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Abstract: Intestinal microbiota is established to be a crucial element in the control of
human health, and keeping the symbiotic relationship between the human body and
intestinal microbes will have paramount importance. A number of investigations illu-
strated that many chronic diseases are associated with intestinal micro-ecological
disorders implying intestinal floras as an important component among the environmen-
tal factors, and perturbations in their composition are correlated with metabolic dis-
orders, including obesity and diabetes mellitus (DM). Increased evidence suggests that
alterations in the gut microbial ecosystem have been involved in part in the pathogen-
esis of both type 1 and type 2 DM. Short chain fatty acids (SCFAs), derived from
microbiota, have been studied for their potential action in modulating CNS, gut barrier
axis, and the immune system as a promising mechanism for the observed protective
effects on diabetes pathogenesis. Besides, the role of bile acid (BA) stimulated recep-
tors to have a significant role in liver metabolism, and pathophysiology of liver-based
metabolic diseases has also been investigated. In the current review, we will try to
summarize the correlation between intestinal microbiota and diabetes considering the
existing current evidence revealing the role of gut microbiota in onset and disease
progression.
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Introduction
Diabetes mellitus (DM) is a chronic hyperglycemic condition as a result of
pancreatic B cell dysfunction or insulin resistance, known to cause macrovas-
cular and microvascular complications.'* The cause of defect in carbohydrate,
fat, and protein metabolism in DM is the compromised action of insulin on its
targets.3’4

Genetic predisposition and environmental factors are among the crucial
elements in the pathogenesis of DM. Out of the environmental factors account-
ing for the disease; gut microbiota has been regarded as a potential contribu-
tory factor associated with the disease. Gastrointestinal microbiome is
established to be a key element in controlling human health, and maintenance
of the symbiotic relationship between the human body and gut microbes will
have paramount importance. Numerous investigations have revealed that many
chronic diseases are related to intestinal microecological disorders implying
intestinal flora as an important component among the environmental factors,
and its modifications could lead to some sort of metabolic problems like
diabetes and obesity.”*°
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Gut Microbiota and Diabetes

Homeostasis can be maintained as a result of a mutual
interaction between the human host and gut microbes,
therefore, any dysregulation to the normal composition of
commensal communities, the so-called ‘dysbiosis’ could
weaken the homeostasis and contribute in the emergence
of many autoimmune disorders. With the help of high-
throughput sequencing technologies, aggregate evidence
has illustrated that there are visible variations in the profile
of intestinal microbial between type 1 diabetic patient and
the controls, implying a close interaction between gut
microbiota and diabetes. Consequently, a number of stu-
dies have suggested that changes in gut microbiota com-
position have got a place in the pathogenesis of the
disease. However, whether these microbial changes are
causal, responsive, or both are becoming an active area
of investigations requiring scrutiny in the scientific com-
munity. In this review, we will discuss the association
between intestinal microbiota and diabetes considering
the existing animal and human evidence revealing the
influence of the gut microbial ecosystem in onset and
disease progression.””’

The microbiota is regarded as microbial ecosystems
living together in a symbiotic interaction with their host,
sheltered on skin, respiratory, and urogenital systems and
the intestinal tract. Among the variety of microorganisms
found in the gut, bacteria are relatively best studied.”®
There are around a hundred trillion cells of microbes in
the human gut, which is 10-times higher compared to the
number of human cells. The majority of microbiota of the
gut are categorized into the following phyla: Firmicutes,
Bacteroidetes, Actinobacteria, and Proteobacteria. The
intestinal microbiota so-called “hidden organ® is involved
invarious physiological functions such as fighting against
pathogens, energy production, intestinal epithelial integrity
maintenance, and immune regulation.’

Functionally, the vital role of the gut is enhancing
digestion of food, absorption of nutrients, helps in the
removal of waste products, and protecting against invasion
by pathogenic bacteria. The protective mechanism is by
acting as an impermeable barrier on intestinal epithelial
cells along with other cells.””'® In addition, the gut gives
protection against pathogen overgrowth, impeding their
aggregation by inhibiting adherence, bacteriocin genera-
tion and nutrient competition. It participates in the meta-
bolism of drugs, detoxification of exogenous toxins,
synthesis of essential vitamins like B1, B2, B5, B6, B12,

K, folic acid, and deconjugation of bile acids (BA).
Moreover, the ability to ferment indigestible carbohydrates
helps them to provide 5-10% of daily energy need.
Besides, in the intact colon, it aids intestinal repair through
enhancing cellular proliferation and differentiation which
have a substantial role in the maintenance of gut
integrity.”"'°

Their role in maturation and continued education of the
host’s immunity has been pointed out with recent investi-
gations. As a result of continued education, the immune
system learned to identify the commensal from pathogenic
bacteria where commensal bacteria can trigger an anti-
inflammatory response, while pathogenic bacteria provoke
a pro-inflammatory condition. Hence, gut microbiota reg-
ulates migration and function of neutrophils and affects T-
cell differentiation, favoring differentiation and expansion
of regulatory T-cells (Tregs), which are crucial compo-
nents in mediating immune tolerance. The ability of con-
trolling the immune system is via generation of short-chain
fatty acids (SCFAs), like butyrate, acetate, and propionate
that are produced by bacterial fermentation of non-diges-
SCFAs are
employed in stimulating G protein-coupled receptors
(GPR41/GPR43) signaling cascades, inhibiting histone
deacetylases, and eliciting metabolic changes via promot-

tible carbohydrates. In T lymphocytes,

ing the action of a mammalian target of rapamycin
(mTOR) complex. Consequently, inflammatory cascades
will be inhibited; triggering the expansion of mucosal
Tregs, and generation of inflammatory cytokines like inter-
leukin-10 (IL-10) and interferon- (IFN-) will be reduced.
Provided that they have a key role in regulating health of
the host, it is not amazing that dysbiosis could be impli-
cated in the pathogenesis of various extra intestinal dis-
eases including diabetes.’

Changes of Intestinal Flora in Diabetic

Populations

Family history and environmental factors are key elements
in the pathogenesis of diabetes. Among environmental
factors, gut microbiota has been regarded as a potential
contributory factor associated with type 1 diabetes.'""'
Studies showed that the microbiota has a linkage with
weight gain and adiposity through many other related
processes including energy harvest and formation of
microbial metabolites, although their effect on inflamma-
tory reactions and the gut-brain axis. One major metabolic

function of gut microbiota is generating non-gaseous and
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absorbable SCFAs which are vital in modulating gut health
and the immune system, promoting intestinal hormone
production and lipogenesis.'?

The anti-inflammatory effects of SCFAs is as a result
of produced immunoglobulin A and immunosuppressive
cytokines. Therefore, loss of early-life exposure because
of continued use of antibiotics and a reduced fiber intake
could end up with dysbiosis, which in turn allows the
incidences of inflammatory problems, including diabetes.
Several investigations have reported that the number of
bacteria employed in generation of SCFA was significantly
lowered in people with type 2 diabetes. SCFAs bind to
GPCRs and result in enhancing the release of glucagon-
like peptide-1 (GLP-1); which has an incretin effect and
hinders glucagon release, prevents gluconeogenesis in the
liver, ameliorates insulin sensitivity, and builds up central
satiety, thereby resulting in bodyweight loss. Moreover,
SCFAs can directly hamper the low-grade inflammatory
response produced because of the migration of bacteria
from the intestines into the mesenteric adipose tissue and
the blood."

Dietary fats promote absorption and removal from
(LPS) through intestinal/epithelial
cells by inducing chylomicrons. LPS has an affinity for

lipopolysaccharides

chylomicrons and is co-transported along with other diet-
ary fats. Insulin insensitivity is associated with obesity and
low-grade inflammation which is distinguished in part to
alterations in gut microbiota.'* Different animal and
human studies were conducted to evaluate whether
changes are causal or merely a consequence of obesity or
metabolic syndrome. To date, different animal and human
investigations have been undertaken to evaluate the role of
gut microbiota in the pathogenesis of both types of DM. In
the table below, we have been tried to summarize the
existing evidence showing the causal relationship between
the disease and the gut microbiota.

Evidence on the Role of Gut
Microbiota in the Pathogenesis of
Type | and Type 2 DM

Current Evidence on the Role of Gut
Microbiota in the Pathogenesis of Type |
DM

Until recently, the correlation between gut microbiota and
pathogenesis of type 1 DM has been investigated in animal
models, the condition may better be elaborated with

various cohort studies to recognize the alteration of intest-
inal microbiota abundance prior to occurrence of the
disease.

Prospective studies can give information regarding
progression of the disease in time, whereas etiological
association could be obtained from interventional studies.
Investigations in huge lines of children will be crucial to
prove the involvement of microbiome disturbance prior to
the development of type 1 DM.” The aggregate evidence
summarizing preclinical and clinical trials conducted to
explore the correlation of microbiota and type 1DM have
been presented in Table 1 .

Current Evidence on the Role of Gut
Microbiota in the Pathogenesis of Type 2
DM

Alterations in the composition of intestinal microbiota is
correlated with metabolic disease including type 2 DM.
Different studies in animals showed various mechanisms
contributing to the pathogenesis of the disease.'? Basically
(as presented in Table 2), many of the investigations
revealing the role of microbiota in glucose homeostasis
are derived from studies in mice. But a change in the
composition of microbiota has also been illustrated in a
series of human cohort type 2 DM.

Possible Mechanisms of Gut
Microbiota in Diabetes Pathogenesis

Mechanisms Involving SCFAs

According to a hypothesis by Trowell, dietary changes are
blamed for diabetes, and increased use of processed car-
bohydrates with a low level of dietary fiber (DF) has been
regarded as one potential risk factor for diabetes. Major
DFs include soluble fibers, like pectin, inulin, arabinoxy-
lan, and hemicellulose, and insoluble fibers such as cellu-
lose. The soluble fibers can be fermented by microbiota to
produce SCFAs acetate, propionate, and butyrate. The
generation of SCFAs in distal gut is via bacterial fermen-
tation of macrofibrous material that might get out of diges-
tion by upper gastrointestinal tract and reach the colon
(Figure 1). Current findings showed the role of SCFAs in
modulating CNS, gut barrier axis, and the immune system
which are assumed to be promising mechanisms for the
observed protective effects of DF on diabetes pathogen-
esis. Recent findings indicated that microbiota is modu-
lated by SCFAs for their protective activity on type 1
diabetes pathogenesis.'>'® Moreover, evidence suggested
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Table | Evidence from Animal and Human Studies Revealing the Causal Relation between Gut Microbiota and Type | Diabetes

Study/Method/Intervention

Outcome

Ref

Profiling of gut microbiota in Hun Chinese with type |
diabetes

The findings indicated that Han Chinese type | diabetic patients showed clearly a

different microbiota as compared to the healthy controls, which are identified by an
increased ratio of Bacteroidetes/Firmicutes, negative association of Faecalibacterium
abundance with HbAlc, and a positive association of availability of Bacteroides with

autoantibodies.

[24]

Bacteriome at the onset of type | diabetes: A study from

four geographically distant African and Asian countries

With the employment of four distinct case-control data sets from the faraway
communities of Africa and Asia, a significant positive correlation with type | diabetes
was shown for the genus Escherichia (class Gammaproteobacteria, phylum
Proteobacteria), while Eubacterium and Roseburia, two genera of class Clostridia,
phylum Firmicutes, were inversely correlated with the disease. It was also proved a
prior observed inverse association with Clostridium clusters IV or XIVa while no

correlations were observed for richness, evenness, or enterotypes.

[25]

Composition of fecal micriobita in children with B-cell auto

immunity and those without

The result suggested that alterations in the intestinal bacterial diversity are observed
at pre-diabetes stage, and these changes precede the development of type | diabetes.
Further studies are recommended to see the functional changes in the intestinal

microbiota in course of time to evaluate the effect of gut microbiota in generating of

B-cell autoimmunity and type | diabetes.

[26]

A case control study on gut microbiota in children with type

| diabetes and healthy controls

Type | diabetes and its correlation with intestinal microbiota have been studied. A
significant association was observed with the quantity of Bifidobacterium,
Lactobacillus and Clostridium and in the ratio of Firmicutes to Bacteroidetes within
the two groups, probably linked to the level of glucose in those with diabetes.
Besides, the amount of bacteria needed to stabilize the integrity of the gut was highly

reduced in diabetic children in comparison to the healthy ones.

[27]

A case control study on compositional and functional

difference in type | diabetic children and healthy controls

There were differences in taxonomic and functionality of gut microbiota in type |
diabetic children than the healthy controls and from those with non-autoimmune
diabetes.

[28]

A pilot study on correlation of glycemic regulation and IL

with gut dysbiosis in autoimmune diabetes

The imbalance in intestinal microbiota is associated with minimal glycemic regulation
and raised IL-6. The finding indicated a difference in gut microbiota composition in
type | diabetic cases compared to the healthy controls. The presence of G ¢
bacteria in type | diabetic cases might participate in making the gut leaky,

translocation bacteria, and reducing glycemic regulation.

[29]

Different microbial and host proteins are available in gut

proteomic of diabetic cases and their controls

The finding evidenced significant differences between gut proteome of children with
type | diabetes and controls. In those with diabetes, the availability of proteins of

cluster of clostardia XVa & IV and bactriodes were found to be high. However, a high
amount of bifido-bactreial proteins were found in the proteome of the controls. In
diabetic cases and controls, secondary functions of proteins were seen and human

proteins can also characterize those diabetic cases.

[30]

Stating the autoimmune nature of gut microbiota for type |

diabetes mellitus

The line of evidence obtained supports the notion that, as the age of healthy
newborn babies increases their microbiomes become healthier and more stable,
whereas children who are intended for autoimmunity may cause a microbiome to be
less diverse and stable.

In the autoimmune scenario, type | diabetics may be distinctly different from the
healthy ones and bacterial markers to be regarded as a diagnosis method for type |
diabetes were suggested. Therefore, bacteria that were negatively associated with
autoimmune state might be important in preventing the emergence of autoimmunity

in high-risk children.

[]

(Continued)
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Table | (Continued).

Study/Method/Intervention

Outcome

Ref

Microbiaa composition and Inflammatory condition in the

duodenum mucosa of type | diabetic patients

An increase in the level of CCLI3, CCLI9, CCL22, CCR2, COX2, IL4R, CDé68,
PTX3, TNFa, and VEGFA was seen in diabtetic patients in comparison to the control
groups and patients with celiac disease. Duodenal mucosal microbiome results in the
diabetic group were different from the other groups, with a rise in Firmicutes and
Firmicutes/Bacteroidetes ratio and a decrease in Proteobacteria and Bacteroidetes.
Because of the expression of genes specific for type | diabetes, inflammation was
correlated with the presence of specific bacteria in the duodenum. The study,
therefore, revealed that duodenal mucosa in type | diabetic patients presented

disease-related anomalies in the inflammatory condition and microbiota.

311

Analysis of metagenome of gut microbiota as a model in the

emergence of autoimmune diabetes

The result suggested that increases in the synthesis of adhesion and flagella in
autoimmunity might be part of a triggering mechanism in type | diabetes and related
autoimmune response. Substantial dis-similarity in metabolic capacity showed that
autoimmune subjects have microbiomes which deviate functionally from the healthy
controls functionally abnormal microbiome. The finding indicated that a collection of
bacteria producing lactate- and butyrate in a healthy gut provokes adequate mucin
synthesis so as to maintain the integrity of the gut while, contrarily, non-butyrate-

producing lactate-utilizing bacteria avert sufficient mucin synthesis.

32

Distinct fecal and oral microbiota composition in human type

| diabetic cases, an observational study

The study revealed that oral microbiota was remarkably different in type | diabetes
(eg, abundance of Streptococci) in comparison to healthy controls. Fecal investigations
indicated reduced butyrate producing species in type | diabetic patients and less
butyryl-CoA transferase genes. The plasma levels of acetate and propionate were
lowered in type | diabetes, with similar fecal SCFA and fecal strains Christensenella
and Subdoligranulum were associated with glycemic control, inflammatory

parameters, and SCFA.

[33]

Autoimmunity and intestinal colonization by Candida albicans

in type | diabetic patients while at diagnosis

According to the evaluation, direct examination and culture of fresh stool samples
showed that 50% of the patients with type | diabetes and 23.8% of control subjects
presented with fungi (C. albicans). It was therefore suggested that existence of
colonization of intestinal C. albicans during diagnosis of type | diabtes could show
hinderance to many normal intestinal microbiota. It was also suggested that there
might be a probability of type | diabetes in patients with a high C. albicans in their

intestine.

[34]

Dynamics of human infant gut microbiome in onset and

progression of type | diabetes

A significant reduction in alpha-diversity was observed in type | diabetics in the time-
window between sero-conversion and type | diabetes diagnosis, accompanied by
spikes in inflammation-favoring organisms, gene functions, and serum and stool
metabolites. This study identified the course of development of human infant gut
microbiome along with specific alterations that precede onset of type | diabetes and

distinguish type | diabetes progressors from non-progressors.

[35]

Gut microbiata in children with type | diabetes and those

without

Colonization of Bifidobacterium was reduced in diabetic cases compared to those
without, while colonization of Candida albicans and Enterobacteriaceae was raised,
but not Echerichia coli. This might disrupt the balance of intestinal flora and probably

could be a triggering factor in the etiologic mechanism of type | diabetes.

[36]

Deviating intestinal microbiota level in the emergence of type

| diabetes in young children

In those <2.9 years, the aggregate availability of both class Bacilli (in particular
streptococci) and phylum Bacteroidetes was greater in diabetic children, while
clostridium clusters IV and XIVa were greater in healthy controls. Controls >2.9
years were distinguished with a large amount of butyrate-producing species within
Clostridium clusters IV and XIVa than the younger age groups, and diabetic children
>2.9 years might be identified with the presence of more microbial diversity. The
findings concluded that non-diabetic children have a more balanced microbiota in

which butyrate-producing species seem to have a central role.

[37]

(Continued)
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Table | (Continued).

the biosynthesis of SCFAs showed increment in healthy controls.

Study/Method/Intervention Outcome Ref
Faecal microbiota transplantation (FMT) in the onset of new | FMT ceases reduction of insulin release in type | diabetic individuals during a period | [38]
cases of human type | diabetes of | year starting from onset. Metabolic products obtained from micro biota and

bacterial strains could be responsible for the remaining role of ruminant  cells.
Oral butyrate and its role in immunity and islet auto- The study reported that oral butyrate administration in long-lasting type | diabetes | [39]
immunity. A randomized controlled trial showed no change in peripheral blood innate and adaptive immunity.
Intestinal microbiota in early-onset type | diabetes in humans | The super-pathway of fermentation was higher in controls in the TID cohort helps | [40]

Products of intestinal microbiota and autoimmune T-cells in

type | diabetes

Acetate significantly reduced the frequency of auto-reactive T-cells in lymphoid
tissues via an effect on B-cells and the ability to expand of auto-reactive T-cells. Diets
with butyrate increased the amount and function of regulatory T-cells, while diets

producing acetate and butyrate protect the gut integrity and reduce the serum level

[41]

of diabetogenic cytokines like IL-21.

that protective potentials of SCFAs on B-cells and endo-
genous FFA2 expression probably accounted for this
effect. Based on prior reports, it was concluded that
sodium acetate and propionate reduced islet cell death
elicited by cytokine or palmitate; FFA2 deficiency induced
B-cell death and decreased P-cell mass, whereas SCFAs
protected islet B-cells.”

Low grade inflammation and high level of cytokines
like IL-6, IL-1, or TNF-a are characteristic features of
These

expressed in insulin target tissues, such as liver, adipose

Type 2 diabetes. inflammatory markers are
tissue, and muscles, hence leading to insulin insensitivity.
It was investigated that changes in the gut microbial eco-
system provokes a pro-inflammatory condition in the adi-
pose tissue that is related to obesity and resultant insulin
resistance. The diversity of the gut microbiota, and its
subsequent metabolic products is highly modified by diet
changes; proper use of dietary fibers is usually correlated
with a level of SCFA that could promote an anti-inflam-
matory effect, while a higher fat consumption was linked
to reduced profile of SCFAs and raised LPS, implying
aggregation of G V¢ bacteria. LPS was found to elicit the
generation of pro-inflammatory molecules that are taking
part in enhancing permeability and inflammation in the gut
epithelium, the so-called “metabolic endotoxemia“.'®
Regulation of BGLs, insulin insensitivity, and GLP-1
release in improving metabolic function is as a result of
expressed SCFA receptors in various tissues, hence are
able to induce a protective effect provoked by them. The
blood glucose lowering potential of SCFAs might be

because of their beneficial effects such as: reduced

inflammatory condition, hence decreases insulin insensi-
tivity enhance decreased inflammatory state that reduces
insulin resistance, simultaneously enhances the release of
GLP-1 that promotes insulin release, and ameliorate B-cell
function, thereby helping to maintain glucose homeostasis.
Different preclinical and clinical trials showed that the
acetate has a role in host energy and substrate metabolism
through its positive effect on the release of GLP-1 and
peptide Y'Y, therefore affecting appetite by reducing lipo-
lysis, pro-inflammatory mediators, and increasing utiliza-

tion of energy and fat oxidation.'®'®

Mechanisms Involving Bile Acids

BAs are metabolites of cholesterol catabolism in the liver
and their synthesis accounts for about half of the daily
cholesterol output, whereas 40% of the output is because
of biliary secretion, and the remaining 10% is employed
for membrane and steroid hormone synthesis. As a result,
BA metabolism has a central role in regulating cholesterol
homeostasis. Extensive research regarding BAs has cre-
ated a ground for viewing them as signaling molecules that
activate several nuclear receptors: farnesoid X receptor
(FXR), vitamin D receptor (VDR), pregnane X receptor
(PXR); and the membrane GPCRs: Takeda GPCR 5
(TGRS), sphingosine-1 phosphate receptor 2 (S1PR2),
and muscarinic M2 receptor. These BA stimulated recep-
tors have a significant role in liver metabolism, and the
roles of FXR and TGRS in regulating metabolism and
pathophysiology of liver based metabolic diseases has
been investigated.'®** The human BA pool is determined
by the enterohepatic cycle and microbial metabolism in the
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Table 2 Evidences from Animal and Human Studies Revealing the Causal Relation between Gut Microbiota and Type 2 Diabetes

Study/Method/Intervention

Outcome

Ref

Characteristics of gut microbiota to Chinese herbal formula elderly with

metabolic syndrome

Treatment with a Chinese herbal preparation (Yangyin Tiluo Decoction
(YTD)) decreased the availability of genus Bacteroidales Incertae Sedis
and species Enterobacteriaceae Incertae Sedis. The amount of plasma
lipoprotein (a) also lowered that was negatively associated with the
availability of Acinetobacter species. The finding illustrated domination of
Firmicutes and Actinobacteria, and pointed out visible microbiota in
elder patients with metabolic syndrome which might contribute to the
pathogenesis. Besides, the advantage of the herbal formulation in
complementing the strategy to manage metabolic syndrome was also

noted.

[42]

Recent advances in gut related pharmacology of metformin in type 2

diabetic patients

The study showed withdrawal of metformin produces a decrease in the
active and total GLP-1 and increment in the level of serum bile acids,
specifically cholic acid and its conjugates. However, these were returned
while metformin was readministered. The changes in effects on
circulating peptide tyrosine-tyrosine (PYY) were remarkable, while
minimal on GIP.

The availability of phylum Firmicutes was positively associated with
alterations in cholic acid and its conjugates, whereas availability of
bacteroidetes had a negative correlation. The study suggested that
metformin has multiplex pharmacologic effects because of gut related
mechanisms that could provide a highlight for future scrutiny into novel

treatment modalities in type 2 diabetes and related metabolic disorders.

[43]

Characteristics of gut microbiota in adults with type | and type 2
diabetes considering next-generation sequencing of gene fragment of 16S
rRNA

The investigation revealed a negative association of many genera of
bacteria and the percentage of glycated hemoglobin Alc in the type 2
diabetic group, but a positive association was seen between the bactria in
genus Bifidobacterium and HDL cholesterol levels in both type | and type
2 diabetic groups.

Findings provided a highlight for future investigation in the area of gut
microbiota to bring individualized therapy into the clinical scenario for
patients with diabetes considering the composition of the gut as a novel
approach for managing glycemia. Next-generation sequencing provides a
better identification of DNA of all bacteria found in the sample and their

taxonomic placement.

[44]

Gut microbiota markers in obese adolescent and adult patients: Age-

dependent differential patterns

The result showed a characterstic feature of gut microbiota in relation to
ecological feature, microbial make-up, and metabolism in obese patients.
Identifying novel obesity bacterial markers may pave the way for

developing patient-customized treatments in consideration of age-related

microbiota profile.

[45]

Gut microbiota in aAdults with type 2 diabetes and those without

The proportion of phylum Firmicutes and class Clostridia were markedly
lowered in the diabetic group as compared to the control. Moreover, the
ratio of Bacteroidetes to Firmicutes and Bacteroides to Prevotella to C.
coccoides-E. rectale group showed a positive association with plasma
glucose level but not with BMIs.

Likewise, class Betaproteobacteria were abundant in diabetic adults as
compared to persons without and a positive association was recorded
with plasma glucose. The study pointed out that type 2 diabetes is
related to compositional changes of gut microbiota. In addition, to
develope modalities to manage metabolic disorders via modification of
gut microbiota, the emergence of glucose tolerance should be

considered.

[46]

(Continued)

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14

http:

Dove:

1847


http://www.dovepress.com
http://www.dovepress.com

Yehualashet and Yikna Dove

Table 2 (Continued).

Study/Method/Intervention Outcome Ref
Alterations in human gut microbiota and its effects on glucose Characterizing gut microbiota was performed using 16S rDNA-based | [47]
intolerance high-throughput sequencing. Dysbiosis due to type 2 diabetes,

separation of microbial communities and alteration of alpha diversity
between the different glucose intolerance statuses were reported.
At genus level, availability of Bacteroides in type 2 diabetic group was
half of the normal glucose tolerance and pe-diabetic group. Prior
report indicated that type 2 diabetes-related markers were also
compared with findings in this study, and some inconsistencies were
observed. It was identified that Verrucomicrobiae could be one
promising marker of type 2 diabetes as its abundance was

markedly reduced in both the pre-diabetic and type 2 diabetic

groups.

Structural modifications of gut macrobiota in type 2 diabetic and Both metformin and the herbal formula substantially reduced [48]
hyperlipidemia patients treated by metformin and Chinese herbal hyperglycemia and hyperlipidemia and produced structural

preparation: a multicenter, randomized, open label cinical trial alterations in diabetic patients. There was a marked increase in a co-

abundant group called Blautia spp., which was highly related with
positive regulation of glucose and lipid homeostasis. The designed
herbal preparation, however, showed enhanced efficacies in
improving a homeostasis model assessment of insulin resistance and
plasma triglyceride and also exhibits a pronounced effect in gut
microbiota.

Moreover, the herbal preparation raised the co-abundant group, ie,
Faecalibacterium spp. that was investigated before with another study
to be correlated with amelioration of T2DM in a randomised clinical
trial. In conclusion, Metformin and the Chinese herbal formula
probably improve type 2 diabetes with hyperlipidemia by increasing

the abundance of via bacteria, such as Blautia and Faecalibacterium

Spp.

The status of gut microbiome in pre-diabetes and type 2 diabetes Those phyla with higher availability were: Bacteroidetes, Firmicutes, [49]
Proteobacteria, Verrucomicrobia, and Actinobacteria. The Class Chloracido
bacteria were raised in prediabetes in comparison to type 2 diabetes.
Unidentified genus from Pseudonocardiaceae was substantially found in
the prediabetic group as compared to others. Genus Collinsella, and an
unknown genus from Enterobacteriaceae were both found to be
significantly increased in type 2 diabetes compared to the other
groups.

The finding indicated that dysbiosis was correlated with both
prediabetes and type 2 diabetes, particularly at level of class and genus
implying that prior treatment in prediabetes might provoke transition

of consequences of gut microbiome to type 2 diabetes.

The effect of metformin on gut microbiome of new case of type 2 Using a model illustrating metformin- microbiota relationship, it was [50]
patients revealed that metformin was shown to affect pathways sharing similar
biological roles in species from two distinict phyla, and the majority of
genes regulated by metformin in these species encoded metalloproteins.
The study, therefore, provided ground to strengthen the idea that
alterations in gut microbiota are mediated by some anti-diabetic effects

of metformin.

(Continued)
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Table 2 (Continued).

Study/Method/Intervention

Outcome

Ref

Dysbiosis signatures of gut microbiome in the sequence from healthy,

young patients to those with overweight and obesity

Groups with overweight and obesity showed a higher disruption in glycemic
control, lipid profile, and inflammatory markers; patients with acanthosis
nigricans were found in worse metabolic condition with lowered microbiota
diversity. However, quite different microbiota compositions were observed
in those with obesity and healthy volunteers.

Functional analysis indicated a remarkable rise in LPS biosynthetic proteins
and bacterial invasion of epithelial cells—related genes while a remarkable
reduction in glucose and essential amino acid associated genes. Gut
microbiotas and their functions were significantly altered in obesity. Future
investigations emphasizing the association and causality of microbiota and
obesity are crucial and could take part towards the prevention, diagnosis,

and treatment of obesity.

[N

Alterations in fecal bacterial ecosystem and fermentation products in

obese patients undergoing bilio-intestinal bypass surgery

About half a year post-surgery, metabolic markers like body weight,
glucose, and lipid metabolism were well improved in comparsion to the
standard. Generally, composition of fecal micobiata after surgery was
distinguished with a reduction in bacterial diversity of Lachnospiraceae,
Clostridiaceae, Ruminococcaceae, Eubacteriaceae, and
Coriobacteriaceae. However, a marked rise in genera Lactobacillus,
Megasphaera, and Acidaminococcus and family Enterobacteriaceae was
shown.

The level of SCFA was changed with a minimum abundance of acetate
and propionate and greater amount of valerate and hexanoate. Partly
altrations in bacterial ecosystem is correlated with changes in metabolic
parameters, such as Gemmiger and glucose, Lactobacillus and glucose, and

Faecalibacterium and triglycerides.

[>2]

Circulating succinate | human obesity and its impact on gut microbiota

Metabolic products of gut microbiota are becoming promising
biomarkers for cardiovascular disease. The level of circulating succinate
which is a metabolic product of both microbiota and the host is found to
rise in cases of hypertension, IHD, and type 2 diabetes.

Studies revealed the correlation of circulating succinate with specific
metagenomic signatures in cross-sectional and prospective cohorts of
Caucasian Spanish subjects. Obesity was related to increased level of
circulating succinate in line with weakened glucose metabolism which
was rationalized as a result of alterations in succinate metabolism linked
to gut microbiota or a relatively high amount of succinate-producing
Prevotellaceae and Veillonellaceae, and a reduced level of succinate-

consuming Odoribacteraceae and Clostridaceae in those with obesity.

[53]

Modulating gut microbiota dysbiosis using macrobiotic Ma-Pi 2 diet in

type 2 diabetic individuals

The effect of diet enriched with fibre (macrobiotic Ma-Pi 2 diet) or a
control diet for type 2 diabetes treatment was explored. According to
the findings, groups placed on both diet showed better modulation
dysbiosis in type 2 diabetes, which therefore improves the diversity of
the gut ecosystem and helps SCFA to recover those participated to
produce SCFA such as Faecalibacterium, Roseburia, Lachnospira,
Bacteroides, and Akkermansia.

Pro-inflammatory ones like Collinsella and Streptococcus were reduced
in the gut in groups taking Ma-Pi 2 diet, but not the case in the controls,
which might be due to its capacity to counteract pro-inflammatory
dysbioses in type 2 diabetes, and probably better response for the

metabolic control.

[>4]

(Continued)
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Table 2 (Continued).

Study/Method/Intervention

Outcome

Ref

Metagenomic sequencing of the gut microbiome pre- and post-bariatric
surgery in obese type 2 diabetic patients: association with inflammatory

and metabolic parameters

The overall metagenomic Roux-en-Y gastric bypass (RYGB)- elicited shift
was distinguished with decreased Firmicutes and Bacteroidetes and
raised Proteobacteria. Twenty-two microbial communities and | | genera
were substantially modulated by RYGB. Functional analysis of
carbohydrate metabolism by KEGG Orthology (KO) illustrated
remarkable results in 13 KOs using phosphortransferase systems.
Spearmen’s Rank correlation showed the association of 10 species with
plasma total or LDL, and five species with TGs, whereas F. prausnitzii had
a direct correlation with FBG. A distinct association was found to exist
between microbiome constitution and gene function with improving
potential in metabolic and inflammatory parameters, and it provides
evidence to bring novel diagnostic and therapeutic approaches based on

metagenomic sequencing of human gut microbiome.

[>5]

Status of insulin sensitivity after lean donor feces in metabolic syndrome

Post-allogeneic FMT at 6 weeks, showed improvement in insulin
sensitivity along with alteration in microbiota composition. The
protective role of lean donor FMT on glucose metabolism is linked with
the change in gut microbiota and plasma metabolites and is estimated

from the baseline fecal microbiota composition.

[>6]

Role of butyrate in insulin sensitivity and energy expenditure in mice

On HFD, feeding with butyrate reduced the occurrence of insulin
insensitivity and obesity in C57BL/6 mice. FBG, fasting insulin, and insulin
tolerance were all maintained in treated mice. Enhancement of adaptive
thermogenesis and FA oxidation were noted. Enhanced function of

mitochondrian and biogenesis was skeletal muscle and brown fat.

571

Cultured gut microbiota from twins discordant for obesity and its impact

on and metabolic phenotypes in mice

Group homed mice nurturing in obese twin’s micr biota with mice

containing the lean co-twin’s microbiota averted the increment in body
mass and obesity-correlated metabolic phenotypes in obese cagemates.
Rescue linked with overwhelming of certain members of Bacteroidetes

from the lean microbiota into obese microbiota, and was diet-dependent.

[>8]

The effect f nuclear receptor FXR in GLP-| secretion for microbiota-
derived SCFAs

The finding illustrated that FXR stimulation reduces L-cell GLP-1 release
in response to inulin-derived SCFA by decreasing FFAR2 expression and
signalling. Inactivation of gut FXR with BA binding agens or synthetic
ntagonistsin adjuvant with prebiotic supplementation could be a

promising treatment strategy to augment incretin axis in type 2 DM.

[59]

Gut microbiota from twins discordant for obesity and role in metabolism

in mice

The intact and cultured bacterial component of obese co twin’s faecal
micro biota brought a more marked rise in body mass and adiposity than
the leans.

The variation in body mass was associated with changes in fermentation
of SCFAs (raised in the leans), and metabolism of branched-chain amino

acids (increased in obese), and microbial transformation of BA (increased

in lean and linked with down-regulation of host FXR signaling).

(58]

gut (Figure 2). BAs can undergo decongugations induced
by a broad spectrum of gut bacteria. Therefore, regarding
the level of BAs excreted in feces, the majority contain
secondary BAs, and highly rely on gut microbiota
metabolism.”’

Recent data suggests that dysregulation in luminal ent-
eral communication because of BA sequestrants could

reveal the attractive effects of these drugs. Various gastro-
intestinal cells and hormones work together to contribute
in neuroendocrine regulation of digestion and metabolic
function. Detecting a way to augment endogenous GLP1
secretion, without increasing overall energy intake and
deposition, is an attractive concept in the future treatment

of type 2 diabetes — simultaneously improving our
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understanding of endocrine gut physiology.?? To date, the
use of BA chelates are the only treatment modalities for
diabetes involving BA, however, it was revealed that part
of the advantages of bariatric surgery on controlling glu-
cose level in diabetic patients is something associated with
BA metabolism.?

In the brain, BA-TGRS5 cascading regulates satiety. In
skeletal muscles and brown adipose tissue, BA-TGR5
sensing enhances the conversion of T4 to T3, provoking
a rise in energy expenditure. In the pancreas, both BA-
TGRS and BA-FXR signaling in B-cells stimulates insulin
production. Glucose-induced insulin release is also
enhanced by BA-TGRS signaling in a-cells, that promotes
proglucagon to be changed to GLP-1 and GLP-1 release.
TGRS5-BA in immune cells inhibits NLRP3-inflammasome

and reduced inflammation.

Conclusion

The current review of aggregate evidence from animal and
human investigations has shown that dysbiosis in gut
microbial ecosystem and reduction of their diversity was
associated with the onset and progression of both types of
diabetes. The possible mechanisms include the generation
of SCFAs in distal gut is via bacterial fermentation of
macrofibrous material that might get out of digestion by
upper gastrointestinal tract participates in modulating
CNS, gut barrier axis, and immune system which are
assumed to be promising mechanisms for the observed
protective effects of SCFAs on diabetes pathogenesis.
Furthermore, extensive research regarding BAs has cre-
ated a ground for viewing them as signaling molecules that
activate several nuclear receptors in regulating metabolism
and pathophysiology of liver based metabolic diseases.
Considering these findings, the research community
should give emphasis on studies illustrating the signifi-
cance of maintaining healthy microbial composition
because related findings could be useful for developing
strategies to control diabetes by modifying the gut micro-
biota. In fact, bringing these understandings into reason-
able therapeutic measures is challenging. Therefore, in the
future, ongoing randomized controlled trials in huge
human cohorts are needed to uncover unresolved questions
and prove the efficacy of microbiota-based therapeutic
approaches.
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