditions of administration of probiotic strains (5 × 106 cells / animal) (n = 6 in each group, 
M ± Std.Dev): 1 - intact mice (controls); 2 – obese mice, that continued to receive FED (FED); 
3 – obese mice, transferred to a regular diet that did not receive probiotic bacteria (diet shift); 4 – 
obese mice, transferred to a regular diet that received L. casei IMV B-7280 (L. casei); 5 – obese 
mice, transferred to an regular diet that received L. casei IMV B-7280 / B. animalis VKB / B. ani-
malis VKL composition (composition). # P < 0.05 – vs indices of intact mice; * P < 0.05 - vs 
indices of obese mice that continued to consume FED
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The hyperglycemia in mice with obesity was associated also with the develop-
ment of inflammation at the systemic level: a slight increase in serum TNF-α level 
was observed for 35 and 52 days of observation compared to controls (Fig. 14.2).

The probiotic strain L. casei IMV B-7280 (separate) and the L. casei IMV 
B-7280 / B. animalis VKB / B. animalis VKL composition demonstrated an antiin-
flammatory effect in obese mice. So, under conditions of their therapeutic treat-
ment, mice with obesity observed normalization of the serum TNF-α levels 
(Fig. 14.2). Instead, in obese mice transferred to the regular diet, without treatment 
with probiotic bacteria, there was observed a decreasing the levels of TNF-α in 
serum, but the difference compared to obese mice that continued to consume FED 
and controls was insignificant.

Probably, a manifestation of the systemic inflammation development in FED-
induced obesity in mice was the observed hyperactivation of oxygen-dependent 
bactericidal activity of PEMs against the background of violations of their ability to 
absorb latex particles and the depletion of reserve capabilities of intracellular sys-
tems, which may predispose chronic inflammation and increased sensitivity to the 
development of infectious and other pathologies.

As it is shown in Table 14.2, the indices of the spontaneous NBT test of PEMs in 
obese mice increased significantly compared to controls. At the same time, PEMs of 
these mice did not respond on additional stimulation in vitro, no difference was 
found between the indices of the spontaneous and stimulated NBT test, there was no 
FR of the PEMs detected. It should be noted that the hyperproduction of oxidants 

Table 14.2  PEMs activity in obese mice that received L. casei IMV B-7280 (separately) and 
L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL composition

A group of animals

Indices of activity of PEMs

PI, % PN, units
Spontaneous 
NST test, %

Induced 
NST test, %

Functional 
reserve of 
PEMs, units

Intact mice (controls) 31.5 ± 2.6 4.0 ± 1.0 42.0 ± 4.3 59.7 ± 1.5 9.9 ± 0.3
Obese mice that 
continued to receive 
FED

20.0 ± 1.2• 1.5 ± 0.6• 65.0 ± 4.0• 59.0 ± 8.0 0

Obese mice, transferred 
to a regular diet, and 
did not receive 
probiotic bacteria

30.0 ± 2.1* 3.8 ± 0.9* 60.0 ± 8.0• 57.0 ± 10.0 0

Obese mice, transferred 
to a regular diet, that 
received L. casei IMV 
B-7280

38.0 ± 4.2* 3.2 ± 0.1* 34.0 ± 7.0* 43.0 ± 5.0* 9.0 ± 3.0*

Obese mice, transferred 
to a regular diet, that 
received the probiotic 
composition

28.0 ± 3.4* 3.8 ± 1.0* 32.0 ± 2.0* 42.0 ± 9.1* 10.0 ± 2.0*

Notes: • - P < 0.05 vs indices of intact mice; * - P < 0.05 vs indices of obese mice that continued 
to consume FED
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by activated phagocytic cells, in particular due to the development of inflammation, 
can lead to an increase in the level of intracellular autooxic processes and inhibition 
of their functional activity [3]. This might explain a decreasing phagocytic activity 
of the PEMs in FED-induced obesity in mice according to PI (by 36.5%) and to PN 
(by 62.5%) compared with controls. After administration of L. casei IMV B-7280 
(separately) or L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL composi-
tion, the functional activity of the PEMs was restored to the control values 
(Table 14.2). Instead, in obese mice that were transferred to regular diet and did not 
receive probiotic bacteria, yet there was a detected the normalization of phagocytic 
activity of the PEMs, but the NBT test values remained significantly higher than in 
the control. There was also absent the FR of the PEMs of these mice.

14.4 � Data Interpretation

Thus, the results obtained demonstrate the potentially preventive effect of L. casei 
IMV B-7280 (separately) and L. casei IMV B-7280 / B. animalis VKB / B. animalis 
VKL composition on FED-induced obesity in mice. Supplementing the usual diet 
with probiotic therapy led to a decrease in the weight of obese mice and visceral fat 
mass against the background of normalization of the production of TNF-α and the 
functional activity of PEMs. There was a recovery to control values of glucose con-
tent in blood of obese mice only after injection of L. casei IMV B-7280.

It has been proven that probiotics based on strains of LAB, representatives of 
commensal intestinal microbiota, can reduce body weight and improve obesity bio-
markers such as hyperglycemia, dyslipidemia and inflammation [30].

According to the literature data, chronic hyperglycemia can trigger lipid peroxi-
dation, decrease the stability of the antioxidant system, and damage the vascular 
endothelium [31, 32], resulting in increased levels of proinflammatory cytokine, 
like TNF-α and other markers of systemic inflammation in the blood, as well as the 
functional activity of macrophages [33–37]. Since the level of TNF-α excretion is 
characterized by a clear positive correlation with the degree of obesity and insulin 
resistance, the correction of products of this proinflammatory cytokine is consid-
ered by many researchers as a promising therapeutic approach to the treatment of 
obesity and insulin resistance [33]. This is explained by the fact that increased intes-
tinal permeability due to the disturbance of the intestinal microbiota spectrum 
enhance penetration of LPS of gram-negative bacteria into the blood, liver and adi-
pose tissue, where they are recognized by the Toll- and NOD-like receptors 
expressed on macrophages and dendritic cells, activating the innate immune 
response and initiate the development of inflammation, being involved in the patho-
physiology of obesity and the formation of insulin resistance. Increasing the LPS 
content in the blood for obesity correlated with the activation of products of TNF-α 
and other proinflammatory cytokines [34]. LPS triggers a strong proinflammatory 
reaction in colonic macrophages and secretion of proinflammatory cytokines that 
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include TNF-α, interferon-γ, and IL-1β, whereas antiinflammatory cytokines IL-10 
and IL-17 decrease and restore the intestinal permeability [35].

Commensal microbiota was reported to induce hyporesponsiveness to LPS via 
the production of IL-10 [36]. A randomized controlled clinical trial by Mohamadshahi 
et al. [37] showed that consumption of probiotic yogurt for 8 weeks improved lipid 
profile in type 2 diabetic patients induced a significant decrease in HbA1c accom-
panied by reduction levels of proinflammatory cytokine TNF-α.

On the other hand, in current study the normalization of blood glucose and 
TNF-α production was not observed in obese mice transferred to a regular diet, and 
not treated with probiotic bacteria, although their weight loss was detected, the 
weight of the visceral fat reduced, and the partial restoration of the functional activ-
ity of PEMs.

We believe that the change in the spectrum of gastrointestinal microbiota plays a 
key role in the implementation of the anti-inflammatory action of L. casei IMV 
B-7280 (separately) and L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL 
composition for FED-induced obesity in mice. As is well-known, its imbalance, 
arising from the consumption of a HFD and more often found in the increase in the 
number of Firmicutes, Proteobacteria and in the reduction of LAB, is also one of the 
causes of systemic chronic inflammation [38].

Previously, we have found [24] that in the intestinal contents of obese mice 
receiving L. casei IMV B-7280 (separately) or L. casei IMV B-7280 / B. animalis 
VKB / B. animalis VKL composition, increased the amount of LAB, bifidobacteria 
and gram-negative bacteria (coliform bacteria), although there was no normaliza-
tion of the total number of aerobic and optionally anaerobic bacteria and the number 
of gram-positive cocci. This is combined with the normalization of lipid metabo-
lism (the level of general and free serum cholesterol decreased and improving the 
morphological structure of the liver (decreased or disappeared distinct degenerative 
changes such as necrosis, fatty degeneration of hepatocytes and multiple hemor-
rhages). The current data might support the idea of multifactorial mechanism of 
preventive action of these probiotic strains of bacteria in FED-induced obesity in 
mice, being in agreement with broad literature data.

Number of studies demonstrates that other probiotic strains of LAB and bifido-
bacteria had a strain-dependent therapeutic effect on FED-induced obesity in mice 
of different genetic lines [39–43]. Thus, the effectiveness of the strains, such as 
L. acidophilus AD031, B. bifidum BGN4 and B. longum BORI, was reduced by the 
following: weight of mice (B. longum BORI), triglycerides (B. bifidum BGN4 and 
L. acidophilus AD031) and total cholesterol (B. longum BORI), as well as morpho-
logical manifestations of liver steatosis [39]. Introduction of L. acidophilus NS1 to 
obese mice was due to a decrease in the level of total cholesterol and cholesterol of 
low density lipoprotein [40], and L. acidophilus NCDC caused a modification of the 
intestinal microbiota composition [41]. When L. plantarum K21 was used, the level 
of leptin, cholesterol and triglycerides in blood plasma of obese mice decreased; the 
intensity of liver damage decreased and the number of Lactobacillus spp. and 
Bifidobacterium spp. in the gastrointestinal tract increased [42]. Probiotic strains 
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L. curvatus HY7601 and L. plantarum KY1032 prevented fat accumulation in obese 
mice, reduced their weight, as well as insulin, leptin, and total cholesterol levels in 
blood plasma, modified intestinal microbiota and suppressed the expression of 
genes of proinflammatory molecules (TNF-α, IL-6, IL-1β, etc.) in adipose tis-
sue [43].

It has been shown that Bifidobacterium spp. improved homeostasis of glucose in 
mice, reduced the levels of accumulation of fat and reduced insulin secretion in 
FED-induced obesity model. Under the influence of B. breve B-3, the weight of 
obese mice and the accumulation of visceral fat decreased with a decrease in total 
cholesterol, glucose and insulin in serum [44]. Following the introduction of 
C. pseudocatenulatum CECT 7765 to obese mice, changes in expression of key 
genes involved in regulation of energy metabolism and lipid transport were 
detected [45].

We have established that probiotic strain L. casei IMV B-728 (separate) and the 
composition of L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL were 
effective also for glutamate-induced and immune-mediated obesity in Wistar rats 
[14]. Probiotics prevented growth retardation, reduced body mass index and pro-
tected from excessive accumulation of visceral fat. The mechanisms of influence of 
these probiotic bacteria also included normalization of lipid and carbohydrate 
metabolism, the antioxidant system and mitigation of inflammation processes. The 
more effective treatment option for obesity induced by sodium glutamate had the 
L. casei IMV B-7280 / B. animalis VKB / B. animalis VKL composition [14], while 
in FED-induced obesity in mice – L. casei IMV B-7280 (separately), which is prob-
ably due to the pathophysiological features of the development of these diverse 
types of obesity.

14.5 � Future Outlooks

Recent findings can initiate reconsidering strategies for probiotic therapies.
Thus, according to “Developmental Origins of Health and Disease“(DOHaD) 

hypothesis [46] infant microbiota alterations due to colonisation from obese moth-
ers may lead to increased risk of childhood obesity and diabetes [47]. The maternal 
gut microbiome is the source of the majority of transmitted strains shaping the early 
microbial diversity in the infant gut [48]. This provides novel insights for earliest 
prevention of MetS via targetting mother’s gut microbiome.

Dead bacteria might also improve diabetic profiles. Thus, the study by Kikuchi 
et  al. [49] indicates that sterilized bifidobacteria suppressed fat accumulation, 
improved insulin resistance, and lowered blood glucose levels in mice on a high-
fat diet.

Current model of obesity may corresponds to MetS model according to the defi-
nition [2] and consequently this study completes an agenda on the research strategy 
for metabolic syndrome treatment with probiotics since studied strains: reduce 
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obesity and visceral fat [14, 24], improve dyslipidemia [24], and re-equilibrate gly-
cemic and inflammatory profiles in obesity according to the results of current study.

The “single strain” concept could be preliminary considered, since the probiotic 
strain L. casei IMB B-7280 has been demonstrated to be most effective in decreas-
ing glucose and serum TNF-α levels than composition of the probiotic strains.

Therefore, it is promising to develop the probiotics of multifactorial actions that 
can be used for personalized treatment of patients with MetS and DM and for pre-
vention of obesity.

On the other hand, individualized approach should be carefully considered for 
personalized dietary and probiotic therapy for obese patients, as well as to set pre-
ventive programs, taking into account patient’s individual profiles: age, sex, spec-
trum of intestinal microbiota, immune system status, nutritional habits, etc.

Further research with clearly formulated endpoints should aim the study the 
effectiveness vs currently established efficacy for the identification of new effective 
compositions of probiotic strains, the selection of optimal treatment schemes and 
rational dosage.
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Chapter 15
Oral Microbiome and Innate Immunity 
in Health and Disease: Building 
a Predictive, Preventive and Personalized 
Therapeutic Approach

Jack C. Yu, Hesam Khodadadi, Évila Lopes Salles, Sahar Emami Naeini, 
Edie Threlkeld, Bidhan Bhandari, Mohamed Meghil, P. Lei Wang, 
and Babak Baban

Abstract  An average person carries 1 to 2 kg of microbes in the alimentary track, 
including the oral cavity. There are more bacteria in a person’s mouth than the total 
human population in the entire world. Oral health is critical to the general systemic 
health of an individual. The harmonious co-existence between more than 1000 bac-
terial species and the host’s immune system underpins sustained, long-term homeo-
stasis, the sine qua non of oral health. In a similar manner, global oral health is 
essential for general population health of the world. Since our last review of this 
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subject in 2019, while significant clinical advances continue, the disparity, lack of 
prevention, insufficient care, and political unrest have persisted or significantly 
deteriorated. This review focuses on the following important questions:

	1.	 What is oral microbiome? How to detect, characterize, compare, report, and 
interpret the results?

	2.	 How does oral microbiome affect and respond to local and systemic innate 
immunity?

	3.	 What is the role of oral microbiome in the pathogenesis of diseases of the mouth?
	4.	 What are the impacts of oral health or the lack of it at the systemic level?
	5.	 Why is oral health important at the population level?
	6.	 How can the healthcare providers restore and sustain harmonious co-existence 

between host and oral microbiome?

Keywords  Microbiome · Oral · Health · Prevention · Personnalized · Predictive

15.1 � Introduction

The microbial community of the oral cavity has four domains if one considers virus 
a domain, the other three being Archaea, Bacteria, and Eukarya [1]. While the colo-
nization of the fetal gut starts during the second trimester measured by 16 S rRNA 
sequencing, some 8 weeks after the first development of gut mucosal immunity, the 
oral colonization occurs after birth. The oral ecology evolves with the host through-
out the life of the individual from neonate to senescence, affecting and responding 
to the actions and reactions of the host immune system [2]. Both oral health and oral 
diseases, such as caries and periodontitis, are emergent phenomena—the results of 
numerous interactions of complex adaptive systems (CAS). Oral health requires 
symbiosis and eubiosis between the host and the oral microbiota, characterized by 
sustained and sustainable harmonious homeostasis. The disruption of this dynamic 
steady state results in phase transition that is oral diseases. Unless effective treat-
ments can achieve a new steady state, the dental and/or periodontal health will con-
tinue to deteriorate due to the functional demand (mastication) and the unfavorable 
host-microbes and microbes-microbes interactions [3]. Once the pathological pro-
cess advances to pulpal or furcation involvement, the loss of the dental-alveolar unit 
becomes inevitable. With this eventual loss of the tooth, the local ecology changes. 
While it prevents the local, regional, and systemic spreads of the infection, the eden-
tulous alveolar segment, devoid of enamel, dentine, cementum, periodontal pockets, 
perturbs the integrity of the masticatory system. The return to a new steady state, 
due to altered microbial community, more sustainable host-microbe interactions 
and resolution of the oral infection, is incomplete and comes with the heavy price of 
some masticatory functional loss. The disruption of the dental arch integrity changes 
the dental occlusion, often with super eruption of the opposing tooth and drifting/
tilting of the tooth behind the gap so created (Fig. 15.1) [4].
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Fig. 15.1  With the loss of 
right mandibular first 
molar (Tooth # 30), the 
tooth behind it (# 31) tilts 
into the gap with signs of 
supra-eruption of the 
opposing maxillary first 
molar

There are several unique features of the oral cavity, which houses the majority of the 
masticatory system. The deciduous dentition has 20 teeth and the permanent dentition, 
second and final, has 32 teeth. The dental formula for each quadrant of the deciduous 
dentition is I2C1M2, denoting 2 incisors 1 canine and 2 molars. It is I2C1P2M3 for the 
permanent dentition. Each tooth has a specialized function. Firmly embedded in the 
alveolar process of the maxilla and mandible, these teeth must perform the function of 
initial breakdown of food by incising and chewing. In no other parts of the human body 
is there a protrusion from bone, which is sterile, through the integumentary surface 
with communication to the external environment, which contains many microbes. The 
enamel covering of each permanent tooth, 1.5 to 2.5 mm in thickness with a Young’s 
modulus of 90 GPa in compression, undergoes attrition from the moment it comes into 
occlusion without any ability for further synthesis [5]. This complete lack of turnover 
allows for continual microbial build up and evolution, forming complex biofilms.

This review, following our initial publication in 2019, highlights again the impor-
tance or oral health to the general systemic health of the individual and expand this 
to the population level. The oral microbiome, like the major histocompatibility 
complex (MHC), is unique to each individual. Personalized data can allow health-
care providers to predict and thus prevent pathological conditions [2]. The present 
review adds a discussion of oral mycome and oral virome, which is of particular 
interest and importance in light of the recent pandemic by SARS-CoV-2 [6]. It has 
six sections to cover the following important topics:

	1.	 The oral microbiome: What is oral microbiome? How to detect, characterize, 
compare, report, and interpret the results?

	2.	 The host-oral microbe interaction: How does oral microbiome affect and respond 
to local and systemic innate immunity?

	3.	 Oral microbiome and oral diseases: What is the role of oral microbiome in the 
pathogenesis of diseases of the mouth?

	4.	 Oral health and systemic health: What are the impacts of oral health or the lack 
of it at the systemic level?

	5.	 Oral health and population health: Why is oral health important at the popula-
tion level?

	6.	 The role of the healthcare providers: How can the healthcare providers restore 
and sustain harmonious co-existence between host and oral microbiome?
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15.1.1 � Oral Microbiome

The total genomic contents of all oral microbes is the oral microbiome. The microbes 
themselves make up the microbiota. On a surface of approximately 47 × 47 cm, 
slightly larger than an average tray from the cafeteria, the oral cavity of 2200 cm2 
contains a trillion bacteria belonging to 7 phyla and more than 1000 taxa. In addi-
tion to bacteria, the other oral microbes include viruses, Achaea (mostly methano-
gens), protozoans, and fungi [7]. The most numerous and least well-studied 
microbial agents making up the oral microbiome are the viruses. They outnumber 
bacteria 100 to 1. For 1 mg of dental plaque, there are 1010 viral particles, each mea-
suring 10 to 100 nm. By mass, bacteria are the most abundant oral microbes, with 
each mg of dental plaque having 108 colony forming units (CFU). The detection and 
identification of bacteria no longer depends on methods initially developed by Julius 
Richard Petri for Robert Koch more than 140  years ago. Such methods require 
growing the bacteria from the specimen and separating them into axenic cultures 
(pure culture through limiting dilution) followed by identifications. These methods 
are woefully inadequate because of the very large numbers of bacterial species pres-
ent in varying density and with vastly different growth rates in culture [8]. The 
genomic approach has vastly improved the identification of oral bacteria. Taking 
advantage of the constant, conserved region of 16 s ribosomal RNA gene, which is 
only present in bacteria, the PCR primer amplifies these bacterial sequences. The 
individual species identification is possible by sequencing the variable regions [9] 
(Fig. 15.2).

Using this type of methods, the human oral microbiome has 619 taxa in 13 phyla, 
as follows: Actinobacteria, Bacteroidetes, Chlamydiae, Chloroflexi, Euryarchaeota, 
Firmicutes, Fusobacteria, Proteobacteria, Spirochaetes, SR1, Synergistetes, 
Tenericutes, and TM710. The five phyla making up the core component are 
Firmicutes, Proteobacteria, Bacteroidetes, Fusobacteria, and Actinobacteria. With 
the advances in culture-independent methods and large number of taxa, there is an 
increasing need to describe the diversity within group and between groups with 
precision. Alpha diversity is the measure of “richness” (total count of different 

Fig. 15.2  The identification of bacterial species using 16S rRNA sequencing
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species) based on counting of how many species (or operational taxonomic unit, 
OUT) are in different areas within the local niche. The comparison of diversity 
between two local niches, or regions, is the beta diversity. The diversity of all regions 
under study is the gamma diversity [10].

About 70% of the initial neonatal oral microbiota are maternal in origin with 
65% derived from maternal oral microbiota through vertical transmission. Perinatal 
factors such as mode of delivery, microbiome of meconium and amniotic fluid, and 
maternal antibiotic therapy will alter the neonatal microbiome [11]. Oral swab taken 
from the neonate immediately upon presentation of the head during vaginal delivery 
without the use of topical 10% povidone iodine disinfectant show the best diversity 
with an abundant presence of Lactobacilli, a non-motile, catalase-negative, anaero-
bic homolactic fermenter [12]. These very early colonizers are from maternal vagi-
nal flora. The Lactobacilli predominance continues in babies fed breast milk, 
followed by Bifidobacteria and Streptococci (mostly Streptococcus sanguis and 
Streptococcus mitis). Within 2 to 5 days after birth, the oral microbiome of the neo-
nate changes, becoming similar to oral microbiome of the mother. Maternal transfer 
of immune cells (80,000,000/day) and non-nutritive soluble factors (TNF-alpha, 
type I IFN, immunoglobulins, mostly IgA) through her milk assist the developing 
neonatal immune system and shape the infant oral microbiome, which in turn guide 
the acquisition and maintenance of the gut microbiome [13]. With the eruption of 
deciduous lower central incisors by age 6  months, the infant oral microbiome 
changes, preceded by the presence of all three types of innate lymphoid cells (ILC) 
at 4 months of age. The non-renewing, hard enamel surface is ideal for biofilm for-
mation. The first layer is the pellicle, which forms in minutes, consisting of organic 
maters, mostly glycoproteins, condensed from the saliva with calcium phosphates. 
Attached to the pellicle are complex adhesive molecules (adhesins) from bacteria 
and saliva. They serve as anchors for the early colonizers including many strepto-
coccal species such as S. mitis, S. oralis, and S. sanguis, and S. mutan. These are 
facultative anaerobes with complex nutritional needs, which are well suited for the 
supra-gingival microenvironment. Often, the early colonizers will co-aggregate 
among themselves, facilitating adhesion to the tooth surface. On top of this group, 
come Actinomyces, Capnocytophaga, Veillonella, Eikenella, and Prevotella. Of 
them, Capnocytophaga, Prevotella, Veillonella, Eikenella and are Gram-negative, 
with the first two belong to the phylum Bacteriodota, and the second two the phy-
lum Pseudomonadota. Actinomyces, on the other hand, are Gram-positive endo-
spore forming, producers of short organic acids with 1 to 4 carbons including formic 
acid, acetic acid, lactic acid, and succinic acid. This sequence repeats each time 
after effective tooth brushing [14]. Given sufficient time, the adhesive bacteria, the 
larger Fusobacteria start to build on the early colonizers and provide the substratum 
for the late colonizers such as Treponema and Porphyromonas, which are more 
pathogenic. Because of this “bridging” role, these bacteria are the bridging coloniz-
ers. Fusobacterium nucleatum is an obligatory anaerobe non-spore-forming pro-
ducer of short chain fatty acid such as butyrate. These short chain fatty acids serve 
as important nutrient sources for other bacteria of the microbiota and are alter the 
host innate response. As this bacterial colony expands the microenvironment on and 
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within it changes, especially with the production of extracellular matrix, known as 
EPS, or extracellular polymeric substrates. The center will experience hypoxia with 
progressive decrease in O2 content. Treponema denticola, Porphyromonas gigivalis, 
and Tannerella forsythia, all Gram-negative obligatory anaerobes, make up the Red 
Complex capable of producing periodontitis (Fig. 15.2). Due to the low O2 content 
of the gingival crevice (50% of the atmospheric level), the bacteria of Red Complex 
inhabit these niches. Other anaerobes found in the gingival sulci are Bacteroides 
melaninogenicus, and members of clostridia, and peptostreptococci.

In addition to bacteria, the oral microbiota contains members from the Domain 
Eukarya (fungi) and viruses. With normal oral microbiota, the types of fungi are 
those that can resist bacterial attacks by producing antibacterial compounds. Fungi 
are eukaryotic and much larger than bacteria, measuring in 10−5  m and kept in 
dynamic balance with bacteria [15]. 100 species of fungi live in the oral cavity 
belonging to 4 major groups: Candida, Aspergillus, Cryptococcus, and Fusarium, 
with Candida albicans found in 40% of the normal healthy individuals. When bac-
terial populations change drastically, due to antibiotic use or host immune suppres-
sion, fungi overgrowth occur, causing opportunistic infections. These mycotic 
infections can progress rapidly and cause tissue necrosis by blocking the cutaneous 
capillaries due to their large size (Fig. 15.3).

On the other end of the length scale are the viruses, measured in 10−8 m. Just as 
fungi must defend themselves against smaller and more numerous bacteria (by syn-
thesizing antibiotics), bacteria must defend against viral predation (using CRISPR, 
or clustered regularly interspaced short palindromic repeats). CRISPR allows bac-
teria to excise viral genetic materials from their own genomes. By estimates, there 
are 1015 virus, or virus-like, particles in and on the human body. There are several 
ways to classify viruses, by RNA or DNA, single or double stranded, enveloped or 
non-enveloped nuclocapsids, type of intermediate and final hosts. Within the oral 
cavity, the virome consists of two major groups, depending on the target: eukaryotic 

Fig. 15.3  (a): The clinical appearance of a rapidly enlarging cutaneous necrosis due to mycotic 
infection in an immune compromised infant. (b) The patient after surgical debridement of all the 
affected area
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Fig. 15.4  Modified from Yu et al. 2019 [3] showing the microbial community on enamel surface. 
The colored lines represent adhesion-cognate receptors responsible for co-aggregation. For the 
bacterial genus, starting from the bottom: S Streptococcus, P Propionibacterium (acnes), C 
Capnocytophaga, H Hemophilus, P Prevotella (loescheii, denticola, and intermedia), V Veillonella, 
E Eikenella, A Actinomyces (isralii and naslundii), T Treponema, P Porphyromonas (gingivalis). 
Five common bacteriophage species are included

viruses and the more abundant prokaryotic viruses (bacteriophage). Eight of the 
more than 100 herpesviruses (DNA eukaryotic virus, from Family Herviviricetes, 
enveloped DNA virus 180–250 nm in diameter) use human as host. There are three 
important types of herpesviruses of significant medical relevance: Alphaherpesviruses 
(herpes simplex viruses, HSV), Betaherpesvirus (Cytomegalovirus, CMV), and 
Gammaherpesvirus (Epstein-Barr virus, EBV). While HSV has neuro-tropism, 
CMV and EBV attack oral epithelium, fibroblasts, and lymphocytes. Both are pres-
ent in the gingival crevicular fluids with EBV showing a prevalence of 66% in peri-
odontal pockets 5 mm or deeper and CMV having an increased odds ratio of 51.4 
(95% confidence interval 5.4–486.5) for aggressive periodontitis when P. gingivalis 
is also present. The bacteriophages attack prokaryotes and thus regulate oral bacte-
rial population and participate in DNA transfer. In turn, bacterial species select the 
bacteriophages to “accept”: DP-1, UCN34, IS7493 for streptococcus, AV-1 for acti-
nomyces, P-7 and Lambda for enterococcus, and ϕtd1 for T. denticola [16] 
(Fig. 15.4). In addition to resident viruses, oropharynx is also the principal portal for 
viral entry. Many air-borne viruses gain access through the mouth. One such exam-
ple is SARS-CoV-2, a member of the Family Coronaviridae, which binds to the 
Angiotensin Converting Enzyme II Receptor. The diversity of the oral microbiome 
influenced the infection severity, and duration of CVID-19, with eubiotic, high 
diversity microbiome associated with less symptoms and shorter duration [17].
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15.2 � Innate Immunity and Oral Microbiome

To defend against pathogenic microbes, the body has two different kinds of immune 
systems: a rapidly deployable first responders known as innate immunity, and a 
second more slower one that is more powerful, sustained, and specific, known as 
adaptive immunity [3]. The adaptive immunity consists of B- and T-lymphocyte 
families capable of detecting and producing antibodies and cytotoxic cells, which 
target specifically the invading pathogens that are causing infection and tissue 
destruction. Both B and T cells use hypervariable regions in their genes to recom-
bine to produce proteins that can bind with high affinities to novel antigen targets 
once properly presented [3, 18, 19]. The cells of innate immunity do not have such 
ability to recombine and generate effector molecules or cells with high specificity. 
Because of this, they can mobilize and respond to pathogen invasions (through 
receptors, such as Toll-Like Receptor, or TLR for PAMP- pathogen associated 
molecular pattern) and tissue damage (through receptors for DAMP- damage asso-
ciated molecular pattern) much faster than the adaptive immune system. 
Inflammation is the first innate immune response and activates within seconds to 
minutes. One critical requirement for innate immunity, due to the less specific tar-
geting and rapidity of activation, is that it does not respond inappropriately by 
attacking commensals or self [3, 18].

The relationship between innate immunity and microbiome is highly complex 
and with a long history of co-evolution. In human, it is a well-tuned defense system, 
which establishes and maintains an immunologic truce between the host and over 
100 trillion of microorganisms residing in and on the human body. The intricate 
symbiosis between host immune system and microbiome starts in utero. The 
immune system is immature at birth. It develops further during the neonatal period, 
maturing in late childhood and adolescence, continuously evolving through adult-
hood and senescence, changing and changed by the microbiome [3, 20, 21].

The task of guarding the oral aperture, the gate to the alimentary canal, is particu-
larly challenging. Too much (tissue destruction) is as bad as too little (pathogen 
invasion). The interplay between innate immunity and oral microbiome is critical in 
striking this delicate balance. In addition to a trillion bacteria, the oral cavity, from 
the lips to the oropharynx, has both solids and liquids, soft and hard tissues includ-
ing, teeth, saliva, hard and soft palates, floor of the mouth, oral mucosa, tongue, 
attached gingiva, and gingival sulcus. These diverse bio-structures have high vari-
ability biochemically, microbiologically, and biophysically. The core components 
of cellular and humoral innate immunity are neutrophils, macrophages, dendritic 
cells, natural killer cells, innate lymphoid cells, and many cytokines and chemo-
kines [3, 20, 21]. With time, there emerges an “immunobiography” -- the most 
important element for achieving diverse yet appropriate interactions between innate 
immunity and microbiome [22]. That is oral homeostasis. The immunobiography is 
the “immunologic history” of the individual, consisting of type, dose, intensity and 
temporal sequence of all prior pathogenic challenges in the context of that person’s 
general health, habits, and lifestyle. These interplays between oral microbiome and 
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innate immunity “educate” the system, generating the immunobiography, affecting 
the general health of individuals locally and systemically [22].

No education is successful without memory. A significant consequence of the 
interaction between innate immunity and oral microbiome is “innate memory”, also 
known as “trained memory” [23, 24]. Innate memory confers more intense and 
faster responses to a second challenge by a previous pathogen. Most importantly, 
microbiome plays a central role in determining whether innate memory (trained 
memory) should stimulate or suppress the immune response. At its core, the binary 
decision is either to tolerate or attack. In the oral cavity, like many other tissues with 
microbial contacts, the direction and magnitude of immune responses are heavily 
dependent on immunobiography, the strength of homeostasis, and the composition 
of oral microbiome [22–24].

The relationship between innate immunity and oral microbiome is highly vari-
able within an individual over time, depending on the general health, and prior 
exposure and responses to pathogens, which is the “immunobiography” of that per-
son, using innate memory. Because of this historical dependence and that innate 
memory is unique to each patient, the symbiotic synergism between oral microbi-
ome and innate immunity of the individual lends itself to personalized approach, to 
predict, prevent and even treat diseases. The composition of oral microbiome and 
the components of innate immune system are constantly co-evolving, shaped by 
individual lifestyle, immunobiography, epigenetic and genetic factors. As a result, 
they are unique to each person, providing a viable platform to apply predictive, 
preventive and personalized medicine (PPPM) in treating oral diseases, maintaining 
harmonious homeostasis, prolonging healthspan [3, 22–24].

15.2.1 � Oral Microbiome and Diseases of the Mouth

Excluding trauma and cancer, oral diseases are either dental or periodontal. The 
prevalence of dental caries in children 2 to 8 years of age is 37%, and for adults 20 
to 64 years of age, the prevalence is 26% in the U. S. Regarding periodontal dis-
eases, the U. S. CDC reports that 47% of adults 30 years or older have some form 
of periodontal diseases. The prevalence of periodontal diseases increases to 70% by 
age 65 years and older. Reflecting and in agreement with all these, 17% of the adults 
65 years or older are edentulous. [CDC 22019] For dental caries to develop there 
must be bacteria and sugar. Other factors such as salivary composition and quantity, 
genetic factor (amylogenesis imperfecta and dentinogensis imperfecta) influence 
cariogenicity, but the two key elements are sugar and bacteria, specifically, but not 
limited to, Streptococcus mutan and S. sobrinus [25, 26] (Fig. 15.5).

Many bacterial species can ferment sugar and produce short chain organic acids 
such as formic acid, lactic acid, acetic acid, butyric acid, and succinic acid. The list 
of acid-producing organisms has been growing and now include Bifidobacterium, 
Actinomyces and Propionibacterium species, and Scardovia wiggsiae. The pKa of 
these short chain organic acids ranges from 3.75 (formic acid) to 4.75 (acetic acid), 
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Fig. 15.5  (a) Five key factors affecting the development of dental caries: sugar, bacteria, salivary 
and genetic variables, and oral hygiene. Proper oral hygiene by brushing (2 minutes twice a day) 
and flossing (once daily) with reduction and control in sugar intake will greatly improve dental 
health. (b) An individual with acquired xerostomia (dry mouth due to orofacial clefts) has sus-
tained insufficient salivary quantity, resulting in extensive and rampant dental caries of all teeth 
down to the gingival level

easily reaching below the critical pH of 5.5 for dissolution of enamel. Thus, dental 
caries is preventable if one can keep salivary pH above this critical level by oral 
hygiene or diet with limited fermentable sugars [27]. However, once the repeated 
and sustained decalcification results in an enamel defect, typically as a cone ori-
ented to the direction of enamel prisms. The presence of such incipient carious 
lesions creates niches for more bacterial colonies that are no longer amenable to 
removal by brushing. The progression of acid dissolution beyond the DEJ (dentino-
enamel junction) creates a second cone-shaped area, forming the classic diagnostic 
stacked triangular radiolucent appearance in bitewings or periapical radiographs 
[28]. Since odontoblastic processes within the dentinal tubules innervate dentine, 
transmitting signals to nociceptive nerve endings in the pulp, the patient will begin 
experiencing temperature sensitivity and pain. Because dentine is more soluble at 
pH produced by the organic acids, the rate of progression of the carious lesion 
increases. As the destruction approaches the dental pulp, host innate response pro-
duces inflammation with hyperemia, increase in capillary permeability, and extra-
vascular migration of neutrophils, macrophages, and other cellular effectors, and 
chemical mediators. There is a rapid increase of intra-pulpal pressure. This is pulpi-
tis. Following the closure of the apical foramen, which happens early in adoles-
cence, there is no room to accommodate the swelling, setting up a vicious cycle of 
inflammation and ischemia. The initial reversible pulpitis frequently deteriorates to 
irreversible pulpitis causing severe, unrelenting odontalgia, paradoxically relieved 
with eventual pulpal necrosis and severe destruction of the tooth structures 
(Fig. 15.6).

If bacterial infection spreads beyond the root apex, peri-apical abscess can form, 
with destruction of the alveolar bone. In advanced cases, this progresses to purulent 
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Fig. 15.6  Dental 
radiograph showing 
advanced caries of the 
right maxillary first 
premolar (Tooth #5) with 
severe destruction of the 
distal occlusal part of the 
crown

Fig. 15.7  A peri-apical 
abscess with destruction of 
the alveolar bone, forming 
a fistula to the right cheek. 
The treatment includes 
resection of the cutaneous 
opening, the entire fistula, 
and bone surrounding the 
abscess at the apex of the 
roots

oro-cutaneous fistula (Fig. 15.7). Serious life-threatening infections of odontogenic 
origin, such as Ludwig’s angina and Lemieere’s disease, have a reported mortality 
rate of 5.8%. If the infection spreads to the posterior mediastinum, 2 out of 3 patients 
may die [29].

Though biofilm-induced like caries, the development of periodontal disease fol-
lows a different path. The host-microbiome dysbiosis is much more relevant. Six in 
ten adults older than 65 years of age in the U. S. have periodontal disease. One in 
twelve adults have advanced periodontal disease serious enough to affect their sys-
temic health. Periodontal diseases are very costly. Data from 2018 indicate total cost 
(aggregate + indirect) to be $150 billion for the U. S. and €156 billion in Europe 
[30]. Periodontitis begins with the loss of host-oral microbiome homeostasis, by 
whatever the cause. Innate immune system, through ligand binding of receptors for 
PAMP and DAMP such as TLR, NLR (Nod-Like Receptor), and RLR (RIG-1-Like 
Receptor), mount an intense reaction against some members of the oral microbi-
ome, especially those of the Red Complex: Treponema denticola, Porphyromonas 
gigivalis, and Tannerella forsythia. Of them, P. gingivalis is particularly problem-
atic in that it can incite more inflammation and further destruction of the periodon-
tium (tissue supporting the tooth, such as periodontal ligament, alveolar bone, 
attached gingiva, etc.). For this, P. gingivalis is the keystone pathogen. The tissue 
destruction from inflammation provide nutrients for newly pathogenic bacteria 
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Fig. 15.8  A cone-beam 
CT coronal section of 
severe advanced 
periodontitis with 
extensive bone loss and 
erosion into the dental pulp

formed from previously non-pathogenic bacteria (thus pathobionts). The spillage of 
sequestered intracellular parts from destroyed tissue such ATP, fragments of nucleic 
acids, subcellular parts are potent alarmins, which together with bacterial compo-
nents, increases the innate immune response with outpouring of classic inflamma-
tory mediators (prostaglandins, leukotrienes), chemokines (TNF-alpha, interferons), 
interleukins (IL-2, IL-6, IL-17, etc.) and activated neutrophils, macrophage, ILCs, 
NKs. However, such intense responses do not rid the tissue of biofilms made of 
polymicrobial pathogens. Like any prolonged battle, the loser is the battlefield. The 
depth of periodontal pockets increases, further lowering O2 tension promoting 
obligatory anaerobic pathogens, while making it physically impossible for their 
elimination by brushing [31] (Fig. 15.8).

Bone resorption becomes inevitable as the battle rages and with formation of 
osteoclasts and release of RANKL (Receptor Activator of Nuclear Factor Kappa-Β 
Ligand, a member of the TNF superfamily). As the alveolar crest recedes, bone sup-
port becomes compromised. Even normal masticatory forces exceed the limit and 
increase trauma to the remaining periodontium (secondary occlusal traumatism) 
[32]. The futile efforts by the innate immune system fail to remove the pathogen but 
succeed in activating the more powerful adaptive immune system. Most of the time, 
the host-pathobiont duel ends with the exfoliating of the involved tooth or teeth. 
Edentulous alveolus, like belated peace after the cities have been utterly destroyed, 
allows for de-escalation on both sides, and a new homeostasis.

15.3 � Systemic Health and Oral Microbiome

That oral health has significant impact on systemic health is indisputable [33, 34]. 
This section will review how oral microbiome and oral health affect systemic health 
from the following perspectives: neurological, cardiovascular, reproductive medi-
cine, immunological, metabolic, and gastrointestinal. Importantly, we will critically 
examine the data supporting these conjectures.

Recent studies have shown a clear link between certain oral microbes 
(Pasteurellacae and Lautropia mirabilis) and Alzheimer disease, which has a preva-
lence of 5.5 million in the U. S., costing $ 215 billion in 2010 [35]. One of the major 

J. C. Yu et al.



403

difficulties regarding measuring cognitive function in the aging population is the 
perpetual problem of having to set thresholds to convert a continuous distribution 
(cognitive function) to discrete groups (normal versus disease). On both ends of this 
continuous spectrum, normal aging and Alzheimer dementia, the picture is very 
clear. It is the middle of the continuum that poses the diagnostic dilemma. At what 
point does decline related to normal aging become mild cognitive Impairment? The 
value of such diagnostic classification resides in our ability to predict and, more 
importantly through intervention, to prevent future disease development. The cur-
rent understanding is that there is a feedforward cycle involving cognitive impair-
ment, oral microbiome, and poor oral hygiene, with chronic inflammation at the 
center (Fig. 15.9). However, reports of association between tooth loss and worsen-
ing cognitive mpairment may be due to both having a common cause: aging. On the 
other hand, the isolation of oral bacteria such as P. gingivalis, F. nucleatum, and 
P. intermedia in the brain of patients died of Alzheimer’s dementia lends more cre-
dence to this theory of oral microbiome-induced chronic systemic inflammation 
being a common cause of multiple pathologies. Unfortunately, in a well-designed 
and successfully executed study, with sufficient power, failed to demonstrate a dif-
ference in the oral microbiome between those with mild cognitive impairment and 
those without. Nor was there a difference in the serum levels of two inflammatory 
markers [36]. It is entirely possible that the systemic antibiotic therapies employed 
did not achieve sufficient changes in Shannon diversity or beta diversity.

Medical and dental literatures abound with articles showing associations between 
cardiovascular diseases and oral microbiome. The pathological mechanisms of 

Fig. 15.9  The feedforward cycle linking cognitive impairment and atherosclerotic cardiovascular 
diseases and oral microbiome, with elevated inflammation at the center of the complex web 
of events
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developing atherosclerotic cardiovascular diseases (ASCVD) include systemic 
endothelial dysfunction due to oral microbes, their products, or excessive immune 
response to them. In the early stages, patients with periodontitis have increase stiff-
ness of their arteries (measurable by increase in pulse wave velocity—PWV), 
decrease in flow-mediated dilation (FMD), and a thickening of the carotid intima-
media (cIMT) with elevated arterial calcification scores. Within the oral cavity, peri-
odontal health requires normal oral microbiome and a competent, tolerant innate 
immune system capable of discriminating commensal from pathogenic microbes 
and self from non-self. Failure of such oral homeostasis is periodontitis, a non-
communicable infectious disease due to dysbiotic oral microbiome (Fig.  15.8). 
Since bacteremia originating from oral flora occur several times daily, it is logical to 
consider inflammation due to this shedding of microbes into the blood stream from 
dysbiotic oral microbiome contributes to atherosclerosis. From an evolutionary per-
spective, injuries inevitably occur with struggles for existence and with that entry of 
microbes into blood stream. The endothelial surface and circulating innate immune 
cells such as neutrophils must develop defensive responses once they come in con-
tact with these microbes and microbial products, binding to them with TLRs- one of 
the most important proinflammatory receptor. Endothelium can concentrate myelo-
peroxidase (MPO) produced by neutrophils upon detection of pathogens in the 
blood, causing arterial contraction due to break down of nitric oxide (NO) by 
MPO. There is also breakdown of the glycocalyx layer above the surface of the 
endothelium with opening of the intercellular junctions to allow macrophage to 
enter the subendothelial space, phagocytizing host and microbial debris, forming 
foamy macrophages. If sustained and repeated, the vascular inflammation pro-
gresses to formation of atheromatous plagues, some containing members of the Red 
Complex such as P. gingivalis. The inevitable consequence is narrowing of the vas-
cular lumen, increasing in blood flow velocity, resulting in higher shear stress, 
which exacerbates and accelerate atheromatous plaque formation. This is a danger-
ous feedforward cycle. Many epidemiological investigations confirm the link 
between oral bacteria and atherosclerosis. Bartova et al. reported in 2014 a 25–50% 
increase in ASCVD in periodontal patients when compared to control population 
[37]. Case-control studies also showed clearly that the antibody titers against oral 
microbial species associated with periodontitis are higher in patients with 
ASCVD.  However, large prospective clinical trials using antibiotics specifically 
against periodontal pathogens in more than 16,000 patients with coronary artery 
diseases and more recent trials showed no long-term improvements [38]. Again, this 
may simply reflect the difficulty of altering oral microbiome with systemic antibi-
otic therapy.

From the perspective of reproductive medicine, oral microbiome plays an enor-
mous role, with oral pathogens such as Fusobacterium nucleatum, Porphyromonas 
gingivalis, Filifactor alocis, and Campylobacter rectus, having been well docu-
mented to cause premature labors [39]. National Health and Nutrition Examination 
Survey from a decade ago has documented the tremendous high prevalence of peri-
odontitis, 46% or 65 million people, (age 30 to 65 years). Intrauterine inflammation, 
measured by amniotic fluid interleukin 6 levels ≥11.3 ng/mL, is present in 20% of 
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the preterm labors. Premature labor and low birth weight are the principal cause of 
infant mortality [40]. Several correlational studies have found periodontal diseases 
increased odds ratio of preterm labor. In addition to preterm labor, preeclampsia 
(spilling protein in the urine with new onset hypertension by 20 weeks of gestation) 
is a dreaded complication that occurs in 2% - 8% of all pregnancies. The breakdown 
of NO by MPO, as outlined, may well be part of the pathogenesis. Perhaps the best 
supporting evidence is from the identification of periodontitis keystone pathogens 
within the placenta of preterm labors. As with many other health issues related to 
oral microbiome, the prevention is simple and effective: better education of the 
population on proper oral hygiene [41].

15.4 � Oral Microbiome and Diseases: Impact of COVID-19 
on Oral Microbiome

After the gut, the oral microbiota is the largest one in the human body [42] and 
contributes significantly to the training/development of the immune system and the 
maintenance of immune homeostasis [43].

The most updated data shows that on March 25th, 2022, the COVID-19 pan-
demic infected more than 480 million people, resulting in over 6.1 million deaths 
around the world [44]. Many laboratories been exploring the influence of the oral 
microbiota and SARS-CoV-2 infection, and vice-versa, on the susceptibility and 
severity of COVID-19 disease [43, 45, 46].

The interaction of the SARS-CoV-2 virus with lung and oral micro-flora may 
cause dysbiosis, an imbalance between the types of organisms presents in the host, 
due to changes in the immune cells’ responses and cytokines profile [46]. Soffritti 
and colleagues (2021) showed that COVID-19 patients had lower alpha-diversity 
and other indices, meaning that those patients had lower species richness and even-
ness [6]. On the other hand, the oral microbiome metabolites can modulate the 
host’s immune response to several infectious diseases, influencing the disease out-
come [47].

Poor oral hygiene habits can lead to the accumulation of many periodontal 
microorganisms, causing infected, and inflamed gingiva (gingivitis) that may be 
related to higher risks of complications from COVID-19, including death. Patients 
with gingivitis and other periodontal disease had higher levels of indicators of 
inflammation in the blood, which may explain the higher rates of complications [48].

A better understanding of oral microbiota and its influence on lung infectious 
diseases is crucial to the application of the PPPM (Personalized, predictive, and 
preventive medicine) concept in health care. The concept of PPM enables the health 
care system to predict a patient’s predisposition to diseases before onset, provide 
preventive measures and create a personalized treatment [49].

COVID-19 patients usually receive antimicrobial therapy to prevent co-infections 
[45, 50, 51]. This is an example in which the PPPM concept could be applied. The 
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use of the right antimicrobial drugs for each COVID-19 patient according to its 
microecological changes could be decisive to the COVID-19 onset. The same con-
cept can be applied to oral health. Personalized oral care would help to reduce the 
incidence of periodontal diseases and their destructive effects related to lung infec-
tious diseases [43, 45, 48].

15.5 � Practice Guidelines for the Maintenance of Oral Health

Oral microbiome is critically important in oral and systemic health. For the modest 
efforts required, the reward in improvement and maintenance of individual’s well-
being is enormous. All healthcare providers can and should advise their patients to 
make these small investments in their personal health. There are several simple and 
effective guidelines and recommendations for the maintenance of oral health in 
children, adolescents, and seniors, including those with special health care needs 
[52, 53]. As shown in Fig. 15.10, risk factors for oral disease can be categorized into 
two main categories of modifiable (e.g., sugar consumption, smoking, vaping, 
drinking alcohol, etc.) and non-modifiable (e.g., gender, age, etc.) [54, 55].

Although we cannot change the impact of non-modifiable risk factors, however, 
by eliminating the modifiable risk factors, we can improve the outcome of oral 
health. As a consequence of global population aging and increase in the number of 
vulnerable group of people for oral diseases, practicing these guidelines and recom-
mendations will help to prevent the predictive, unwanted oral diseases in a personal-
ized fashion based on each person’s unique situation. It is our hope that this 
prevention will reduce the emergent need for treatment of diseases related to poor 
dental care in the future [3].

Risk factors

Modifiable

Nonmodifiable

Smoking
Drinking alcohol
Sugar consumption
Poor hygiene

Age

Genetics

Gender

Ethnicity

Fig. 15.10  Schematic risk factors for oral disease
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Followings are the summary of the acceptable methods and recommendations to 
maintain the oral health in general population:

•	 Annual dental checkup by visiting dentist.
•	 Stop smoking and vaping.
•	 Reduce alcoholic beverage consumption.
•	 Reduce amount of sugar consumption, avoid high fructose corn syrup.
•	 Fluoride therapy by using fluoride toothpaste and drinking fluoridated water.
•	 Good oral hygiene routine by brushing and flossing teeth thoroughly two times 

per day for at least two minutes.
•	 Individuals from vulnerable groups, such as those with obesity, diabetes, hyper-

tension, need to pay more attention to control their underlying disease and dental 
hygiene to reduce the oral diseases possibility [53].
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