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Abstract

Obesity is a critical medical condition present in the twenty-first century. Multiple factors contribute to its aetiology.
Among those factors, the gut microbiota contribution is larger. Changes in the composition of two main phyla
(increased Firmicutes and decreased Bacteroidetes) impact on mechanisms such as lipid metabolism and
inflammation. Obese individuals indicate higher Firmicutes: Bacteroidetes ratio than their lean counterparts. Daily
intake of high-fat diet also alters the gut microbiota composition. Nevertheless, direct bacterial influence in these
mechanisms is still indistinct. Therefore, further investigations are required, which will also help to improve
therapeutic strategies than those being used nowadays to treat obesity.
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lumen; Hypertension

Introduction

Obesity is a serious medical condition which increases the
likelihood of chronic disorders such as type-2 diabetes mellitus,
cardiovascular diseases, hypertension, atherosclerosis and certain types
of cancers [1]. Obesity has been categorized as a disease by the
American Medical Association. As shown in Figure 1, several factors
contribute to the onset of obesity [2,3].
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Figure 1: Factors contributing to obesity.

Gut microbiota is a group of microorganisms that reside in the
gastrointestinal tracts of humans and animals. Each individual has a
unique gut microbiota composition, but gut microbiota mainly belongs
to four phyla, Firmicutes, Bacteroidetes, Actinobacteria and
Proteobacteria [4]. The number of bacterial cells in an adult human
body is ten times more than the cells constituting the human body.
Factors such as diet, medications disease state and host genetics affect
the gut microbiota composition [5,6].

Recently, it has been observed that changes in gut microbiota
composition play a major role in the pathophysiology of metabolic
disorders, especially in obesity. In earlier studies, mouse models of
obesity have been shown shifts in the inclusive proportions of two
main phyla, Firmicutes and Bacteroidetes [7,8].

These two phyla have been found to play a prevailing role while
other phyla attribute to a lesser degree. Obese individuals and mouse
models indicate a tendency towards a dysbiosis which also comprises a
higher ratio of Firmicutes: Bacteroidetes [9].

The alteration of bacterial compositions in the gut lumen affects the
capability of the microbiota to produce energy from indigestible
carbohydrates, suppress several gene expressions thereby increase the
fatty acid deposition in adipocytes [10].

This gut microbiota tends to get into the host’s immune system
because of a leaky intestinal barrier, which in turn induces
inflammation [7,11]. As mentioned above, several mechanisms have
been proposed that gut microbiota may impact on host obesity. This
review has been made an attempt to discuss two major mechanisms
which involve in causing obesity.

Metabolic Mechanisms of the Gut Microbiota in the
Genesis of Obesity

The gut microbiota impact on host functions through several
mechanisms, suggesting that they might involve in the onset of obesity
[5]. The correlation between host, microbiota, and diet is very
complicated, but the procedures involved are well connected.

Figure 2, illustrates some mechanisms such as short-fatty acid
production, lipoprotein metabolism, suppression of particular gene
expressions and microbiota-associated inflammation where gut
microbiota involved in the onset of obesity [12].
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Figure 2: Potential mechanisms of the correlation between gut
microbiota and obesity.

Microbiota Associated-Inflammation

It has been found that obesity is associated with systemic
inflammation, which triggers an innate immune response to bacterial
Lipopolysaccharide (LPS). LPS is a cell wall component of gram-
negative bacteria which is considered as an endotoxin [13,14].

LPS is an amphiphilic molecule which contains both hydrophobic
and hydrophilic components in it. It has shown that during cell
shedding or bacteria lysis, LPS get released from bacterial cell walls.
Thus, it is considered as a Pathogen-Associated Molecular Pattern
(PAMP) [14,15].

LPS concentrations found to be low in gut lumens of normal,
healthy individuals and cannot penetrate the intestinal epithelium.
Nevertheless, high concentrations of LPS have been found in obese
individuals. These findings have also shown diet as a determinant
factor [16,17].

Both human and animal models which were on a High-Fat Diet
(HFD) have been shown compositional changes in the gut microbiota
(increase Firmicutes and decrease Bacteriodetes) and higher LPS levels
in systemic circulation, which resulted in metabolic endotoxemia
[17,18].

A study was carried out by Kim et al. [19]. They observed the
correlation of HFD with systemic endotoxemia. As shown in Figure
3A, plasma endotoxin levels were higher in Wild-Type (WT) mice,
which were on an HFD than WT mice which were on a Low-Fat Diet
(LFD).

As shown in Figure 3B, there was no significant difference observed
in the plasma endotoxin levels between TLR4 Knock Out (KO) mice
which were on an HFD or an LFD. Thus, suggested HFD induces
inflammation by increasing plasma LPS levels.
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Figure 3: (A) Plasma endotoxin concentrations (EU/mL) in WT
mice; (B) TLR4 knockout mice (n=5), (p<0.01).

There is a tight junction barrier which tightly regulates the intestinal
mucosal permeability. This tight junction barrier is made up of
proteins like claudin, zonula occludens-1 (ZO-1), and occludin [20]. It
has been found that HFD intake cause reduction in the synthesis of
these proteins. Thus, increases gut permeability. Study of the de La
Serre et al. has shown that gut permeability increases following an
HED [21].

Kim et al. also observed the influence of HFD on occludin and
claudin-1 protein levels [19]. As shown in Figure 4A, WT mice showed
a drastic reduction in the expression of occludin and claudin-1 which
is responsible for intestinal permeability after switching to an HFD. As
shown in Figure 4B, no decrease was observed in TLR4 KO mice,
which were on an HFD.
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Figure 4: (A) Western blot analysis, quantification of occludin and
claudin-1 protein levels in WT mice; (B) TLR4 knockout mice (n=
10), (p<0.05).

There is a molecule called Glucagon-Like Peptide-2 (GLP-2)
synthesized by intestinal L-cells. It has found that GLP-2 regulates the
synthesis of those tight junction proteins that are important in
promoting intestinal growth and regulating gut permeability [22]. It
has been suggested that continuous consumption of HFD decreases the
expression of GLP-2. Thus, declines the mRNA expression for the
synthesis of proteins of the enterocyte-tight junctions, which results in
increased gut permeability [23].

There is an LPS detoxifying enzyme called small Intestinal Alkaline
Phosphate (IAP). It has found that IAP expression decrease with
higher intake of HFD. In the study of de La Serre et al. they used two
types of Sprague-Dawley rats [21]. Those were Obesity-Prone (DIO-P)
and Obesity-Resistant (DIO-R) phenotype. These rats were fed with
LFD or an HFD for a few weeks. As shown in the Figure 5, when
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compared to LF and DOI-R, DIO-P rats had a significant decrease in
IAP activity.
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Figure 5: Intestinal alkaline phosphatase activity in Low-Fat (LF),
DIO-R, and DIO-P rats after on respective diets.

As confirmed by the studies LPS has an ability to cross the gut
mucosa through intestinal leaky tight junction barrier [24]. It has been
shown that LPS has a high affinity towards chylomicrons thus easily
integrates into it. As chylomicron formation increases after an HFD,
systemic LPS levels also increase. A dietary survey was done by Amar
et al. involving 1015 randomly chosen healthy French men [16].

These data suggested that bacterial LPS was efficiently transported
in fat from the gut lumen into the systemic circulation and
consumption of HFD induces plasma LPS concentration. Previously
described studies have also shown that mice fed with HFD have higher
LPS levels in them. Hence it is evident, that the higher amount of LPS
enters the systemic circulation via the lymph following an HFD.

Once LPS reach the host bloodstream, it penetrates into tissues such
as liver or adipose tissue. These tissues contain Toll-Like Receptors
(TLRs) which act as Pattern Recognition Receptors (PRRs). From
several types of TLRs, TLR4 is found to be functional in adipose tissues
[25]. TLR4 is known to play a major role in this mechanism by acting
as an LPS receptor which needs to trigger an innate immune response.

This was confirmed by the study of Kim et al. where it showed that
TLR4 KO mice had low levels of LPS than their WT mice. As a result
of that, TLR4 KO mice also didn’t gain weight, which suggested that
TLR4 is an important component in this process. The study of Lin et al.
also showed that LPS effectively signalled through TLR-4 [26].

There are receptor proteins called a cluster of differentiation-14
(CD14) on the plasma membranes of macrophages in adipose tissue
[24]. LPS activates these CDI14 after binding to the plasma LPS-
Binding Protein (LBP) and form a complex. A study done by Hailman
et al. showed that CD14 has the ability to bind with LPS without LBP
[27].

It further confirmed that the main function of LBP is to accelerate
the binding of LPS to CD14. Cani et al. did a comparative study using
CD14 KO and WT mice [28]. Mice were administered LPS for 2 weeks.
The WT mice gained weight, which was similar to mice fed an HFD
for 2 weeks, but CD14 KO mice didn’t gain weight. Hence it confirmed
that LPS results in the development of obesity.

The LPS-CD14 complex binds with TLR4 via Myeloid
Differentiation factor-2 (MD-2) in the intracellular space on the
plasma membrane of the macrophages (Park et al. [29]). Activation of
this TLR4 was also measured by de La Serre et al. using
immunolocalization [10]. They quantified the immunoreactivity of the

tissues obtained from the rats. Results showed higher
immunoreactivity in DOI-P when compared to LF and DOI-R,
suggesting that HFD increases intestinal TLR4 activation.

TLR4 has a downstream signalling molecule called myeloid
differentiation primary response-88 (MyD88). It has been found that
TLR4 recruit this protein after getting activated by LPS. Activation of
MyD88 elicits an induction of Mitogen-Activated Protein Kinase
(MAPK) pathways and IKKP [29,30]. MAPK pathway signals to
activate three molecules; extracellular signal-regulated kinase-1 and 2
(ERK1/2), p38 and c-Jun N-terminal Kinases (JNK).

These three molecules together activate activator protein-1 (AP-1).
As Tuncman et al. observed that, mice lack JNK1 (an isoform of JNK)
had diminished obesity-induced JNK activity, following a high-caloric
diet [31]. IKKp activates nuclear factor-kB (NF-kB). Cai et al. observed
elevated levels of NF-kB and IKK-P activities in the livers of fat rats
(fa/fa) compared to their lean counterparts, suggested that the NF-kB
signalling pathway is activated by HFD [32].

When the up-regulation of AP-1 and NF-«B activity occurs, they
bind to the gene promoters of interleukin-6 (IL-6) and Tumour
Necrosis Factor alpha (TNF-a) in the adipocytes, increase their pro-
inflammatory cytokine expressions [33]. In order to support this fact,
Eggesbo et al. did a comparative study and examined LPS induced
cytokine expression in whole blood [34].

They were using seven people with high levels and seven people
with low levels of High-Density Lipoprotein (HDL) in their serum.
People who had higher levels of HDL exhibited increased cytokine
(IL-1B, IL-6, IL-8, and TNF-a) expression than those who had lower
HDL. The study of Cai et al. also indicated elevated levels of mRNAs
encoding for IL-6, IL-1f, and TNF-a after an HFD [32].

It has been found that IL-6 increases lipolysis and fat oxidation
where TNF-a promote lipolysis. TNF-a also found to downregulate the
adipogenic genes, thus inhibits pre-adipocyte conversion to mature
adipocytes [33]. This lets further recruitment of undifferentiated cells
that leads to further development of adipose tissue mass. Weisberg et
al. did a study using both human and mouse models [35].

Results of both showed that macrophages in adipose tissue are
responsible for TNF-a and IL-6 expression [36]. Thus, suggested the
amount of macrophages increase and induce inflammation in adipose
tissues of obese individuals.

Increased Fatty Acid Metabolism

Lipoprotein Lipase (LPL) is an enzyme which is found to be
important in lipid metabolism by regulating the lipid homeostasis and
energy balance in the human body. LPL synthesized by parenchymal
cells in adipocytes, skeletal and cardiac muscles [36,37]. LPL
transported to the capillary endothelial cell surface and attached to it
via heparan sulphate proteoglycans [38].

It is known to be involved in plasma Triglycerides (TG) clearance by
catalysing the hydrolysis of TG rich lipoproteins, chylomicrons, and
Very Low-Density Lipoproteins (VLDL) into Free Fatty Acids (FFA)
[39]. LPL deliver these hydrolysed metabolites to skeletal muscles,
cardiac muscles and adipose tissue. It has been found that once getting
into the adipocytes, these fatty acids re-esterified into TG and stored as
fat [40].

Fasting-induced adipocyte factor or angiopoietin-like protein-4
(Fiaf/Angptl4) is a glycoprotein. It is known to be essential for
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peroxisome proliferator-activated receptor proteins (PPARa and
PPARy) [41].

It is produced in the liver, large intestinal epithelial cells, and white/
brown adipose tissues. It has found that Fiaf/ Angptl4 has the ability to
regulate fatty acid oxidation in adipose tissue by inhibiting LPL
activity. Thus restrict the TG accumulation in adipocytes [40,42].

Experimental data has been suggested that the gut microbiota
alteration due to HFD intake suppresses the expression of Fiaf/
Angptl4. Thus induces the activity of circulatory LPL, where the
hydrolysis of plasma TG into FFAs increases. Hence, the storage of
FFAs in adipose tissue increases and induces host adiposity [43,44].

Backhed et al. have been confirmed above hypothesis by
transplanting gut microbiota of Conventionally Raised (CONV-R)
mice into Germ-Free (GF) mice [43]. As shown in Figures 6 A and B,
GF mice had an increase in epididymal fat mass by 61% and LPL
activity by 122% after conventionalization.
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Figure 6: (A) Epididymal fat mass (n=10-20 per group); (B) LPL
activity in epididymal fat pads of WT mice after
conventionalization (n=>5 per group).

In a subsequent study, where the GF WT and Fiaf KO mice were
switched to an HFD and body weights were monitored. As shown in
Figure 7A, Fiaf expression was decreased in the small intestines of both
genotypes after switching to an HFD (Western) but the GF WT mice
had higher Fiaf expression than the conventionalized WT mice,
regardless of diet.

As shown in Figure 7B, they observed GF Fiaf KO mice become
obese on an HFD than the GF WT mice. Therefore, suggested that the
Fiaf expressions in GF WT mice are suppressed by the gut microbiota
in them, which in turn increases LPL activity and fat accumulation in
adipocytes [43].

Gut Microbiota Composition and Obesity

It has been found that gut microbial composition alters following
HFD thus results in obesity. Several human and animal studies have
been done to prove this hypothesis. Recently, Ley et al. did a study
using genetically obese ob/+ mothers and their ob/ob mice, lean on/+
and wild-type offspring [45].
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Figure 7: (A) qRT-PCR assay of Fiaf expression in the small
intestines of GF and conventionalized WT mice given an LFD or an
HFD (Western); (B) Graph of body weights of GF wild-type and
Fiaf KO mice after switching to an HFD (Western diet) (n=5 per

group).

The results were examined by feeding them with same caloric diet.
Ob/Ob animals had a reduction in the abundance of Bacteroidetes by
50% and a greater fraction (P<0.05) of Firmicutes comparatively to
their lean counterparts (Figure 8). Thus, suggested that gut microbiota
diversity can be affected by obesity, regardless of gender.
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Figure 8: Fraction of Firmicutes and Bacteroidetes in the distal
intestinal microbiota of lean and obese mice (P<0.05).

A comparative study done by Turnbaugh et al. identified an increase
in the abundance of Firmicutes (specifically Mollicutes) in the mice
that got diet-induced obesity than that of their lean counterparts [46].
Those obese mice have also lost their weight when they were
undergoing fat-restricted low caloric diet.

Thus, it suggested diet as a determinant factor for obesity-associated
changes in the gut microbiota. This was further confirmed by Murphy
et al. [47]. They observed an increased Firmicutes: Bacteroidetes ratio
in both Ob/Ob mice and HFD fed mice compared with lean mice. This
ratio was much higher in HFD fed mice than in Ob/Ob mice.

Hildebrandt et al. observed the influence of HFD on gut microbiota
composition [10]. They used five Resistin-Like Molecule-f (RELMp)
knockout mice, a model which is resistant to HF- induced obesity and
five WT mice. Both types were lean on a standard chow diet, but after
switching to an HFD, WT mice became obese while RELMB KO mice
remained relatively lean.
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As shown in Figure 9, 16S rDNA sequencing results of WT mice,
which were on an HFD showed extreme changes. Both genotypes
showed an increase in phylum Firmicutes and decrease in phylum
Bacteroidetes after moving to an HFD.
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Figure 9: The percentage of the gut microbiota population in mice
on a standard chow diet and HFD by analysis of 16S rDNA
sequencing (WT=Wild-Type, KO=Knock Out).

Even though so many studies have proven the gut microbial impact
on host obesity, the direct involvement of these gut microbiota is still
unclear. Influence of bacterial compositional changes on obesity also
indistinct. Thus, studying further about above mechanisms is
important. Another advantage of understanding these mechanisms
and functions of the gut microbiota on these mechanisms is to use
their interactions as possible targets to develop new personalized
treatments and clinical management strategies to treat obesity.

Therapeutic Studies to Treat Obesity

There are several human and animal experimental studies have been
carried out to gain therapeutic approaches that helped to alter the gut
microbiota composition in a positive way to treat obesity. Dietary
interventions are preferable than other available intervention
approaches (antibiotics and surgery) due to its low cost and safety.
Probiotics and prebiotics have become promising since they have a
direct impact on the gut microbiota [48,49].

Makris and Foster recommended few dietary interventions to lose
weight based on experimental data published between 2005 and 2011
[50]. Sackner-Bernstein et al. suggested low carbohydrate diet
approaches are more effective and safer in weight management of
obese individuals [51].

Study of Cani et al. found that plasma endotoxin levels and TNF-
alpha mRNA levels in HF-fed mice were higher than the chow-fed
mice but those levels were reduced after treated with antibiotics [18]. It
also demonstrated that HF feeding increase gut permeability and it can
be reversed by giving antibiotics (Figures 10 A-C). Thus, suggested that
gut microbiota composition and metabolic activities could be affected
by antibiotic treatment regardless of the diet.
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Figure 10:(A) Plasma endotoxin levels (EU/mL); (B) Intestinal
permeability in mice; (C) TNF-a mRNA concentrations in mice
(CT=normal diet, CT-Ab=normal diet and antibiotics, HF=high-fat
diet and HF-Ab=high-fat diet and antibiotics (P<0.05).

Everard et al. did a study by administrating Akkermansia
muciniphila daily to HFD- induced obese mice for a few weeks. Mice
have shown a weight reduction without any food intake changes [52].
HF-fed mice have effectively lost their body weight and fat mass, when
they were supplemented with probiotic that contains Lactobacillus
curvatus HY7601 and Lactobacillus plantarum KY1032 [53]. A recent
study of Everard et al. examined anti-obesity properties of probiotic
yeast called, Saccharomyces boulardii Biocodex [54]. Obese mice
experienced a reduction in weight gain and body fat mass where the
Bacteroidetes: Firmicutes ratio of mice had also increased.

However, the most recent evidence from animal and human studies
suggests gut or faecal microbial transplantation could be used as a
therapeutic intervention against obesity [55-57]. Figure 11 shows the
procedure of faecal transplantation and Table 1 shows the studies done
based on gut or faecal microbiota transplantation.
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Figure 11: Diagram of faecal microbiota transplantation procedure.
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Mouse Model

Treatment

Outcome

References

Adult germ- free C57BL/6 mice

Colonized with normal microbiota
harvested from

the caecum of adult conventionally
raised mice

and fed on a low fat-
polysaccharide-rich diet.

Increase in  body fat
content
and insulin  resistance
despite  reduced food
intake.

Béackhed et al. [44]

Adult germ- free C57BL/6J mice

-Transplantation  of  microbes
taken from the caecum of:-Obese
(ob/ob) mice with a greater
relative abundance of Firmicutes.
-Lean (+/+) donors with a smaller
relative abundance of Firmicutes.

Increase in relative
abundance of Firmicutes
and body fat.
Decrease in the relative
abundance of Firmicutes
and body fat.

Turnbaugh et al. [47]

Adult germ- free C57BL/6J mice

Transplanted germ-free mice with
faecal microbiota from

adult human female twin pairs;
discordant for obesity

and those mice were fed on low-
fat, high polysaccharide diet.

Mice transplanted with
microbiota from an obese
twin

developed higher adiposity
than mice with the
microbiota from a lean
twin.

Ridaura et al. [58]

Table 1: Animal studies on gut or faecal microbiota transplantation.

Conclusion

The prevalence of obesity has increased in epidemic fractions in
adults and children in worldwide. Numerous factors have recognized
to explain the aetiology and pathophysiology of obesity. However, gut
microbiota is one known reason which affects the host weight through
several mechanisms. This evidence has obtained from tools such as 16S
rRNA sequencing gene clone libraries, DNA microarrays,
metagenomics, gnotobiotic knockout mouse models and human
studies. These studies have shown that the host and its gut microbiota
have equally useful and supportive interactions. These studies have also
shown an increase in the Firmicutes: Bacteroidetes ratio, which is
known to be associated with increased inflammation and lipid
metabolism. Studies have further explained the role of LPS and Fiaf
expression in the pathophysiology of obesity. These studies have also
shown diet as a determinant factor of gut microbiota composition.

Even though these findings are promising, the direct involvement of
these gut bacteria in the mechanisms is still indistinct thus required
further study. The mechanisms responsible for the comparative
fractions of Firmicutes and Bacteroidetes should be explored. In
particular, the hereditary and ecological factors that define the unique
features of each individual's gut microbiota must be recognized.
Specific gut bacterial influences on host obesity should be observed.
Recent studies have carried out to examine the effect of dietary
interventions, prebiotic, probiotic and gut microbiota/faecal
transplantation to treat obesity. Some studies havedd shown positive
outcomes where some methods (gut microbiota/faecal transplantation)
need further investigation. Thus, more clinical trials should be done to
evaluate whether modulating the gut microbiota could help to reduce
weight.
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