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The prevalence of metabolic syndrome is increasing
rapidly across the globe. Though the prevalence of the
disease is similar in population of upper middle income and
high income countries, the age of affected population is
lower in upper middle income countries. This is attributed to
genetic as well as changing life style factors. The contributing
factors for type 2 diabetes range from genetic/epigenetic
disposal, intra uterine nutrition, dietary pattern to sedentary
lifestyle. The role of the gut microbiota in metabolic disorders
is increasingly gaining importance. Several studies have
reported significant difference in the profile of the gut
microbiota in Caucasian population considering obese and
type 2 diabetic populations while limited number of studies
are available on populations from the developing world. The
metabolites from the gut microbes contribute to the gut
barrier integrity and a compromised barrier leads to leakage
of inflammatory mediators into systemic circulation and
hence increases insulin resistance. Attempts have been made
at correcting metabolic syndrome through dietary changes
by altering the gut microbiota with some success. This report
is an attempt to explain the hypothesis of compromised
nutrition altering the gut microbiota, gut metabolites, gut
barrier function, systemic inflammation and hence insulin
response.

Introduction

The prevalence of metabolic syndrome (mainly type 2 diabe-
tes, obesity and cardiovascular disease) is increasing rapidly which
are of major relevance for public health in developing countries
than developed countries. Recent WHO statistics indicates that
number of people with type 2 diabetes around the globe was
about 382 Million in 2013 and is projected to be about 592 Mil-
lion by 2035. In addition, 85% of premature deaths from meta-
bolic syndromes occur in developing countries of which about
80% are associated with diabetes. Type 2 diabetes is projected to
be the 7th leading cause of death by 2030 (WHO).

International Diabetes Federation (IDF) has projected statis-
tics on prevalence of diabetes by income group and age as shown

in Figure 1. The prevalence of type 2 diabetes is similar in popu-
lation of high and upper middle income countries, but the age
group of the affected population is lower in population of lower
middle income countries, impacting the economy of the corre-
sponding countries.1 In addition, the mortality due to diabetes is
significantly higher in population of lower middle income coun-
tries compared to higher income countries (Fig. 2). It is suggested
that genetic predisposition is one of the major contributors for
higher prevalence of metabolic syndrome. Several genome wide
association studies (GWAS) implicated genetic/epigenetic varia-
tions as one of the possible reasons for higher incidence of type 2
diabetes in specific ethnic origins.2-5 In addition to the genetic
variations, intrauterine growth restriction during the develop-
ment of the fetus and influence of external environment (mainly
those that are obesogenic during the growth phase induce insulin
resistance, reduce b cell mass and organ dysfunction) contribute
to the development of type 2 diabetes.6,7 Recent WHO report
indicates that percentage of underweight children in developing
countries is significantly higher compared to that of developed
countries. Majority of the children in these countries are mal-
nourished during childhood but as they grow, increased accumu-
lation of increased body fat leads to obesity. The disappropriate
fat muscle distribution with high abdominal fat and low skeletal
mass suggest8 that nutritional status is also varied in these 2
economies.

Metabolism of food
Post consumption, food is processed in the gut and subse-

quently absorbed by the body for either immediate energy
requirement or stored for later use. The nutrient processing in
the gut is influenced by various factors including the gut
microbes. They influence the extraction of energy from the diet
and their metabolites also act as signaling molecules.9 Unequivo-
cal evidence demonstrates that gut microbes influence whole
body metabolism by affecting the energy balance, gut permeabil-
ity, metabolic endotoxemia, and inflammation that are associated
with several metabolic disorders.10

Microbiota composition of the body
With the first report of Human Microbiome Project (HMP),

information on the different roles played by the microbiota on
different parts of the body has started emerging.11 In recently
performed experiments, which analyzed bacteria in 27 sites of 7-
9 healthy adults on 4 occasions, it was shown that biogeography
of bacterial communities on the human body, although
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personalized, varies across body habitats and time and such
trends may ultimately reveal how changes in microbiome influ-
ence the initiation or progression of diseases.12 The study dem-
onstrated that the extent of diversity within the samples or
between subjects varied based on their habitat. Oral and fecal
samples showed higher bacterial diversity whereas vaginal sam-
ples were least diverse in nature. The uniqueness of each individ-
ual’s microbial community seemed to be stable over time
(relative to the population as a whole), which may be another fea-
ture of the human microbiome specifically associated with
health.13

Composition of gut microbiota
The human gut harbours around trillions of bacteria and is

considered an organ by itself based on the metabolic contribu-
tions made by the microbiota. It has also been observed that the

relationship between gut microbes and humans is not merely
commensal but rather a mutual relationship. The microorgan-
isms of the gut contribute to the host by fermenting unused
energy substrates, training the immune system, preventing
growth of pathogenic bacteria, regulating the development of the
gut, producing vitamins for the host (such as biotin, cobalamin
and vitamin K), and stimulating the production of hormones
that regulate satiety.

The intestinal microbiota is composed of 6 main phyla – Bac-
teroidetes, Firmicutes, Proteobacteria, Actinobacteria, Fusobacteria
and Verucomicrobia. At birth, the gut is populated with »100
species of bacteria which reaches adult like microbiome i.e.
»1000 species within the first 3 yrs.14 Bacteroidetes and Firmi-
cutes account for >90% of the total gut microbiota. With
increasing age, the proportion of Firmicutes increase and Bacter-
oides decrease. For optimal health, a symbiotic relationship is
maintained between gut microbiota and human host.

Gut microbiota profile changes at different stages of life and is
influenced by different factors like age, dietary habits, environ-
ment and medicines. In a recent review, an excellent pictorial
representation of these changes was depicted as shown in
Figure 3.15 Though this is a compilation of data from different
studies, significant influence of diet was observed on the profile of
the microbiota. The succession of microbiota from babies to cen-
tenarians and the influence of diet, drug, nutrition and illness on
the diversity of microbiota are depicted though the impact on the
functionality needs to be clarified and will need further studies.

It is proposed that extrinsic influencing factors modulate the
diversity and function of the microbiota causing dysbiosis result-
ing in diseases like metabolic syndrome, inflammatory bowel dis-
ease, Non alcoholic fatty Liver disease, gastric ulcer, colon cancer
asthma, atrophy, hypertension, mood and behavior through
metabolites of the microbiota and hormone signaling.14 In a
study group of subjects with low diversity in gut microbiota,
demonstrated by low gene copies (LGC) was compared to sub-
jects with high diversity demonstrated by high gene copies
(HGC) and the association of gene copies with obese phenotype
and serum markers of the same were evaluated. The adiposity
phenotype of LGC group was associated with increased serum
leptin, decreased serum adiponectin, insulin resistance, hyperin-
sulinaemia, increased levels of triglycerides and free fatty acids,
decreased HDL-cholesterol and a more marked inflammatory
phenotype (increased highly sensitive C-reactive protein (hsCRP)
and higher white blood cell counts) than seen in HGC group.
These associations suggest that the LGC individuals have meta-
bolic disturbances which increase their risk of pre-diabetes and
type-2-diabetes.16,17 This also leads to the conclusion that there
is a requirement for functional diversity contributing to host
metabolism by gut microbes that cater to better health conditions
of the host.

Role of Gut microbiota in metabolism
Several animal studies have focused on the role played by gut

microbiota on metabolism and metabolic pathways. Recent
reports demonstrated that conventionally raised mice have higher
serum metabolites from glycolysis and TCA cycle compared to

Figure 1. Number of people with diabetes in millions classified based on
income groups, IDF 2013. The number of people with diabetes is similar
in High income and upper middle income countries but the affected age
group is lower in population of lower middle income countries, impact-
ing the economy of the corresponding countries (Source: IDF 2013).

Figure 2. Number of deaths due to diabetes in thousands in 2013 classi-
fied based on income groups, IDF. The mortality due to diabetes is signif-
icantly higher in population of lower middle income countries compared
to higher income countries (Source IDF 2013).
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germ free mice indicating that the con-
ventional mice has higher energy harvest-
ing capability. On conventionalization of
germ free mice, within 14 days, the germ
free mice became obese (accumulated
60% more adiposity) and insulin resis-
tant.18 To investigate further the cause-
effect relationship, between gut microbes
and obesity, gut microbiota was trans-
ferred from lean or obese donor mice to
germ free mice. About 25% and 50%
increase in body fat was observed in
germ free mice when microbiota was
transferred from lean or obese mice to
germ free mice respectively.19 On trans-
ferring Enterobacter species isolated from
obese mice to germ free mice com-
pounded with a high fat diet, the recipi-
ent mice turned obese. The microbe
recipient mice fed with normal diet or
the control group that did not receive
any bacteria maintained on either high
fat or normal diet remained lean.20 It
indicates that not only the microbiota
but the diet also plays a pivotal role in
the outcomes.

In a recent study it was shown that
abundance of the bacterial species Akkermansia muciniphila
improved the metabolic profile of type 2 diabetic mice. A. muci-
niphila treatment reversed high-fat diet induced metabolic disor-
ders, including fat mass gain, metabolic endotoxemia, adipose
tissue inflammation, and insulin resistance. A.muciniphila
administration increased the intestinal levels of endocannabi-
noids that control inflammation, gut barrier function including
gut peptide secretion.21 It is becoming more evident that specific
species of bacteria that are present in smaller numbers rather than
a particular class or phyla of bacteria play a predominant role in
disease incidence.

Gut microbiota harvests energy for host by hydrolysis and
fermentation of otherwise non digestible polysaccharides and
generates monosaccharides and short chain fatty acids (SCFAs).
Colonization of germ free mice with the gut microbiota of con-
ventionally raised mice induces the expression of sodium/glu-
cose transporter-1 (SGLT1) in the small intestine. The results
reveal that a specific commensal bacterium Bacteroides thetaio-
taomicron found in the intestine of both human and mice mod-
ulates expression of genes involved in several important
intestinal functions, including nutrient absorption, mucosal bar-
rier fortification, xenobiotic metabolism, angiogenesis, postnatal
intestinal maturation22 and increases the density of capillaries
underlying the small intestinal villus epithelium aiding absorp-
tion.23 These findings provide perspectives about the essential
nature of the interactions between resident microorganisms and
their hosts.

It is known that SCFAs produced by the gut microbiota are
predominantly acetate, butyrate and propionate which are

absorbed by the intestinal epithelial cells. Butyrate is used by
intestinal epithelium and acetate and propionate enter peripheral
tissues where it is used for lipogenesis and gluconeogenesis. Ace-
tate enters systemic circulation and reaches peripheral tissues. It
is suggested that SCFAs potentially contribute 6–10% of the
basal energy requirements of people in countries where there is
moderate dietary fiber intake and the contribution could be
higher in individuals who consume more dietary fiber.24

SCFA produced by microbial fermentation acts as both energy
substrates and signaling molecules. SCFA increase lipogenesis
i.e., increases triglycerides, inhibits the inhibitor of lipoprotein
lipase in small intestine which results in inhibition of fatty acid
release from triglycerides, and hence promotes the cellular uptake
of triglycerides resulting in increased storage. SCFAs activate G
protein coupled receptors GPR41 (Free Fatty Acid Receptor3 or
FFA3) and GPR43 (Free Fatty Acid Receptor 2 or FFA2) on the
intestinal epithelial cells. GPR41 stimulation results in the release
of peptide PYY which increases the gut transit rate and satiety. It
has been demonstrated that fermentation of prebiotics by gut
microbiota resulted in reduced hunger and increased satiety,
thereby decreasing total energy intake by about 10%.25,26 Activa-
tion of GPR 43 reduces inflammation and stimulates GLP1 and
GLP2 release from L cells.27 Changes in the distribution and
localization of Zonula Occludens-1 (ZO-1) and Occludin (2
tight junction proteins) in intestinal tissue are associated with the
increased gut permeability occurring in obese and diabetic
rodents. This results in increased transportation of microbial
products from the gut to blood triggering higher inflammation.
Mice treated with prebiotics showed decreased intestinal

Figure 3. Proportion of different phyla of bacteria in the gut at different stages of life (Adapted from
reference 15). Firmicutes (F); Bacteroidetes (B); Actinobacteria (A); Proteobacteria (P); Others (O).
Human gut microbiota changes at different stages of life and also influenced by different factors like
age, dietary habits, environment and medicines. The succession of microbiota from babies to cente-
narians and the influence of diet, drug, nutrition and illness on the diversity of microbiota are
depicted.
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permeability and improved tight-junction integrity compared to
without treated with prebiotics which subsequently lowered the
levels of plasma LPS and cytokines. Prebiotic ingestion increased
the endogenous GLP-2 production. It has been observed that
increased endogenous GLP-2 production is associated with
improved mucosal barrier function via the restoration of tight
junction protein expression and distribution.28 Administration
of acetate through intravenous route or rectal route in insulin
resistant individuals increased the secretion of GLP-1 and PYY.
This intervention also reduced TNFa levels in plasma.29 The
contribution of these metabolites is summarised in Table 1.14

Influence of nutrition on gut microbiota composition and
function

The composition of gut microbiota is fairly stable in healthy
conditions.30 It was shown that the human gut microbiome is

shared among family members, but each person’s gut microbial
community varies in the specific bacterial lineages present. How-
ever, there was a wide array of shared microbial genes among
sampled individuals, a ’core microbiome’ at the gene level, rather
than at the organism lineage level. It was observed that metabolic
disorder is associated with phylum-level changes in the micro-
biota, reduced bacterial diversity, altered representation of bacte-
rial genes and metabolic pathways.30-35

Malnourishment and nutrition in utero
Compromised nutritional status is prevalent in the population

of low and middle income countries. It has been stated recently
that nutritional problems of population in those countries, con-
stitutes under nutrition, increasing over nutrition and obesity.
Higher prevalence of under nutrition in the reproductive age and
pregnancy results in restriction of foetal growth and low birth

Table 1Metaolites contributed by gut microflora and their potential benefits14

Metabolites Related bacteria Potential biological functions

Short-chain fatty acids: acetate, propionate,
butyrate, isobutyrate, 2-methylpropionate,
valerate, isovalerate, hexanoate.

Clostridial clusters IV and XIVa of Firmicutes,
species of Eubacterium, Roseburia,
Faecalibacterium and Coprococcus

Reduction in colonic pH, lower growth of
pathogens; water and sodium absorption;
cholesterol synthesis; energy to the colonic
epithelial cells, implicated in human obesity,
insulin resistance and type 2 diabetes.

Bile acids: cholate, hyocholate, deoxycholate,
chenodeoxycholate, a, b, vmuricholate,
taurocholate, glycocholate, etc

Lactobacillus,Bifidobacteria, Enterobacter,
Bacteroides, Clostridium.

Absorb dietary fats and lipid- soluble vitamins,
facilitate lipid absorption, maintain intestinal
barrier function, signal systemic endocrine
functions to regulate triglycerides, cholesterol,
glucose and energy homeostasis.

Choline metabolites: methylamine, di and tri
methylamine, trimethylamine-N-oxide,
dimethylglycine, betaine

Faecalibacterium prausnitzii, Bifidobacterium Modulate lipid metabolism and glucose
homeostasis. Involved in NAFLD, diet induced
obesity, diabetes.

Phenolic, benzoyl, and phenyl derivatives Clostridium difficile, F. prausnitzii, Bifidobacterium,
Subdoligranulum, Lactobacillus

Detoxification of xenobiotics; indicate gut
microbial composition and activity; utilize
polyphenols. Urinary hippuric acid may be a
biomarker of hypertension and obesity in
humans.

Indole derivatives Clostridium sporogenes, E. coli Protect against stress-induced lesions in the GI
tract; modulate expression of pro and anti
inflammatory genes, strengthen barrier
properties. Implicated in GI pathologies, brain-
gut axis.

Vitamins: vitamin K, vitamin B12, biotin, folate,
thiamine, riboflavin, pyridoxine

Bifidobacterium Provide complementary endogenous sources of
vitamins, strengthen immune function; exert
epigenetic effects to regulate cell proliferation.

Polyamines Campylobacter jejuni, Clostridium saccharolyticum Exert genotoxic effects on the host, anti-
inflammatory and antitumoral effects. Potential
tumor markers.

Lipids: conjugated fatty acids, LPS,
peptidoglycan, acylglycerols,
sphingomyelin, cholesterol,
phosphatidylcholines,
phosphoethanolamines, triglycerides

Bifidobacterium, Roseburia, Lactobacillus, Klebsiella,
Enterobacter, Citrobacter, Clostridium

Impact intestinal permeability, activate intestine
brain-liver neural axis to regulate glucose
homeostasis; LPS induces chronic systemic
inflammation; conjugated fatty acids improve
hyperinsulinemia, enhance the immune system
and alter lipoprotein profiles.

Others: D-lactate, formate, methanol, ethanol,
succinate, lysine, glucose, urea, a-
ketoisovalerate, creatine, creatinine,
endocannabinoids, 2-arachidonoylglycerol
(2-AG), N-arachidonoylethanolamide, LPS,
etc.

Bacteroides, Pseudobutyrivibrio, Ruminococcus,
Faecalibacterium, Subdoligranulum,
Bifidobacterium, Atopobium, Firmicutes,
Lactobacillus

Direct or indirect synthesis or utilization of
compounds or modulation of linked pathways
including endocannabinoid system.
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weight.36 In a study with women cohort followed for 3 stages i.e.
prior to gestation, pregnancy and post gestation, it has been
shown that the pregnant women were deficient in vitamin B12
and not folate which is generally assumed as a nutrient deficiency.
Majority of them had methyl malonic acid and homocysteine
which is indicative of low vitamin B12. This result in intra uter-
ine growth restriction, smaller newborn babies who gain weight
rapidly thereafter and by the age of 6 yrs, developed higher adi-
posity and insulin resistance.37 It can be noted that during one
carbon cycle, dietary folate is used for the synthesis of S-adenosyl
methionine (SAM) which is used in DNA methylation resulting
in switching on and off of genes. Vitamin B12 is an important
cofactor in this cycle. It can also be recalled here that the major
source of vitamin B12 is through microbes in the gut.38 It can be
hypothesized that the changes in the gut micro flora or the func-
tional genes contributing to the synthesis of Vitamin B12 as a
consortium during different stages of pregnancy, different nutri-
tional states could possibly have an influence on the gene expres-
sion in a fetus or an individual respectively.

Increasing percentage of underweight, stunted growth and
wasted children in developing countries is becoming a big issue.
Majority of the children in these countries are malnourished.39

Comparison of gut microbiota from healthy and malnourished
child have shown higher amount of human intestinal tissue exfo-
liation indicative of compromised gut barrier function. In mal-
nourished child, a changed microbiota prone to activate
inflammatory response and also malabsorption was observed.40 It
is known that malnourishment increases infection and increased
infections leads to malnourishment because of low nutrients
absorption. So does this indicate that in developing countries,
malnourishment leads to increased infection leading to altered
gut microbiota function and composition resulting in type 2 dia-
betes? In gut of cholera infected children a reduction in number
of major commensal bacteria of phyla Bacteroidetes, Firmicutes,
Actinobacteria, an increase in harmful Proteobacteria to colonize
the gut during acute infection state was observed.41 The observed
microbiota alteration might explain the prevalent malnutrition in
children of Bangladesh where diarrheal diseases are endemic. The
contribution of gut microbiota in Kwashiorkor which is an acute
form of childhood protein energy malnutrition was also investi-
gated. The study was conducted on Malwian twin pairs followed
for first 3 years of life.42 Pairs discordant for Kwashiorkar were
compared for their gut microbiota and were treated with a spe-
cially designed food. Organisms with the most statistically signifi-
cant differences, and whose relative proportions were higher in
kwashiorkor microbiota, were (i) Bilophila wadsworthia, linked
to inflammatory bowel disease (IBD) in human and (ii) Clostrid-
ium innocuum, a gut symbiont that can function as an opportun-
ist in immune compromised hosts. When on therapy with
specialized food, the metabolic functions of these malnourished
kids started correcting itself but started regressing when the food
was stopped. On transferring the fecal microbiota from Kwashi-
orkor affected child to germ free mice, the mice started losing
weight and developed Kwashiorkor type of compromised meta-
bolic function which was partially corrected with the therapeutic
food. Thirty species-level taxa exhibited statistically significant

changes in their representation in kwashiorkor microbiota trans-
plant recipients. In case of gut microbiota transfer from healthy
co twin, there was no loss in body weight irrespective of the diet
provided. These studies indicate that severely compromised
nutritional status alters the gut microbiota leading to poor
absorption of nutrients and gut barrier function

Influence of diet on gut microflora
It is known that gut microbiota influences both nutrient

absorption and regulates host genes. The shift in nutritional load
rapidly influences the change in gut microbiota and about 20%
increase in Firmicutes with corresponding decrease in Bacteroides
increases the energy harvest by 150 kcal.43 Mice fed high fat diet
showed reduced numbers of Bifidobacteria in the gut and
increased endotoxemia44 and when these mice were supple-
mented with a prebiotic the growth of beneficial bacteria restore
the levels of Bifidobacteria and also the endotoxemia in these
mice.45 In the gut of individuals consuming a diet rich in animal
products, Bacteroides were predominant and in individuals con-
suming plant material rich diet, Prevotella was the predominant
species among the gut microbiota. In addition, the bacterial
metabolites, the SCFAs were produced in higher amounts in
individuals on plant material rich diet and they were beneficial in
preventing the growth and establishment of potentially patho-
genic microorganisms.46 Similarly in individuals on predomi-
nantly plant based diet, the microbiota was represented by
enzymes for anabolism of metabolites like riboflavin synthesis,
glutamate synthesis and amylase whereas in individuals predomi-
nantly on diet based on animal source, the microbiota was repre-
sented by enzymes for catabolism of metabolites like enzymes for
degradation of amino acids, glycan degradation.47

Impact of gut microbiota composition and function–developed
versus developing countries

In a recent study the gut microbiota in individuals in develop-
ing and developed countries was compared. The comparison was
done between Malawian individuals (least developed), Amerin-
dian individuals from Venezuela (less developed) and USA
(developed).47 The outcome of the study is shown in Figure 4. It
is shown that the Malawian and Amerindian flora was signifi-
cantly different from that of individuals from USA. The gut
microbiota of children was less diverse and significantly different
from adult where the bacterial diversity was very high.

It has been mentioned earlier, the transformation of the gut
microbiota in children to that of adult gut microbiota happens in
the span of first 3 years of life. The functionality of the micro-
biota in children focused on enzymes of folic acid biosynthesis
while in adults, the focus was on biosynthesis of biotin, cobalmin
and thiamine and breakdown of folic acid. Malawian and Amer-
indian flora were very similar to that of herbivorous mammals.
Enzymes for anabolism of metabolites like riboflavin synthesis,
glutamate synthesis and amylase were highly represented.

It was observed that Gut microbiota of USA population is
similar to carnivorous mammals, (enzymes for catabolism of
metabolites like enzymes for degradation of amino acids, glycan
degradation were highly represented).47
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Impact of transfer of gut microbiota on metabolic health
The impact of the gut microbiota on health and disease is best

understood and appreciated in studies involving the transfer of the
same. Several studies using animals and human models were per-
formed to decipher the role of gut microbiota on energy homeo-
stasis, obesity and insulin resistance. Several studies were done
using both animal and human model on obesity and insulin resis-
tance. Results of some studies are mentioned previously.18,20,21

Animal studies
Adult germ-free mice were colonized with microbiota har-

vested from the cecum of obese (ob/ob) or lean donors. It was
also noted that the ob/ob donor microbiota had a greater relative
abundance of Firmicutes compared with the lean donor micro-
biota. Strikingly, mice colonized with an ob/ob microbiota
exhibited a significantly greater percentage increase in body fat
over 2 weeks than mice colonized with a lean microbiota.19 In a
study by Turnbaugh et al, a mouse model of obesity was pro-
duced by consumption of a prototypic western diet. Diet-
induced obesity (DIO) produced a bloom in a single uncultured
group of organisms with single ancestor from the Mollicutes class.
This increase in the microorganism was diminished by subse-
quent dietary manipulations that limited weight gain. Microbiota

transplantation from mice with DIO to lean germ-free recipients
promoted greater fat deposition than transplants from lean
donors.48

Human studies
When gut microbiota was transferred from lean individual to

an individual with metabolic syndrome, insulin sensitivity of this
recipient improved significantly both in peripheral tissues and
hepatic tissue. When autologous transfer of gut microbiome was
done, there was no change in the insulin sensitivity in these indi-
viduals with metabolic syndrome.49

These studies indicate that the role of gut microbiota in meta-
bolic syndrome is an important one and interventions to modu-
late the microbiota for beneficial outcomes would be a desired
target compared to pharmaceutical interventions to manage a
disease.

Gut microbiota transfer through duodenum have proven
advantageous in recurring infections like clostridia infection. Fae-
cal transfer through colonoscopy supports efficient colonisation
by the fecal bacteria because exposure to different digestive juices
and conditions are avoided. In addition, bacteria present in
smaller numbers and the ones that cannot be cultured outside will
still be available to the individual under therapy. In metabolic

Figure 4. Major differences in the gut microbiota profile between the least developed, developing and dev;loped representative countries.The transfor-
mation of the gut microbiota in children to that of adult gut microbiota happens in the span of first 3 years of life. The functionality of the microbiota in
children focused on enzymes of folic acid biosynthesis while in adults, the focus was on biosynthesis of biotin, cobalmin and thiamine and breakdown
of folic acid. Malawian and Amerindian flora were very similar to that of herbivorous mammals. Enzymes for anabolism of metabolites like riboflavin syn-
thesis, glutamate synthesis and amylase were highly represented. Gut microbiota of USA population is similar to carnivorous mammals, (enzymes for
catabolism of metabolites like enzymes for degradation of amino acids, glycan degradation were highly represented).
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syndrome where a single microbe cannot be identified as a culprit
or a solution, a group of gut bacteria catering to different functions
or sequential reactions to produce desired metabolite will be deliv-
ered as a group. The outcomes of the transfer can be observed
faster compared to dietary interventions where one would need to
wait for a longer duration of time to observe change if any.

Modulation of gut microbiota by dietary intervention
It is known that modulation of gut microbiota is possible and

directing this to derive beneficial outcomes is desired to reverse
progression toward metabolic syndrome. To achieve this, dietary
modification would be an easier and acceptable approach. Die-
tary interventions with fibers, micronutrients and probiotics have
demonstrated efficacy in reversing metabolic syndrome. An inter-
vention with Ma-Pi-2 diet (mixture of complex carbohydrates,
natural fibers and probiotics) on type 2 diabetic subjects has dem-
onstrated beneficial effects in terms of HbA1c and HOMA-IR.53

In the case of probiotics interventions, not all but specific species
and strains of bacteria demonstrate benefit.51 Interventions with
probiotics like Lactobacillus or Bifidobacterium species for 4–12
weeks have demonstrated significant improvements in body fat
and insulin sensitivity. In addition, interventions with prebiotics
like resistance starch, inulin, arabinoxylan demonstrated
improvements in biomarkers associated with metabolic syn-
drome.52 In a recent review, the role of different polysaccharide
in diet in bringing about a shift in microbiota has been reported.
Interventions with resistant starch and inulin increased the Bifi-
dobacteria and Ruminococcus counts in the gut.53 With a 4-23
weeks intervention with pre and probiotics, they found that the
prebiotics promote the growth of beneficial microbiota which
reduce endotoxemia, stimulate the endocannabinoid system,
reduce gut permeability, stimulate GPR43, thereby limiting
inflammation, increase insulin sensitivity and reduce lipolysis.
The short-chain fatty acids produced by the fermentation of car-
bohydrates bind to GPR41 in the intestine and promote the
expression of PYY, which slows down the intestinal transit. Some
SCFAs also activate GPR43, the expression of which is increased
by a high-fat diet in the adipose tissue. This activation decreases
lipolysis, increases PPARg-related differentiation and thereby
increases adiposity. In a recent study obese subjects with low
gene copies of gut microbiota depicting its richness were sub-
jected to dietary modulation with energy restricted high-protein
diet for 6 weeks. The 35% decrease in energy intake after the first
6 weeks was associated with a reduction in body-fat mass, serum

triglycerides, adipocytes diameter and improvements in insulin
sensitivity measured by HOMA IR, and markers of metabolism
and inflammation depicted by hsCRP.54

The long term advantage of modulation in gut microbiota
and functions associated with this change in terms of metabolic
syndrome will need longer duration of studies.

Conclusion

The role played by microbiota in health and disease is gather-
ing evidence since the completion of the human microbiome
project. The interactions between nutrition and gut microbiota is
a 2 way process. Though this relationship is established, the cause
or effect or both roles of microbiota and type 2 diabetes will not
be clear until there is a long-term follow up study, but recent evi-
dences (e.g. transfer studies etc) indicate more involvement
towards cause than effect. The subject warrants further research
to delineate the cause and effect relationship in the context of
course of disease progression in diverse population. For example,
the gut microbiota and its function in healthy individuals in
developing nations or specific ethnicities are not adequately stud-
ied. The gut microbiota modulation from healthy to prediabetic
and diabetic individuals has also not been well investigated. It is
also becoming increasingly evident that the function of the
microbes in the population becomes predominant rather than to
what class or phylum it belongs to.

The profile of the gut microbiota in population from develop-
ing countries needs to be further evaluated and established. In
addition to microbiomics, to understand the gene expression pat-
terns and hence metabolic contribution, meta-transcriptomics
and metabolomics also need attention. The modulation of this
profile over a period of time in the general population and in pre-
diabetic and diabetic population compared to healthy will indicate
the cause or effect relationship of gut microbiota with the meta-
bolic syndrome. Comparison of this profile with the profile of the
population from developed countries might support the hypothe-
sis of altered gut microbiota and function being one of the reasons
for increased incidence of diabetes in the developing world.
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