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Abbreviations: HMO – human milk oligosaccharides, 
GALT – gut-associated lymphatic tissue, MALT – 
lymphoid tissue associated with mucosal membranes, 
ChREBP – carbohydrate response element-binding 
protein, SREBP-1 – liver sterol response element-
binding protein type-1, FIAF fasting-induced adipo-
cyte factor, PPAR – peroxisome proliferator-activated 
receptor coactivator γ, LPS – lipopolysaccharide, eCB 
– endocannabinoid system, FXR – farnesoid X nuclear 
receptor, GPCR – G protein-coupled receptor, VSG – 
vertical sleeve gasterectomy, TMA – trimethylamine, 
TMAO – trimethylamine oxide, SRA – scavenger re-
ceptor A, PCA – protocatechuic acid, Cy-3-G – cyani-
din glucoside, LXR – liver X receptor. 

INTRODUCTION

The human gut forms a rich bacterial ecosystem. 
Depending on the individual, intestinal micro-
biota may consist of up to 1000 diff erent species of 

microorganisms. Recent research in the fi eld of mo-
lecular biology has provided information on the size of 
the genome of intestinal bacteria (Dietert and Dietert, 
2015). Microbiota genes exceed host genes in number 
by a factor of a hundred, and are thus an important 
source of numerous enzymes and provide a variety 
of metabolic pathways while regulating the immune 
system. In the literature, intestinal microbiota is often 
referred to as the “bacterial organ” (Turnbaugh et al., 
2009). This emphasizes the number of functions of the 
microbiota, its large mass (1.5 to 2 kg), and its plural-
ity of functional connections with numerous internal 
organs (Clark et al., 2012; Turnbaugh et al., 2009).

Research in recent years has suggested that the 
condition of the intestinal microbiota plays a signifi -
cant role in the pathogenesis of obesity, atheroscle-
rosis, type-2 diabetes, and insulin resistance. The 
rapidly growing problem of metabolic disorders as-
sociated with obesity cannot be explained by genetic 
and epigenetic factors and environmental conditions 

THE ROLE OF INTESTINAL MICROBIOTA 
IN THE PATHOGENESIS OF METABOLIC DISEASES

Iwona Węgielska, Joanna Suliburska

Department of Human Nutrition and Hygiene, Poznań University of Life Sciences
Wojska Polskiego 31, 60-624 Poznań, Poland

ABSTRACT

 The incidence of metabolic diseases is increasing rapidly all over the world. This situation has led researchers 
to attempt to explain the pathomechanisms of these disorders and to develop specifi c recommendations for 
the prevention and treatment of diseases such as obesity, type-2 diabetes, and atherosclerosis. Recent studies 
show clear evidence of the role of human intestinal microbiota in health and in predispositions to diseases. 
Gut microbiota aff ect a number of complex metabolic reactions, signifi cantly altering the functioning of the 
human body. Numerous experiments have shown the key role played by the formation process of the intesti-
nal ecosystem in the early stages of human life for programming its metabolic health. The following article is 
a compilation of the literature available on the formation of the complex intestinal ecosystem and its impact 
on the incidence of diseases such as obesity, type-2 diabetes, and atherosclerosis. 
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alone. The analysis of calorie balance in the diet of 
the population is also insuffi  cient to explain the scale 
of this harmful phenomenon. However, new light has 
been shed on the problem by research into prebiotics, 
probiotics, and antibacterial agents. Currently, there is 
no doubt that the intestinal microbiota plays an impor-
tant role in the pathogenesis of metabolic disorders, 
but further studies need to be able to fully utilize the 
accumulated knowledge for the practical treatment of 
patients. The following article is an attempt to compile 
the most important information currently available on 
the evolution of the bacterial intestinal ecosystem and 
its role in the development of metabolic diseases.

ESTABLISHMENT OF THE HUMAN MICROBIOTA 
ECOSYSTEM

In order to fully understand the role of intestinal mi-
crobiota in the functioning of the host metabolism, it 
is important to pay attention to the development pro-
cess of the infant gut, which runs parallel to, but is to 
a large extent dependent on, the process of intestinal 
colonization by specifi c bacterial strains. Data from 
the literature clearly shows that those early stages of 
intestinal development involving the formation of the 
bacterial ecosystem are critical in shaping the host’s 
metabolism (Arrieta et al., 2014; Clark et al., 2012). 
They constitute a “critical window” for programming 
human metabolic health and its metabolic phenotype 
shape. Disorders of the intestinal progress in the early 
stages can result in far-reaching metabolic dysfunc-
tions manifesting themselves in childhood and adult-
hood (Arrieta et al., 2014; Clark et al., 2012). The 
question of the sterility of a newborn child’s gastro-
intestinal tract continues to be debated. Some studies 
have shown that in the majority of newborns, the gas-
trointestinal tract at birth is sterile (Arrieta et al., 2014; 
Clark et al., 2012). However, it has been noted that in 
the case of some children participating in the studies, 
colonization of the gut occurred in utero through the 
upward pathway from the genital and lower gastroin-
testinal tract of the mother. Analysis has showed that 
among those infants born prematurely, the degree of 
intestinal colonization was signifi cantly lower than in 
those born after 273 days of gestation. It is clear that 
for preterm infants, colonization progresses mainly in 
the direction of pathogenic strains, while in children 

born in term, E. coli gradually supplants potentially 
dangerous strains, mainly Klebsiella pneumoniae. 
E. coli is predominant in newborns precolonized in 
utero, and its presence prevents the invasion of gram-
negative pathogenic strains, although E. coli is consid-
ered an opportunistic organism. 

It is indisputable that the process of intestinal 
colonization proceeds at great pace in the fi rst days 
of life. At the same time, the intestines of newborn 
babies go through important stages of development, 
depending largely on bacterial colonization (Clark et 
al., 2012). Extensive research involving infants has 
shown that the gut microbiota is highly unstable in 
the fi rst three years of life (Galdeano and Perdigo, 
2006; Lozupone et al., 2013). It is much less taxo-
nomically diverse than in adults, but more bacterially 
diverse (Lozupone et al., 2013). There are diff erences 
in the rate of colonization of the gastrointestinal tract 
between preterm newborns and those born at term; 
however, in each case, a delay in the process increas-
es the risk of colonization by pathogenic strains. The 
upper part of the gastrointestinal tract is colonized 
by the bacteria that normally inhabit the oral cavity, 
whereas the lower part develops fl ora characteris-
tic of the lower gastrointestinal tract of the mother. 
In the fi rst days of life, the intestinal environment 
is aerobic and supports facultative anaerobic bac-
teria, mainly Enterobacteriaceae. A few days later, 
the intestine becomes an anaerobic environment, 
enabling the existence of obligate anaerobic bacteria 
(Bifi dobacterium, Clostridium, Bactericides). Dur-
ing the fi rst weeks of life, the composition of the 
child’s intestinal microbiota is reminiscent of the mi-
crobiota of the skin and genital tract of the mother 
(Enterococcaceae, Streptococcaceae, Lactobacilla-
ceae Clostridiaceae, Bifi dobacteriaceae). The initial 
months of human life are a time when the only food 
is milk, which aff ects the composition of intestinal 
microbiota. The intestinal environment is dominated 
by oligosaccharide-fermenting bacteria, whose food 
source is milk (Bifi dobacterium) (Galdeano and Per-
digo, 2006). The introduction of new, solid foods to 
the baby’s diet is the next stage in the development of 
the intestinal ecosystem. The supply of diff erent nu-
trients, including polysaccharides generally indigest-
ible by human enzymes, results in the growth of the 
bacterial population of the Bacteroides, Clostridium, 
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Ruminococcus families, with a simultaneous decline 
in the population of Bifi dobacterium and Enterobac-
teriaceae (Fallani et al., 2011). Between 12 and 30 
months, an infant’s intestinal bacterial ecosystem in 
composition resembles that present in adults, being 
dominated by bacteria of the genera Ruminococcace-
ae, Lachnospiraceae, Bacteroidaceae, and Prevotel-
laceae (Galdeano and Perdigo, 2006). 

Proper microbial colonization induces the ana-
tomical development of the intestine by aff ecting the 
structure of the microvilli and by increasing the epi-
thelium generative capacity. Symbiotic fl ora is very 
important in shaping the gut-associated lymphatic 
tissue (GALT) (Koren et al., 2012), which plays 
the crucial role in the immunological activity of the 
whole system of lymphoid tissue associated with mu-
cosal membranes (MALT). It consists of more than 
75% of all lymphatic cells in the immune system. In 
the body, about 80% of all immunoglobulin is pro-
duced in the intestine (Koren et al., 2012). GALT 
produces IgA antibodies, referred to as secretory IgA 
(S-IgA – secretory IgA), which are secreted at the 
mucosal surface and are responsible for capturing 
antigens and preventing their passage through the 
mucosal barrier into the body (Koren et al., 2012). 
GALT system’s specifi c structure makes it the locus 
of the immune response; specialized cells operating 
within it are responsible, through diff erentiation and 
the secretion of cytokines, for inducing infl ammation 
or tolerance towards antigens (development of food 
tolerance; Koret et al., 2012). The role of symbiotic 
microfl ora in the development of the infant immune 
system should be emphasized, because the common 
denominator for obesity and metabolic dysfunction 
is a generalized mild infl ammation with its source in 
the immune system (Clark et al., 2012). 

SELECTED FACTORS SIGNIFICANTLY AFFECTING 
THE COMPOSITION OF HUMAN INTESTINAL 
MICROBIOTA IN THE EARLY STAGES OF LIFE 

In order to identify the factors that aff ect the homeo-
stasis of the intestinal microfl ora, and thus the devel-
opment of metabolic dysfunctions associated with it, 
we compiled the most signifi cant prenatal, perinatal, 
and postnatal events that aff ect normal microfl ora 
composition.

THE PRENATAL PERIOD 

The initial bacteria for the development of infants’ in-
testinal ecosystem are received from the mother during 
the prenatal and perinatal periods (Clark et al., 2012). 
According to the literature, and contrary to earlier be-
liefs, amniotic fl uid, meconium, placenta, and fetal 
membranes are not sterile, and the microbiota present 
in them has an impact beyond pregnancy and child-
birth (Koleva et al., 2015). In the amniotic fl uid and 
placenta of women with normal, full-term pregnancies 
(discounting medical conditions), types of bacteria 
normally present in the oral cavity have been identi-
fi ed (Firmicutes, Actinobacteria, bacteroidetes, Fuso-
bacteria, Proteobacteria; Koleva et al., 2015). Current 
research shows that meconium is not sterile, which 
suggests the possibility that microorganisms located in 
the amniotic fl uid are transmitted to the unborn fetus 
(Koleva et al., 2015). Despite the lack of conclusive 
evidence, it has been suggested that the placenta me-
diates the transfer of maternal micro-organisms to the 
fetus (Koren et al., 2012). A comparison of the micro-
biota present in the meconium with that of the amni-
otic fl uid, vagina, and mouth shows that the meconium 
and amniotic fl uid have the most similar composition 
of microorganisms (Mshvildadze et al., 2010). These 
results also show the microbial similarity between the 
meconium and adult intestines (Koleva et al., 2015). 
In healthy, full-term infants, bacteria belonging to the 
genera Enterobacteriaceae (including Escherichia 
coli and Shigella sp.), Streptococci, Enterococci, Sta-
phylococci (including Staphylococcus epidermidis), 
and Bifi dobacteria have been identifi ed (Koleva et al., 
2015). These fi ndings suggest that abnormal micro-
biota composition in the body of a pregnant woman 
may be transferred to the unborn fetus, with all the 
consequences, including immune and metabolic syn-
drome. Some of the factors that contribute to dysbio-
sis of the maternal organism include infection of the 
genital tract, antibiotic treatments (especially broad 
spectrum antibiotics), and a poor diet rich in fats and 
sugars (Koleva et al., 2015). 

Antibiotic treatment is a key factor that infl uences 
infant gut microbiota as early as the prenatal period. 
A seven-year study carried out in USA has shown 
that children at risk of exposure to antibiotics during 
the second or third trimesters were characterized by 
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a 84% risk of childhood obesity (Koren et al., 2012). 
In addition, as indicated by other observations, prena-
tal exposure to antibiotics results in lower birth weight 
and methylation of imprinted genes. Moreover, the 
reduction in the birth weight of newborns was asso-
ciated with an excessive growth of body fat, the de-
velopment of childhood obesity, and related metabolic 
complications due to intestinal dysbiosis (Koren et al., 
2012). Similar observations were provided by a study 
involving Danish women, where an increased risk of 
asthma was observed among the children of mothers 
treated many times with antibiotics before, during, and 
after pregnancy (Ridaura et al., 2013). It may be con-
cluded that prenatal exposure to antibiotics has a di-
rect impact on the composition and/or function of the 
intestinal microbiota and the physiology of the infant 
after birth. Pathologically modifi ed microbiota aff ect-
ed the development of the intestinal immune system 
in a specifi c way by programming it to tend towards 
chronic mild infl ammation, which in the light of pre-
sent research seems to be the common denominator of 
immune-mediated diseases and metabolic syndrome 
(Blaser and Falkow, 2009). 

THE PERINATAL PERIOD

Birth is an important stage in the development of the 
intestinal microbiota of the human body. Recent years 
have seen a signifi cant increase in the proportion of 
pregnancies concluded by Cesarean section around 
the world (Tsakok et al., 2013). However, it should be 
emphasized that Cesarean section is not a natural way 
of giving birth and adversely aff ects the type and num-
ber of bacteria acquired by the newborn (Arrieta et al., 
2014). A recent study carried out in the USA showed 
a 46% increase in the risk of obesity in children born 
by Cesarean section compared to those born through 
natural childbirth. During vaginal birth, the infant is in 
contact with the vaginal microbiota and the gastroin-
testinal tract, and in the fi rst few days of its life, Lacto-
bacillus and Bifi dobacterium bacilli become dominant 
fl ora in the gastrointestinal tract (Koren et al., 2012). 
These are accompanied by microorganisms from the 
genera Bacteroides and Clostridium (Eubacterium). 
Cesarean section prevents the infant from coming into 
contact with the vaginal microbiota and mother’s gas-
trointestinal tract. Colonization of the gastrointestinal 

tract of the newborn then occurs primarily from the 
hospital environment and the mother’s skin bacte-
ria. Babies born by Cesarean section have a reduced 
number of obligate anaerobic bacteria of the genus 
Bifi dobacterium and the species Bacteroides fragilis 
than those born naturally, and the process of coloni-
zation falls behind schedule (Cox and Blaser, 2013). 
Observations of the bacterial ecosystem of children 
born by Cesarean section at 24 months showed signifi -
cantly lower diversity of species than their peers born 
through vaginal birth. There is also a lack of intestinal 
colonization by bacteria of the genus Bacteroides in 
fi rst year of age (Cox and Blaser, 2013). The intestinal 
ecosystem is then reminiscent of the bacteria that re-
side on the skin, and is rich mainly in bacteria of the 
genera Staphylococcus, Corynebacterium, Propioni-
bacterium, and Clostridium (Hooper et al., 2012). 

As mentioned above, Cesarean birth and the dis-
biosis of bacterial colonization of the infant gut as-
sociated with it result in the development of immune 
and metabolic disorders later in childhood and in adult 
life (Koren et al., 2012). The results of several studies 
have confi rmed the association between Cesarean sec-
tion and obesity in children, and this relationship has 
been found to be stronger than the relation between 
maternal and child obesity (Penders et al., 2006). 

THE POSTNATAL PERIOD

After birth, the means of feeding seems to be the main 
factor in the continued development of the newborn’s 
intestinal microbiota. The superiority of breastfeed-
ing in terms of the proper formation of qualitative 
and quantitative composition of intestinal ecosys-
tem should be emphasized. Breast milk is referred as 
a “natural symbiotic”. Breast milk contains benefi cial 
probiotic bacteria and the oligosaccharides that stimu-
late their intestinal colonization (Jeurink et al., 2013). 
Studies of breast-fed children show a rapid increase in 
the number of intestinal Bifi dobacteria, which quickly 
became the dominant microbiota; their number might 
make up 60% to 90% of all bacteria present in stool 
samples. Moreover, the colostrum plays a special 
role in the development of the newborn’s intestinal 
ecosystem. In comparison with mature milk, the co-
lostrum diff ers primarily in its higher content of pro-
tein and vitamin A, but contains less fat and lactose. 



205

Węgielska, I., Suliburska, J.  (2016). The role of intestinal microbiota in the pathogenesis of metabolic diseases. Acta Sci. Pol. Tech-
nol. Aliment., 15(2), 201–211. DOI: 10.17306/J.AFS.2016.2.20

www.food.actapol.net/

The colostrum is rich in bacteria of the genera Bifi -
dobacterium and Lactobacillus and HMOs. It is also 
rich in antibodies and immunologic factors including 
secretory immunoglobulin class A (IgA), cytokines, 
and anti-infl ammatory agents (Dominguez-Bello et 
al., 2010). Feeding with the colostrum stimulates in-
testinal colonization by fl ora and the physiological 
development of the immune system. In vitro studies 
comparing the consumption and metabolism of the ol-
igosaccharides present in human milk by the bacteria 
of Bifi dobacterium spp., Escherichia coli, and Clostri-
dium perfringens show that only Bifi dobacterium are 
capable of effi  ciently metabolizing them and forming 
lactic acid and short chain fatty acids (Trasande et al., 
2013). These metabolites increase the acidity of the in-
testinal environment, protecting against any invasion 
of pathogenic bacteria and also stimulating the devel-
opment of and regenerative capacity of enterocytes.

MECHANISM FOR THE DEVELOPMENT 
OF METABOLIC DISEASES FROM DISORDERS 
IN INTESTINAL MICROBIOTA

An extensive research project, the Human Microbiome 
Project, whose main goal was to exactly character-
ize the human microbiota, has provided a wealth of 
information on the human genome and microbiome 
(Turnbaugh et al., 2007). Before the completion of 
the project, it was generally thought that the human 
genome numbered about 100,000 genes. Surprising-
ly, about 20,000 protein coding genes were discov-
ered, situating the human genome, in terms of size, 
next to the genome of Drosophila melanogaster. The 
human body should be considered as the sum of hu-
man cells and microorganisms, and similarly, as the 
sum of human genes and microorganism genes. The 
human metabolic phenotype is therefore the result of 
characteristics encoded in its own genotype and in 
the genotype of the microbiota inhabiting the body. 
The microorganisms providing their genetic mate-
rial give the human body qualities that it would not 
be able to develop independently. The microbiome 
of the human body is the source of many functional 
proteins, including multiple enzymes that specifi -
cally aff ect the functioning of diff erent systems, such 
as the digestion and absorption of energy from food 
(Gerber et al., 2015). 

THE INCREASED CAPACITY OF ENERGY INTAKE 
FROM THE DIET IN THE PATHOGENESIS 
OF OBESITY

Several studies have found that gut microbiota is an 
additional factor in the pathophysiology of obesity. 
The results obtained by Turnbaugh et al. (2007) in-
dicate that the microbiome of obese individuals has 
an increased capacity to harvest energy from the diet. 
Analysis of the composition of microbiota from the 
feces of mice with obesity showed a high content of 
acetic and butyric acid, as well as a smaller number 
of calories than in the feces of mice with lean micro-
biota. Transferring the gut microbiota from obese mice 
to a normal-weight animal resulted in signifi cantly in-
creased fat content compared to mice with microbiota 
from lean animals (Turnbaugh et al., 2007). 

Some research suggests that the symbiotic micro-
biota is responsible for 40% of the total energy intake 
from food (Koleva et al., 2015). Dysbiosis caused by 
changes in the composition of gut bacterial species 
may aff ect the absorption of energy from food and 
result in a positive caloric balance in the body. Com-
parative analyses of the gut microbiota from obese 
and normal-weight mice show a signifi cant diff erence 
in the composition and proportion of bacteria (Cani 
et al., 2008). In obese individuals, a 50% decrease in 
the number of bacteria of the genus Bacteroides and 
a proportional increase in Firmicutes was observed. 
In human studies, increases in the number of Bacte-
roides in the gut were associated with body mass in 
the obese (Cani et al., 2008). It remains unexplained 
whether the reduction in the population of Bacteroides 
is the result of weight gain or is rather the eff ect of 
an increase in the intake of nutrients that selectively 
regulate the growth of these bacteria. It should be 
emphasized that these eff ects were observed despite 
a reduction in the supply of food. Weight gain was ac-
companied by insulin resistance and other metabolic 
dysfunctions, such as hypertrophy of the adipocytes 
and increased levels of blood glucose and leptin. 
Pathologically altered intestinal microfl ora promotes 
the absorption of sugars from the intestinal lumen, 
resulting in the induction of lipogenesis in the liver 
(Gerber et al., 2015). Further studies have shown that 
the process of lipogenesis is actuated by two signal-
ing proteins: ChREBP and SREBP-1. In that study, 
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a suppression of the expression of the fasting-induced 
adipocyte factor was also observed. This factor, often 
referred to as angiopoietin-like protein 4, acts as an 
inhibitor of lipoprotein lipase. The result of its activity 
is the increased deposition of triglycerides in adipo-
cytes and muscles. Studies on germ-free mice lacking 
FIAF have shown that they are particularly predis-
posed to the development of high-calorie diet-induced 
obesity. These observations also allowed elucidation 
of the mechanisms responsible for the lack of obesity 
when the body is fed a typical western diet, rich in 
sugars and fats, and at the same time devoid of the 
entire microbial ecosystem. The researchers observed 
that germ-free mice are protected against diet-induced 
obesity by two complementary but independent mech-
anisms that increased fatty acid metabolism. Firstly, 
the test animals were observed to have an increased 
concentration of FIAF – a signal to prepare the coacti-
vators for PPAR, which resulted in greater expression 
of genes encoding proteins that act to regulate fatty 
acid oxidation in mitochondria. Secondly, there was 
increased activity of protein kinases dependent on 
adenosine monophosphate, an enzyme regulating the 
energy state of the cell. On the basis of these obser-
vations, it can be concluded that intestinal microbiota 
infl uences the regulation of energy homeostasis of the 
cell. Intestinal bacteria may aff ect both sides of the 
energy balance: on one hand, by adjusting the energy 
gain from food, and on the other, by aff ecting the ex-
pression of the genes responsible for handling material 
and energy expenditure (Gerber et al., 2015). The in-
testinal bacterial microbiota allows more effi  cient use 
of dietary carbohydrates by modulating the process 
of digestion and fat storage in the host. However, it 
should be emphasized that each type of bacteria has 
a diff erent metabolic capacity, aff ecting the extraction 
of energy from food to varying degrees. 

CHRONIC GENERALIZED INFLAMMATION 
OF MODERATE INTENSITY IN THE PATHOGENESIS 
OF METABOLIC DISORDERS

The common denominator of the metabolic diseases, 
including obesity, is a chronic generalized infl amma-
tion of moderate intensity (Blaser and Falkow, 2009; 
Gerber et al., 2015). For this reason, infl ammation is 
currently cited as the primary mechanism by which 

metabolic disorders arise. Strains of intestinal bacte-
ria are capable of activating infl ammation pathways 
by interfering with the metabolism of lipids in adipo-
cytes, macrophages, and vascular cells, inducing in-
sulin resistance and the production of trimethylamine 
oxide (Blaser and Falkow, 2009). These studies high-
light the role of the bacterial lipopolysaccharide (LPS) 
in inducing infl ammation combined with metabolic 
syndrome caused by a high-fat diet. The source of LPS 
is gram-negative bacteria that live in the intestines. 
Several experiments on mice have shown that a high-
fat diet aff ects the composition of intestinal microfl ora, 
promoting the reduction of gram-negative bacteria of 
the genus Bacteroides and gram-positive bacteria from 
the groups Eubacteria rectale, Clostridium coccoides, 
and Bifi dobacterium. The ratio of gram-negative bac-
teria to gram-positive varies considerably in favor of 
the former (Turnbaugh et al., 2007). These changes 
in the qualitative and quantitative composition of gut 
microbiota contribute to a reduction in the integrity 
of the mucosa and an adverse regrouping of the pro-
teins building tight junctions, such as zonulin-1 and 
occludin (Turnbaugh et al., 2007). The study showed 
a signifi cant decrease in the expression of these pro-
teins, due to high fat levels and the disruption of ho-
meostasis of the intestinal microbiota. This condition 
is known in the literature as “percolate intestine” and 
promotes the development of endotoxemia. The trans-
port of LPS into the blood stream from the lumen 
takes place via chylomicrons, whose number increas-
es considerably with the application of a high-fat diet 
and pathologically altered tight junctions. One of the 
results of this is the development of insulin resistance 
and adipose tissue infl ammation caused by adipocyte 
hypertrophy and the infi ltration of macrophages (Bla-
ser and Falkow, 2009). This has also been demon-
strated by experiments in mice, in which endotoxemia 
was induced by continuous subcutaneous infusion of 
LPS for 4 weeks. Increased blood glucose and insulin 
level and an increase in body weight and the expres-
sion of proinfl ammatory cytokines were seen in the 
test animals (Dominguez-Bello et al., 2010). Similar-
ly, experiments involving mice with a mutant CD14 
gene on a high-fat diet have shown that endotoxemia 
intensifi ed the expression of the genes for infl amma-
tory cytokines (activator inhibitor – 1-plasminogen, 
TNF-α, IL-6, and IL-1) through a CD14-dependent 
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mechanism. CD14 is a coreceptor of TRL4 located 
in macrophages, which is critical in the induction of 
infl ammation. This involves bacterial lipopolysaccha-
ride located on the surface of the host immune cells 
that stimulate the secretion of infl ammatory cytokines. 
The literature indicates that the LPS/CD14 complex 
also plays a major role in regulating the insulin sensi-
tivity threshold, which contributes signifi cantly to the 
development of obesity and diabetes. The mechanism 
behind the creation of these metabolic disorders has 
been linked to the activation of the intracellular infl am-
mation pathways of the kinases JNK (c-Jun N-terminal 
kinase) and IKK (IKB kinase; Shoelson et al., 2006). 
These enzymes are activated by normal infl ammatory 
stimuli, such as LPS, fats, chemokines, and free-fat-
ty acids. The activation of the JNK promotes insulin 
receptor phosphorylation of IRS-1 (insulin receptor 
substrate 1) from serine, resulting in impaired signal 
transduction into the cell and the inhibition of intra-
cellular glucose uptake. The stimulation of the kinase 
IKK activates a family of nuclear transcription factors 
NF-kB (nuclear factor), contributing to the develop-
ment of infl ammation and insulin resistance (Shoelson 
et al., 2006). These reports have been confi rmed by 
studies on humans and laboratory animals. It has been 
observed that treatment with polymyxin B (which has 
high effi  cacy against gram-negative bacteria) lowered 
the release of LPS in the body and the degree of fatty 
liver. Trials on patients suff ering from type-2 diabetes 
showed signifi cantly lower blood levels of bacterial 
LPS among members of the control group. Antibiotic 
therapy applied to high-fat fed mice with developed 
endotoxemia caused a decrease in its intensity through 
an increase in intestinal integrity, a decrease in lev-
els of infl ammatory markers, and an improvement in 
parameters associated with obesity and diabetes (Jun-
-Ling and Hui-Ling, 2014). 

The literature also points to the endocannabinoid 
system (eCB) as part of a complex web of activating 
infl ammation in the body that leads to the development 
of type-2 diabetes. The endocannabinoid system is in-
volved in many physiological processes, including the 
regulation of energy expenditure, energy metabolism 
of carbohydrates and lipids, and regulation of the ac-
tivity of hepatocytes, adipocytes, and endocrine pan-
creatic function. The eCB system consists of CB1 and 
CB2: through the CB1 receptor, the system controls 

the permeability of the gut and the plasma levels of 
LPS. The state of human intestinal microbiota sig-
nifi cantly modulates this system (Cani et al., 2008). 
Studies on obese mice have shown that the supply of 
prebiotics in the diet results in improvements in the 
functioning of the intestinal barrier and a reduction in 
permeability (Shoelson et al., 2006)). Blocking of the 
CB1 receptor and increased distribution and deploy-
ment of zonulin-1 and occludin forming tight junctions 
has been observed. The studies by Bermudez-Silva et 
al. on rats showed, however, that activation of the CB2 
receptor improves glucose tolerance, and the block-
ing of the CB1 receptors demonstrated an eff ect that 
mimics the action of CB2 receptor agonists. The in-
teraction of these receptors signifi cantly modulates 
the maintenance of glucose homeostasis in the body 
(Cani et al., 2012). It has been shown that changes in 
the expression of CB1 and CB2 are correlated posi-
tively with the quantity of bacteria of the genus Lac-
tobacillus and negatively with Clostridium population 
size (Bermudez-Silva et al., 2007). Experiments con-
ducted on laboratory animals have confi rmed that the 
modulation of the intestinal microfl ora by the supply 
of suitable prebiotics has a signifi cant impact on the 
expression of CB2 receptors (Aguilera et al., 2013). 
The size of the bacterial population of Akkermansia 
muciniphila also serves as an indicator of metabolic 
disorders in humans. Akkermansia muciniphila is an 
enteric bacterium that degrades mucoproteins of the 
intestinal mucosa; its presence is negatively correlated 
with body weight. As research indicates, supplementa-
tion with live Akkermansia muciniphila bacteria reduc-
es the severity of the metabolic dysfunction caused by 
a high-fat diet (Rousseaux et al., 2007). Numerous sci-
entifi c studies designed to demonstrate the connection 
between individual strains of bacteria in the intestines 
and type-2 diabetes have provided confl icting results. 
In most cases, researchers have agreed with the reduc-
tion in the population of Clostridium and the increase 
in Betaproteobacteria in patients with type-2 diabetes; 
the issue that remains concerns whether or not to al-
ter the bacterial population of Firmicutes and of the 
genera Lactobacillus, Atopobium, and Prevotella. The 
diff erences described here are due to a multitude of en-
vironmental factors aff ecting the diff erentiation of hu-
man intestinal microbiota (living environment, type of 
diet, and research methods) (Ley et al., 2005). 
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One of the mechanisms described in the literature 
on the development of metabolic dysfunctions asso-
ciated with intestinal dysbiosis is the metabolism of 
bile acids, which is modulated signifi cantly by bac-
teria inhabiting the human gut. In the liver, there are 
two primary synthesized acids: cholic acid and che-
nodeoxycholic acid. These compounds are converted 
in the intestines into secondary deoxycholic acid and 
lithocholic acid. This conversion involves a signifi -
cant proportion as a group of the intestinal microbiota. 
Deoxycholic acid is abundant in the bile ducts, and 
is formed in the large intestine from cholic acid by 
7α-dehydroxylation catalyzed by certain strains of the 
genus Clostridium. There is a close relationship be-
tween the synthesis of bile acids in the body and the 
state of the intestinal microbiota. The literature clearly 
points to the strong antibacterial properties of bile acids 
which, by destroying cell membranes, reduce bacterial 
populations (Sato et al., 2014). Only a few microbial 
communities are able to survive in the intestine, given 
the high concentrations of bile acids. Interesting re-
sults have been obtained from experiments involving 
rats supplemented with cholic acid. Signifi cant chang-
es were observed in the composition of the intestinal 
ecosystem on the cluster level. Indicators of bacteria 
of the phylum Firmicutes and the genus Bacteroide-
tes increased signifi cantly, indicating a similarity to 
the changes induced by a high-fat diet. In studies of 
germ-free mice and mice cultured in the conventional 
manner, it was observed that the latter were character-
ized by signifi cantly lower levels of bile in the gall 
bladder and small intestine and signifi cantly higher 
in the colon, cecum, serum, and feces. This analysis 
showed 71% lower overall levels of bile acids in mice 
reared under conventional conditions than in germ-
free animals. The mechanism reducing the synthesis 
of bile acid in the body is activated by the farnesoid 
X nuclear receptor (FXR). Intestinal bacteria are ca-
pable of activating this, which results in a reduction 
in the expression level of the enzyme catalyzing the 
synthesis of bile acids (Turnbaugh et al., 2006). Ac-
cording to current reports, bile acids play a signifi cant 
role in the metabolism of glucose, acting as signaling 
molecules and ligands of cell membrane receptors. 
They have the ability to activate the FXR nuclear re-
ceptor and membrane-bound G protein-coupled recep-
tor (GPCR-1) (Islam et al., 2011). The eff ects of bile 

acids have also been demonstrated on the inhibition of 
gene expression associated with the process of gluco-
neogenesis, e.g., encoding fructose-1,6-biphosphatase 
1, phosphoenolpyruvate carboxykinase, and glucose-
6-phosphatase via interaction with the FXR receptor 
(Turnbaugh et al., 2006). Experiments on mice lack-
ing the FXR receptor have shown that this treatment 
has a protective eff ect against the onset of diet-induced 
obesity and alleviates hyperglycemia, increasing glu-
cose tolerance. In test animals, increased, peripheral 
glucose uptake and increases in the sensitivity of 
adipose tissue on the insulin action were observed. 
Interesting observations have also been provided by 
a study involving patients with a vertical sleeve gas-
terectomy (VSG), an eff ective method for reducing 
the level of obesity and related pathologies, such as 
type-2 diabetes. The researchers observed changes in 
the composition of the intestinal microbiota and the 
increased circulation of bile acids interacting with the 
receptor FXR. The results included an improvement 
in glucose tolerance and the eff ective maintenance of 
weight loss. Studies on mice demonstrated that acti-
vation of the GPCR-1 receptor located in the enter-
oendocrine L cells induces the release of glucagon-
like peptide (GPL1), improving the functioning of the 
liver and pancreas and improving glucose tolerance. 
GPCR-1 receptors are also located in the muscles and 
brown adipose tissue, and their activation results in 
increased power consumption and a decrease in the 
degree of diet-induced obesity (Hylemon et al., 2009). 
Studies involving patients with type-2 diabetes and 
impaired glucose tolerance have demonstrated signifi -
cantly higher levels of taurine-conjugated bile acids, 
proportional to the severity of the disorder. The lack 
of adequate research does not allow this parameter to 
be directly associated with obesity or the consumption 
of glucose. However, the fact is that the increased lev-
els of taurine-conjugated bile acids that characterize 
patients with type-2 diabetes may be associated with 
the reduced level of the deconjugation process caused 
by lack of bile acid hydrolase enzyme, an important 
source of which is the gut microbiota. The compounds 
that bind bile acids in the body play an important role 
in preventing the formation of plaque. The binding 
of bile acids in the intestinal tract stimulates the syn-
thesis of cholesterol in the liver, thereby reducing the 
level of LDL in serum. The literature also describes 
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the signifi cant eff ect of bile acid sequestrants in the 
improvement of glucose control in patients with type-
2 diabetes. The mechanisms leading to this eff ect 
include changes in the composition of intestinal mi-
crobiota, improvements in the hepatic metabolism of 
glucose, increases in the release of incretin hormones, 
and a change in the composition of bile acids (Ryan et 
al., 2014). 

The literature extensively describes the role of the 
condition of the intestinal microbiota in the patho-
genesis of atherosclerosis and dyslipidemia. Recent 
scientifi c reports classify the condition of the human 
intestinal microbiota as one of the environmental fac-
tors that stimulate the development of cardiovascu-
lar disease (Blaser and Falkow, 2009). Studies using 
germ-free mice with an experimental model of human 
atherosclerosis lacking ApoE, a component of the li-
poproteins that transport cholesterol in the circulatory 
system, showed that the lack of intestinal symbiotic 
microbiota induces plaque, in spite of the low supply 
of cholesterol from the diet. Colonization of intestinal 
microbiota typical of the digestive tract prevented the 
development of atherosclerotic lesions in mice lacking 
apolipoprotein E with a low supply of cholesterol in 
the diet. This eff ect is not achieved with high choles-
terol diets, but this does not change the fact that com-
mensal intestinal microbiota has an atheroprotective 
eff ect (Jones et al., 2008). 

As described in the literature, the mechanisms 
through which intestinal microbiota aff ect the devel-
opment of cardiovascular diseases include phosphati-
dylcholine metabolism. Intestinal bacteria metabolize 
choline and phosphatydylocholin to trimethylamine 
(TMA), which is then converted to a proatherogenic 
agent, trimethylamine oxide (TMAO). Experiments 
on germ-free mice lacking ApoE have shown that 
a diet rich in red meat, a rich source of L-carnitine 
and trimethylamine, stimulates changes in the compo-
sition of intestinal microbiota, whose end result is the 
production of increased amounts of TMAO and ac-
celeration of atherosclerosis (Stepankova et al., 2010). 
The variability of the composition of the intestinal 
microbiota signifi cantly aff ects the intensity of the 
production of TMAO in the body, which is a particu-
larly important part of the production of bacteria of the 
genera Prevotella, Deff eribacteres, and Teneriticutes; 
a lower level of TMAO production is characterized by 

bacteria of the genus Bacteroides. These results are 
confi rmed by observations in humans using a vegetar-
ian diet and a diet rich in meat. In the case of the veg-
etarian diet, the treatment group showed signifi cantly 
lower levels of L-carnitine in the blood, lower produc-
tion of TMAO in the body and a lower cardiovascular 
risk. On the other hand, the subjects consuming the 
diet rich in meat were characterized by the occurrence 
of cardiovascular events (Wang et al., 2011). Trimeth-
ylamine oxide inhibits the reuptake of cholesterol and 
increases the expression of proatherogenic scavenger 
receptors (SRS) and SRA CD36 on the surface of mac-
rophages, stimulating them to accumulate cholesterol 
and to convert themselves into foam cells, an early 
indicator of atherosclerosis (Wang et al., 2011). Fur-
thermore, this compound reduces bile acid synthesis 
from cholesterol and the expression of genes encoding 
proteins for liver bile acid transporters (Wang et al., 
2011). In the light of these reports, it can be concluded 
that a diet high in animal fat and red meat promotes 
intestinal microbiota dysbiosis which, with the partici-
pation of molecules provided in the diet, signifi cantly 
modifi es the metabolism of lipids, thus contributing to 
an increased risk of cardiovascular disease (Blaser and 
Falkow, 2009). 

Current reports discuss the impact of gut microbi-
ota on the metabolism of anthocyanins, whose sources 
in the diet are fruits such as blueberries, blackber-
ries, elderberry, and orange vegetables like carrots 
and sweet potatoes. It is estimated that the process is 
of signifi cant atheroprotective importance. Protocat-
echuic acid (PCA) is produced directly by the intesti-
nal microbiota from cyanidin glucoside (Cy-3-G) and 
has an important antiatherogenic eff ect, as confi rmed 
by experiments on ApoE knockout mice (Wang et al., 
2011). PCA stimulates the outfl ow of cholesterol from 
macrophages by activating the expression of sterol 
transporters ABCA1 and ABCG1. A study by Wang 
et al. (2012) demonstrated that Cy-3-G improves the 
level of cholesterol in serum and increases bile acid 
production by binding directly to the liver X recep-
tor (LXRα), activating the expression of hydrolase 
CYP7A1 (cholesterol 7-α-hydrolase). This enzyme 
is involved in the catabolism of cholesterol into bile 
acids. Animal studies have shown that Cy-3-G re-
stores the ability to produce nitric oxide in vascular 
endothelial cells, thereby improving its overall form, 
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and also inhibits the process of atherosclerosis. The ef-
fect of Cy-3-G on the inhibition of TLR4-dependent 
infl ammatory processes in macrophages was further 
observed. Cy-3-G stimulates the LXRα/ABCG1 axis, 
activating the reuptake of cholesterol, thereby lower-
ing its pool in systemic circulation. This dye also re-
duces the translocation of the TLR4 receptor to the 
atherosclerotic plaques, thereby preventing its exces-
sive proliferation (Wang et al., 2012). 

CONCLUSIONS

The global epidemic of obesity and other metabolic 
diseases, in particular of type-2 diabetes and athero-
sclerosis, has led to the search for both environmental 
and internal factors that may have an impact on their 
development. The fact is that intestinal microbiota has 
a signifi cant impact on the health of the organism and 
on the development of such dysfunctions. The com-
plexity of the human body and interactions between 
metabolic diseases and the gut microbiota means that 
research is constantly developing in this area. Ac-
curate knowledge of commensal bacteria strains and 
their impact on the host could become a milestone in 
the development of “targeted microbial therapy” of 
metabolic diseases with a proven immune-mediated 
background.
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