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The aim of this study was to investigate the impact of gut microbiota on the prevalence of obesity and associated

morbidities, taking into consideration underlying molecular mechanisms. In addition to exploring the relationship

between obesity and fecal microorganisms with their metabolites, the study also focused on the factors that would

be able to stimulate growth and remodeling of microbiota.

obesity  microbiota  dysbiosis  morbidities  gastrointestinal microbiome

1. Introduction

1.1. Obesity Epidemic—Statistics, General Background, Causes and Effects

Obesity is now recognized as a global epidemic affecting both developed and poor-resource countries , which

lowers life expectancy  and has extensive consequences for countries’ health care systems . Body mass index

(BMI), which is weight in kilograms divided by height in meters squared, is used to identify obesity. For adults, a

BMI of 25.0 to 29.9 kg/m  is defined as overweight and a BMI of 30 kg/m  or higher is defined as obese . In the

last three decades, the worldwide prevalence of obesity has increased 27.5% for adults and 47.1% for children .

By 2030, 81% of men and 74.9% of women in the USA are projected to be obese or overweight, whereas it is

expected that by 2030, approximately 39% of children and 46% of adolescents will have an abnormally high BMI

. Childhood obesity (defined as body mass index-for-age (or BMI-for-age) percentile greater than 95 percent) is

an important risk factor for adult obesity: a meta-analysis of available data showed that half of obese children were

still obese as adults; additionally, risk is more than twofold if both parents are obese .

The etiology of obesity is multifactorial and includes genetic, hormonal, socioeconomic, environmental, and cultural

influences . Comorbidities and their treatment might be a factor in the prevalence and progression of obesity as

well. Primary and secondary disease-related causes of obesity are presented in Table 1.

Table 1. Primary and secondary disease-related causes of obesity.

Primary Causes of Obesity Secondary Causes of Obesity

Genetic causes     Neurologic

    Monogenic disorders         Brain injury, brain tumor

        Melanocortin-4 receptor mutation         Consequences of cranial irradiation
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Primary Causes of Obesity Secondary Causes of Obesity

        Leptin and leptin receptor deficiency         Hypothalamic obesity

        Prohormone convertase deficiency     Endocrine

        BDNF and TrkB insufficiency         Hypothyroidism 

        SIM 1 insufficiency         Cushing syndrome

        Proopiomelanocortin deficiency         Growth hormone deficiency

    Syndromes         Pseudohypoparathyroidism

        Prader–Willi     Psychological

        Bardet–Biedl         Eating disorders, depression 

        Cohen     Drug-induced

        Alström         Tricyclic antidepressants, antipsychotics

        Beckwith–Wiedemann         Oral contraceptives

        Froehlich         Anticonvulsants

        Carpenter         Glucocorticoids

          Sulfonylureas

          Glitazones

          Beta-blockers

 Controversial whether hypothyroidism causes obesity or exacerbates obesity.  Depression associated with

overeating or binging .

The primary causes of obesity can be classified as being related to genetic disorders in the form of monogenic

diseases and genetic syndromes . Monogenic obesity is a rare and severe early-onset obesity inherited in a

Mendelian pattern with abnormal feeding behavior and endocrine abnormalities. It is mainly caused by autosomal

recessive mutations in genes of leptin, pro-opiomelanocortin (POMC), pro-hormone convertase 1, and

melanocortin 4 receptor (MC4R), which play a key role in the hypothalamic control of food intake. The predominant

features of the genetic syndromes associated with obesity presented in Table 1 are physical characteristics,

including dysmorphic features, developmental delay, and mental retardation. Existing genetic defects are often

chromosomal abnormalities that usually involve multiple genes. Prader–Willi syndrome is one of the most common

syndromic forms of obesity in children .
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Secondary causes of obesity include diseases involving systemic dysfunctions and disorders of regulatory

mechanisms causing metabolic changes in the body, which promote the development of obesity secondary to the

primary disease. Disturbances in homeostasis resulting from diseases lead to the body’s inability to maintain

energy balance, dysregulation in hormone synthesis and secretion, abnormal energy expenditure, and altered

consumption behavior .

The association between gestational weight gain and obesity has been investigated, and maternal gestational

weight increase is an independent predictor of obesity in infancy . There is a strong association of genetics with

obesity, which means that the involvement of multiple genes and their complex interaction can result in the

manifestation of the disease, which can be a monogenic (5% of the cases) or a polygenic obesity type . Obesity

treatment consists of bariatric surgery and medical treatment, of which undergoing a surgery provides a longer life

expectancy .

1.2. Association of Obesity with Other Diseases

Obesity increases the risk of other associated diseases, as it has been recognized as a key factor inhibiting DNA

damage repair mechanisms. Cellular response to DNA damage can result in irreversible cell-cycle arrest, activation

of several proteins that can induce adipocyte differentiation and hypertrophy, disturbances in cell metabolism,

impairment of glucose metabolism, and promotion of the development of systemic insulin resistance . The most

well-established weight-related comorbidities are insulin resistance, type 2 diabetes, and cardiovascular disease,

the risks of which are proportional to BMI . Moreover, the obesity is linked with various immediate and long-term

adverse health outcomes such as sleep apnea, hypertension, heart disease, stroke, osteoarthritis, and certain

types of cancer and leads to psychosocial problems such as stigmatization and poor self-esteem .

The adverse effects of obesity on cardiometabolic health are indisputable; abdominal obesity is especially

significant in the pathogenesis of cardiovascular disease and leads to well-identified disturbances in adipocyte

biology and adipose tissue inflammation with direct systemic metabolic consequences such as endothelial

dysfunction and atherogenesis .

Furthermore, multiple studies reveal a strong association between COVID-19 and obesity. COVID-19 patients with

obesity have an enhanced hospitalization rate, more severe progression, and worse clinical outcomes .

Comorbidities of obesity are presented in Table 2.

Table 2. Comorbidities of obesity.

Comorbidities of Obesity 

Medical Psychological

Dyslipidemia Negative mood 
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Comorbidities of Obesity 

Hypertension Attention deficit hyperactivity disorder 

Type 2 diabetes mellitus Depression 

Steatohepatitis and/or nonalcoholic fatty liver disease Poor self-esteem 

Polycystic ovary syndrome Eating disorders 

Gastro-esophageal reflux disease Internet addiction 

Obstructive sleep apnea Conduct issues or disorders 

Weight-related joint disease Reduced quality of life 

Benign intracranial hypertension  

1.3. Unhealthy Diet and Lifestyle and Their Relationship to Obesity

It is commonly stated that urbanization is one of the most important drivers of the worldwide rise in BMI because

diet and lifestyle in cities lead to adiposity; however, in high-income and industrialized countries, a persistently

higher rural BMI was noted, especially for women . Sedentary behavior and time spent in front of TV are both

related to a higher odds of obesity . Among university students, being male, the family home not being in the

university city, having a mother of low socioeconomic status, and finally, not studying a health-related course are

the factors associated with a lower quality diet . A positive correlation was found between BMI and consumption

of a Westernized and high in protein/fat diet .

Studies conducted on adults showed that experimental reduction in sleep duration downregulates the satiety

hormone, leptin, and upregulates the appetite-stimulating hormone, ghrelin, and increases hunger and appetite .

1.4. Gut Microbiome and Obesity

The body’s microbiome, bacteria, viruses, archaea, and eukaryotic microbes residing in and on the body have the

potential to impact our physiology in several ways, including contributing to metabolic function. Studies have

demonstrated that the composition of gut microbiome can among many other functions increase dietary energy

intake, and therefore, promote the obese phenotype .

Throughout the gastrointestinal tract, differences in the composition of the microbial population have been

observed. Due to the high motility of the esophagus and the acidic unfavorable environment of the stomach, there

are quantitatively the fewest microorganisms, and the predominant bacteria come from the oral cavity (e.g.,

Streptococci and Lactobacilli). In the intestinal microbiota, there are already many more bacteria, e.g., in the initial

part of the jejunum, the most numerous is the genus Streptococcus, while the ileocecal region is inhabited by the

subgroup Bacillus bacteria (phylum Firmicutes, mainly Streptococcaceae), bacteria of the phylum Actinobacteria
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(especially the subgroups Actinomycinaeae and Corynebacteriaceae), Bacteroidetes, and Lachnospiraceae. The

largest number of bacteria and the greatest microbial diversity are found in the distal segment of the ileum and

colon because there is a more favorable pH for bacterial colonization, and in addition, due to antiperistaltic

contractions, the food content is retained longer in the intestinal lumen. There are mainly the Gram-positive

bacteria Bacteroides and Clostridium, Lactobacillus, Enterococcus, and Enterobacteriaceae.

2. Function and Physiology of Adipose Tissue

Adipose tissue is a compound and highly active metabolic and endocrine organ that consists of adipocytes,

connective tissue, nerve tissue, and immune cells. These components together form an integrated and

multifunctional unit .

There are two main types of adipose tissue distinguished in human body—white adipose tissue (WAT) and brown

adipose tissue (BAT) . Their content in the organism depends on genetic, metabolic, and environmental factors,

but WAT makes up the majority of adipose tissue in adults .

2.1. Morphology

The differences between adipocytes in WAT and BAT can be observed via light microscope.

White adipocytes are spherical cells with a diameter of 10–100 μm . Their organelles along with the compressed

nucleus are in the perimeter of the cell due to a unilocular lipid droplet that occupies a major part of the cytosol .

Brown adipocytes typically present an ellipsoid shape that ranges from 15 to 50 μm in diameter and contains

multilocular lipid droplets . The nucleus of these cells is in the central part of the cytoplasm. BAT is also

characterized by the expression of the proton transporter UCP (uncoupling protein) .

2.2. Function and Physiology

The adipose tissue is characterized by high plasticity and the ability to change volume as well as composition

based on the energetic status of the body. An increase in the weight of adipose tissue may occur in both

hypertrophy and hyperplasia .

The most important function of WAT is storage of triglycerides during increased energy supply and exploitation of

these reserves during higher energy expenditure, while BAT plays a vital role in the process of thermogenesis,

especially in infants .

Despite the differences in functions, both WAT and BAT present endocrine activity . The factors secreted by the

adipose tissue include leptin, adiponectin, complement components, plasminogen activator inhibitor-1, proteins of

the renin–angiotensin system, and resistin. Moreover, metabolism of sex steroid hormones and glucocorticoids

also takes place in adipocytes .
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2.3. Endocrine Activity

Leptin was initially described as an anti-obesity hormone; however, current studies have proved that its function

concentrates on energy sufficiency rather than on excess . Therefore, lower energy intake results in a decrease

in leptin levels, which is associated with physiological responses to starvation, such as increased appetite and

restricted energy expenditure. This function complies with the evolutionary mechanism that prevents energy

sufficiency but is not needed in current highly developed societies . Furthermore, many forms of obesity result in

elevated circulating leptin. However, both endo- and exogenous high leptin levels do not act against developing

obesity. The mechanism for the occurrence of leptin resistance is unknown, but it may be a result of defective leptin

signaling or transport across the blood–brain barrier .

Both adiponectin and resistin participate in the mechanism of insulin resistance.

There is an inverse association between adiponectin levels and insulin resistance—adiponectin levels are low with

insulin resistance, and treatment with adiponectin may improve metabolic parameters in patients with obesity or

lipodystrophy. Consequently, the increase in adiponectin levels occurs when insulin sensitivity improves .

On the other hand, resistin belongs to molecules that impair insulin-stimulated glucose uptake, which may lead to

insulin resistance . However, many epidemiological studies did not provide a valid link between resistin

expression in adipose tissue or circulating resistin levels and the occurrence of this condition .

3. Function of Gut Microbiota

Gut microbiota consists of about 80 trillion bacteria that create a complex system that plays a vital role in

maintenance of homeostasis in human organism. This includes, e.g., regulation of the host’s metabolism, provision

of proper function of the intestinal barrier, and immunomodulation . More than 100 bacterial species could be

found in the intestines, and there are about ten times more bacterial cells present in gut microbiota than human

cells in the body . Most bacteria that form the gut microbiota belong to four bacterial phylotypes: Bacteroidetes,

Firmicutes, Proteobacteria, and Actinobacteria, mainly anaerobic species . However, various kinds of virus,

protozoa, archaea, and fungi could also be a part of intestinal microflora .

The development of gut microbiota begins immediately at birth—the fetus is exposed to a bacterial population for

the first time during passage through the birth canal . That is the reason why infants’ microbiota can consist of

similar bacteria that form the vaginal microbiota of their mothers . Moreover, there is a proven difference in the

composition of gut microbiota among infants delivered through caesarean section and those delivered vaginally

.

The composition of intestinal microbiota undergoes many changes during a lifetime; nevertheless, the microbiota of

one-year-old children tends to stabilize and begins to resemble that of young adults . Due to this fact, the initial

colonization of the gastrointestinal tract might be an important factor determining the composition of the microbiota
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in adulthood . Studies on mono- and dizygotic twins have even proved that the bacterial colonization during birth

had more impact on their adult microbiota than genetic factors . However, the development of gut microbiota is a

complex process and depends on many different factors (e.g., diet, usage of probiotics or antibiotics) and further

studies are necessary to fully establish the parental role in determining the composition of the adult microbiota .

The function of human gut microbiota has been an object of interest of many studies conducted in the last few

years. The function of the gut microbiota is shown in Figure 1. The microbiota proved to have a vital role in

maintaining metabolic balance and proper function of the immune system, but there is also evidence that it can

influence brain development and neurogenesis and that it interacts with the central nervous system (CNS) via the

“gut–brain axis” . Therefore, better understanding of this complex system might bring promising therapeutic

options not only for obesity but also for depression, inflammatory bowel diseases (IBD), or cancer, for example .

Figure 1. Function of gut microbiota .

3.1. Metabolic Balance

The bacteria present in the intestines create an extraordinary metabolic “organ” that can extract nutrients and

energy from ingested food. For example, the gut microbiota enables the catabolism of dietary fiber that cannot be

fully hydrolyzed by human enzymes during digestion. Short chain fatty acids (SCFAs) are the main product of this

process, and they consist of fatty acids with fewer than six carbons . Different studies proved that SCFAs could
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influence appetite regulation and the metabolism of lipids and glucose . These molecules could also affect the

integrity of the intestinal barrier by promoting the proper function of tight junctions (TJs) between epithelial cells and

hence regulating the absorption of xenobiotics .

3.2. Immune Function

The gut microbiota contributes to the proper function of the immune system in two different ways . First, it

provides physical protection against enteropathogens by maintaining the structural integrity of the intestinal barrier

. Second, the intestinal microbiota plays an important role in immunomodulation. Symbiotic bacteria can

influence the immune response of the host by improving the activity of macrophages and natural killer (NK) cells

. They also promote tolerogenic dendritic cells and regulate inflammatory-related pathways .

3.3. Gut–Brain Axis

The mechanism in which the bidirectional communication between the gut microbiota and the brain occurs has not

been fully explained yet. However, the studies have shown there are many ways that allow this pathway to

function, including neuroanatomical pathway and the endocrine, immune, and metabolic system . This network

allows the brain to affect gut movement and modify the sensory and secretion function of the intestines . On the

other hand, microorganisms present in the gut microbiota can produce neurotransmitters (e.g., dopamine)  and

promote the release of gut hormones from gut enteroendocrine cells . These transmitters provide the link to

affect brain function .
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