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Abstract

The microbiota is indispensable for human health and the regulation of various body functions, including energy
metabolism. The harmonic crosstalk between the microbiota and the intestinal epithelial barrier determines gut
homeostasis and health status in the healthy subject. Obesity and type 2 diabetes risk are, to some extent, explained
by alterations in the microbiota. Since recent data indicate that the population of gut microorganisms can influence
nutrient absorption and energy storage thus prevalence on obesity and metabolic disorders. Moreover, metabolic
disease conditions, such as obesity, may be stimulated by genetic, environmental factors and by pathways that link
metabolism with the immune system. On the basis of the above considerations, this review compiles the current
results obtained in recent studies indicating the gut microbiota contribution to obesity development.
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Introduction

The prevalence of obesity and diabetes in developed soci-
eties remains as one of the main public health problems
worldwide and its incidence is extensively increasing.
Obesity results from the accumulation of excess adi-
pose tissue; however, its etiology is complex, and symp-
toms are heterogeneous due to high comorbidity with
metabolic diseases, including type 2 diabetes, which is a
concomitant pathology. It has been suggested that diet
is important in energy balance, and also plays a funda-
mental role in maintaining the diversity and proper func-
tioning of our gut microbiota. Thus appropriate dietary
intervention, such as high-fiber diet may improve health
status via regulation of microbiota in humans [1]. In this
context, microbiota manipulation by prebiotics becomes
a possible modifier of the microbial profile and can
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improve host health, by triggering beneficial systemic
responses and reducing adiposity [2].

Microbiota composition in the human gut
The microorganism’s community inhabited in human
body are known as the microbiota. The microbial cell
number concentration in the lumen is ten times greater
than the host eukaryotic cells, representing 1-2 kg of
body weight [3]. The gut microbiota has been classi-
fied into approximately 1000 different species [4]. Three
distinctive dominant phylum has been identified in the
human intestine: Firmicutes, Bacteroidetes and Act-
inobacteria [5], which account for approximately 90% of
total bacteria in the gut, mainly in its terminal part, the
colon. The diverse biochemical activity of these bacteria
have vital metabolic contributions for the human body, in
which the body could not perform independently [6].
Recent gut microbiota studies have indicated a greater
Firmicutes to Bacteroidetes (F/B) ratio in obese individu-
als and obese (0b/0b) mice compared to those of lean
counterparts [7—11]. For instance, the study of Ley et al.,
was the first to exhibit powerful correlation between gut
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microbiota and obesity in leptin-deficient 0b/ob mice,
which is a mouse model for obesity. Results showed
different gut microbiota composition in o0b/ob mice
compared to those of the lean wild-type mice (4/+),
reporting a higher ratio of Firmicutes instead of Bacte-
roidetes [8]. Although the bacterial composition of the
microbiota varies from one healthy subject to another,
the functional gene profile associated with each micro-
biota tends to be similar [11]. Consequently, the micro-
biota strongly affects the intestinal genes expression
involving energy balance [12], the regulation of intestinal
barrier function [13], intestinal satietogenic hormones
release stimulation [14], the bile acids metabolic activity
modulation [15], the digestion/absorption of nutrients
by intestinal mucosa of the host [16], and the generation
of short-chain fatty acids (SCFAs) via non-digestible car-
bohydrates bacterial fermentation, in which these SCFAs
along with plant polysaccharides absorbed by the host
are transported to the liver, where they are converted to
more complex lipids [15-18], contributing significantly
to human physiology and metabolism.

Likewise, the microbiota participates in the homeosta-
sis of individuals, providing a series of key functions such
as the dietary non-digestible polysaccharides degrada-
tion, regulation of energy storage obtained, synthesis of
vitamins, modulation of the immune system and also has
a protective effect of the intestinal barrier [13]. Hence,
any factor or events that affect one of these functions has
repercussions on others and negatively impacts the entire
organism. Taken together, this article aims to compile
scientific literature on the relevance of microbiota to obe-
sity and the possible mechanisms involved preventing or
treating the obesity pandemic.

Altered gut microbiota profile in obesity

Dysbiosis, alterations in gut microbiota composition,
may lead to the obesity development, thus, emphasizing
that gut-nutrients-targeting linked to obesity ameliora-
tion should be recognized [19]. Obesity and diabetes,
are consequences of intricate interaction between sev-
eral genes and environmental factors, involving energy
imbalance due to a sedentary lifestyle, excessive energy
consumption, or both [20, 21]. The recent rising-inter-
est in gut microbiota role as a potential target for the
rapid escalation of obesity incidence globally [22, 23].
Several studies have reported that the intestinal micro-
biota differs among individuals, depending on adipos-
ity and body mass index (BMI). Microbial composition
changes in diabetic and metabolic syndrome animal
models were observed [11]. Reinforcing the possi-
ble association of microbial composition variation to
metabolic disorders. In addition, several human stud-
ies have also indicated the correlation of microbiota
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composition changes in the obese population. A sche-
matic summary of gut microbiota population, altered in
obesity and lean individuals, is shown in Fig. 1. Alike,
consistent with results from animal studies, common
gut microbiota changes in obese subjects seems to be
linked to an increased and decreased abundance of Fir-
micutes and Bacteroidetes, respectively [24]. Table 1
summarizes key human studies on gut microbiota role
in obesity development.

Evidence suggests that dietary intervention could
ameliorate obesity by altering microbiota profile.
Reportedly, green tea and its processed products such
as black along with oolong tea, promotes beneficial
lipid metabolism and obesity effects [25]. In line with
these findings, Seo et al. showed exhibitory anti-obesity
effects of fermented green tea extracts (FGT; 500 mg/
kg; dissolved in 0.1% methylcellulose) in mice, in which
high-fat diet (HFD) fed obese mice were given a daily
oral administration of dried green tea leaves, fermented
by Bacillus subtilis, while the control groups were
administered 0.1% methylcellulose as vehicle. Results
indicated 8-week of FGT administration dramatically
decreased the Firmicutes/Bacteroidetes ratio while low-
ering plasma glucose and lipid levels. Moreover, the
dietary intervention reduced lipogenic and pro-inflam-
matory gene expression, thereby preventing hyperlipi-
demia [26, 27]. Taken together, it is suggested that gut
microbiota modification through dietary intervention
might be a promising obesity therapeutic adjuvant.

Lactobacillus spp.
Clostidium
Roseburia
Mollicutes
Actinobacteria
Prevotella
Escherichia coli
Staphylococcus
Enterococcus spp.
Methanobacteriales

F/B ratio
|

Prevotella
Bacteroides

[ Bifidobacteria
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Fig. 1 Summary of gut microbiota composition increase in obese
and lean subjects
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Microbiota, obesity, and prebiotics correlation

Studies in animal models of genetic or diet-induced
obesity showed that prebiotics can enhance intestinal
barrier function, glucose tolerance, and lipid metabo-
lism modulation while reducing weight gain, fat mass,
and inflammatory status. Likewise, it can regulate the
production of intestinal hormones by the trophic effect
that promote the mucosa [21, 28-30]. Table 2 shows
the summary of mice and human key prebiotic studies.

Furthermore, studies in mice have shown the rela-
tionship between energy balance, diet, and gut micro-
biota composition. Intestinal microbiota has been
suggested to be affected by nutrient acquisition,
energy storage, and a host of metabolic pathways [5].
The microbiota has dramatic biological effects in the
human organism; in terms of nutrient acquisition, the
microbiota metabolizes non-digestible food residues,
such as dietary polysaccharides (e.g., oligosaccharides,
resistant starch and fructose). Consequently, intestinal
microbiota metabolic activities differences may lead to
variations in ingested calories from dietary substances,
storage of calories in adipose tissue, and the availabil-
ity of energy for microbial proliferation. Such intestinal
microbiota differences are also linked to variation in
energy uptake in humans, explaining aspects of obesity
which may be responsible for an individual’s predispo-
sition to metabolic disorders [24].

Most microbiota composition alterations are revers-
ible suggesting microbiota of an individual is an innate
characteristic [20]. However, these alterations in obese
subjects (genetic or diet induced) can be reversed by oral
transfer of the lean mice intestinal microbiota [9, 10] or
by dietary intervention of prebiotics administration [31].
Inflammation, diabetes, obesity, and insulin resistance in
mice can be improved by fecal transplantation [21].

Only in animals, modulation of microbiota compo-
sitions may improve body weight. Obese animals to
germ-free mice (GFM) and lean animals microbiota
transplantation results in obesity, while the contrary is
observed by transfer microbiota from lean to obese ani-
mals [11, 32, 33]. For instance, Turnbaugh et al. dem-
onstrated that fecal transplantation of ob/ob into GFM
led to increased body weight over a 2-week period [10].
Likewise, Goodman et al. carried out a study using mice
that were transplanted with human microbiota from lean
individuals and fed a high-fat-high-sugar diet, resulting
in a Firmicutes increase and a reduction in Bacteroidetes
group attributable to bacterial fermentation [34]. In line
with these findings, Bickhed et al. showed that GFM
C57BL/6 following a colonization by conventional mice
distal microbiota, increases 60% BMI along with insulin
resistance after 14 days while reducing food consump-
tion, revealed that gut microbiota promotes absorption
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of monosaccharides, resulting in de novo hepatic lipo-
genesis induction [20].

Prebiotics are ingredients selectively fermented to pro-
mote beneficial modification in gastrointestinal micro-
biota’s composition and/or activity and thus are capable
of conferring health benefits to the individuals [28, 35,
36]. They are usually “non-digestible” dietary elements,
but are fermented by gut microbiota, serving as energy
source [37, 38]. The effects of prebiotics on energy home-
ostasis and satiety regulation are linked to a decrease
in metabolic disorders and obesity incidence [39, 40]
(Fig. 2). Although exact gut microbiota and obesity corre-
lations are not fully known, diet-based intestinal microbi-
ota manipulations, particularly via prebiotics and dietary
fibers, can be a potential approach for reversing or obe-
sity prevention.

Short-chain fatty acids production via microbiota
Recently, dietary fibers have gain interest due to their
exert beneficial metabolic functions including gut micro-
biota SCFAs production. SCFAs affects the growth and
differentiation of enterocytes and colonocytes. The
energy extracted from dietary fibers by microbiota,
become available to the body and avoids their loss in
stools. The fermentation of dietary fibers by the micro-
biota releases SCFAs such as acetate, propionate and
butyrate, whose total concentrations can reach 130 mM
in the colon [41, 42]. While butyrate is metabolized
principally by colonocytes; acetate and propionate are
absorbed, reaching concentrations of 300 to 450 pM in
portal blood and 50 and 100 pM in peripheral blood [16,
20, 43]. Acetate is the dominant type of SCFAs in humans
and these SCFAs seems to play an interesting role in
modulation of protein kinase activity (PKA) activated
by 5’-AMP-activated protein kinase (AMPK) along with
macrophage infiltration into adipose tissue [12].

In contrast, the de novo synthesis of lipids or glucose
is triggered by propionate, acting as an energy source
for the host. Moreover, butyrate and propionate initiate
intestinal gluconeogenesis via a gut-brain axis, promot-
ing metabolic advantages on glucose and body weight
regulation [43]. SCFAs can function as signals derived
from microbes that influence carbohydrate metabolism
and intestinal physiology by stimulating the secretion of
hormones such as ghrelin, and the greater peptide tyros-
ine tyrosine (PYY) and glucagon-like peptide-1 (GLP-1)
release, while serving as intestinal epithelial cells energy
source (Fig. 3). Acetate, in particular, represents a pre-
ferred substrate for gluconeogenesis and the synthesis of
cholesterol and triglycerides [28, 41, 44].

In addition, from their role in energy recovery, the
SCFAs are ligand compounds for G protein coupled free
fatty acid receptor 2 (FFAR2/GPR43) and 3 (FFAR3/
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GPR41). Acetate selectively activates GPR43 in vitro; pro-
pionate exerts a similar activation on GPR43 and GPR41;
however, butyrate has an affinity-activation over GPR41
[45]. These receptors are implicated in appetite and
energy metabolism regulation that affect insulin resist-
ance and adiposity in individuals. According to Gao et al.
butyrate supplementation to DIO mice raised intestinal
and circulating SCFAs resulting in weight gain suppres-
sion, AMPK activation and increase mitochondrial func-
tion. These results indicated that feeding a HFD along
with butyrate supplementation to diet-induced obese
mice, reverses and prevents insulin resistance [46].
Alternatively, GPR43 stimulation promotes energy
storage by increasing adipogenesis, inhibiting lipolysis in
adipocytes, and decreasing energy expenditure [44]. Pro-
pionate, modulates energy homeostasis by promoting the
activation of sympathetic neurons mediated GPR41, in
contrast to ketone bodies [44]. In addition, compared to
wild types, knockout animals for GPR41 or GPR43 have
less hepatic triglycerides and plasma cholesterol, greater
insulin sensitivity and a lower weight gain when fed on
a HFD [47]. Thus, gut epithelium or liver greatly uses

SCFAs as an energy source to confer metabolic benefits
to the host, such as suppression of food intake and stimu-
lation of gut hormone secretion while protecting against
glucose intolerance and high-fat-induced weight gain.

In the intestinal lumen, SCFAs binds to GPR41, increas-
ing key insulin signaling molecules, such as PYY, which
delays gut motility, thus increasing nutrient absorption
[48] and increase GLP-1 levels, regulating satiety [18, 43,
49]. Similarly, GPR43 role in regulating inflammatory
responses by microbiota modulation have been studied
[5, 16]. These results indicate that GPR41 and GPR43
are important for gut immunity. Furthermore, based on
studies SCFAs are precursors of hepatic cholesterol bio-
synthesis and fatty acids. For instance, according to Can-
fora et al. propionate acts as de novo gluconeogenesis
precursor and attenuates lipogenesis in the liver through
the suppression of fatty acid synthesis (FAS) while
butyrate and acetate directly activates hepatic AMPK-
phosphorylation via peroxisome proliferator-activated
receptor (PPAR-a) target genes upregulation. Thus, ele-
vating fatty acid oxidation (FAO) and glycogen storage,
presumably to be triggered by GPR41/GPR43-dependent
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Fig. 3 Interaction between SCFAs, GPR43 and GPR41 receptors.
(1) Bacteria in the gut interact with complex dietary carbohydrates
produced by SCFAs through hydrolysis and fermentation; (2) The
binding between SCFAs and GPR43 receptor in enterocytes promotes
the release of GLP-1, increasing insulin sensitivity; (3) GPR43 activation
via SCFAs interactions in the adipocyte suppresses insulin release,
inhibiting fat stores in adipose tissue; (4) SCFAs-GPR41 receptor
binding increases the release of PYY, reducing the development of
obesity

enterocytes

mechanisms [50]. Consistently, according to Brown et al.,
the GPR43 highest concentrations were found in immune
cells while GPR41 was highly expressed in adipose tissue
[45]. GPR43 stimulation of has been shown to promote
energy storage by increasing adipogenesis, inhibiting
lipolysis in adipocytes and decreasing energy expendi-
ture hereby regulating energy metabolism [51]. Hence
GPR43 function as a sensor for excessive dietary energy
in adipose tissue by modulating metabolic homeostasis
[52]. Taken together, SCFAs-GPRs signaling pathways is
involved in lipid, glucose along with cholesterol metabo-
lism regulation.

Prebiotics effects on metabolic syndrome

and obesity

The consumption of oligofructose has been correlated
with blood glucose and fasting insulin improvement in
diabetic rats and appetite inhibition in HFD-fed animals
[53]. Clinical trials of healthy subjects have confirmed
the findings in animals, showing that the consumption of
oligofructose modulates ghrelin, GLP-1 and PYY plasma
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concentrations in humans, decreasing the postpran-
dial blood glucose changes and the sensation of hunger
in these subjects [18, 54]. As reported by Cani et al. the
oligofructose supplementation effect on human satiety
hormones was assessed; 10 adults (5 men and 5 women)
randomly placed into groups receiving either 16 g oligof-
ructose/day or 16 g dextrin-maltose/day for 2 weeks. The
results showed that the incorporation of prebiotics into
the diet may be an interesting strategy to control appetite
by modulating the microbiota, since GLP-1 was remark-
ably higher after prebiotic treatment compared to the
controls. In prebiotic-treated subjects, PYY levels were
notably elevated after 10 min [18]. Similarly, Delzenne
et al. showed that the administration of a diet supple-
mented with 10% dietary inulin-type fructans extracted
from chicory root to male Wistar rats for 3 weeks,
decreases the food consumption and the epididymal
fat mass of animals due to the decrease in the release of
ghrelin, and the greater release of GLP-1 and PYY via
enteroendocrine cells of ileal and colonic epithelium [55].
Furthermore, it has been suggested that prebiotics
could exert anti-obesity effects through the reduction of
adipogenesis. Dewulf et al. observed that 4-week dietary
supplementation of obese mice with inulin-type fructan
(0.2 g/day/mouse) reduced GPR43 mRNA expression in
subcutaneous adipose tissue, decreased induced-HFD fat
mass development while it increased lipolysis, improving
tissue insulin response. Subsequently, modulated peroxi-
some proliferator-activated receptor (PPAR-y) activation
and reduction in the expression of CCAAT-enhancer-
binding protein (C/EBP«), lipoprotein lipase (LPL), and
fatty acid binding protein (FABP/ap2). These proteins
are involved in the processes of lipid accumulation and
adipocyte differentiation in adipogenesis and, therefore,
presented a positive correlation with the reduction of
adipocytes size and fat mass. Hence, the administration
of inulin-type fructan to HFD-fed mice led to an impor-
tant increase of Bifidobacteria levels and counteracted
all the HFD-induced alterations, including a restoration
of PPAR-y activity and GPR43 expression. However, the
specific modulation of the gut microbiota in which inulin
counteract HFD-induced PPAR-y remains elusive [51].
Neyrinck et al., also demonstrated that mice under
a 4-week HFD supplementation with prebiotic ara-
binoxylan (10% w/w), showed lower FAS uptake due to
decreased fatty acid synthase and LPL activity. Also,
reduced body weight gain reduction, serum and hepatic
cholesterol accumulation and insulin resistance index,
while restoring the number of bacteria (Bacteroides-
Prevotella spp. and Roseburia spp.) and prompting bifi-
dobacteria that were decreased upon HFD-fed [19].
Arabinoxylan supplementation leads to modifications of
fatty acid pattern in the adipose tissue by increasing the
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rumenic acid amount, a linoleic acid metabolite which
belong to the conjugated linoleic acid (CLA) family. CLA
isomers have been shown to exert a variety of biological
effects, including anti-obesity effects [56]. Arabinoxylan
hypocholesterolemic effects were previously demon-
strated in rats, by decreasing dietary cholesterol absorp-
tion and an increasing fecal excretion of cholesterol and
bile acids, while increasing the 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMG-CoA reductase)
expression [19, 57]. In addition, Abrams et al. carried out
a 1-year study in 97 adolescents that were supplemented
with 8 g/day inulin-type fructan and noted that subjects
receiving the prebiotic had smaller BMI increase and
fat mass index (FMI) compared to the controls (8 g/day
maltodextrin) [17].

In spite of these evidences, Neyrinck et al. showed that
the 4-week administration of 10% chitin-p-glucan has no
effect on GLP-1 plasma levels and proglucagon expres-
sion in obese mice, suggesting that in contrast to oligof-
ructose, chitin-p-glucan effect on obesity is independent
of GLP-1 production and Bifidobacteria changes. It was
postulated that chitin-B-glucan affect host lipid metabo-
lism via gut microbiota modulation. Regardless of those
findings, there was a significant body weight and fat mass
reduction, while having metabolic profile improvements
such as decreasing fasting hyperglycemia, hepatic triglyc-
eride accumulation and hypercholesterolemia [58]. Alter-
natively, galacto-oligosaccharide supplementation (5.5 g/
day for 12 weeks) did not affect the anthropometric
parameters of individuals with metabolic syndrome and
overweight, however, it did alter some markers related
to this disorder such as a reduction in plasma total cho-
lesterol, triglycerides, insulin, and C-reactive protein
concentrations. It improved intestinal immune function
assessed by an increase in IgA secretion and decreased
calprotectin (intestinal inflammatory marker) in feces.
Suggesting that galacto-oligosaccharide positively influ-
ences the immune response by shifting from less benefi-
cial bacteria to more beneficial bifidobacteria numbers in
the fecal microbiota [59].

Other positive results of prebiotic ingestion in obe-
sity in humans have been reported by Genta et al.
in which overweight and mild dyslipidemia women
underwent a weight loss program for 120 days (hypoca-
loric diet+ physical activity); those who included
yacon syrup, rich in fructo-oligosaccharides (FOS) to
their diet (enough to provide 0.14 g of FOS/kg of body
weight/day) had a greater reduction in body weight,
BMI and waist circumference. Regarding the bio-
chemical variables, this group of women presented a
reduction in the values of HOMA-IR, fasting insulin
and low-density lipoprotein cholesterol. The authors
emphasize that these results cannot be attributed
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exclusively to FOS supplementation, however, the
beneficial effect was advised [60]. Despite prebiotics
appear to be promising tools in the nutritional strat-
egy for reducing the risk of obesity or as an adjuvant
in the treatment of this clinical condition through their
capacity to promote secretion of endogenous gastroin-
testinal hormones involved in appetite regulation. Fur-
ther human studies are required to confirm the dietary
fibers effects in reducing adiposity as well as obesity
associated comorbidities.
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