¥

)
¥

¥
¥

Ba nutrients MBPY

Review

Microbiota and Diabetes Mellitus: Role of
Lipid Mediators

1,% 1 1

Juan Salazar , Lissé Angarita 2(, Valery Morillo !, Carla Navarro 17, Maria Sofia Martinez !,
Maricarmen Chacin 3, Wheeler Torres !, Arush Rajotia 7, Milagros Rojas !, Climaco Cano ?,
Roberto Afiez 5, Joselyn Rojas ® and Valmore Bermudez 3

1 Endocrine and Metabolic Diseases Research Center, School of Medicine, University of Zulia, Maracaibo 4004,

Venezuela; valeryemb@fmed.luz.edu.ve (V.M.); Cpnm18@fmed.luz.edu.ve (C.N.);
mariasofia876@gmail.com (M.S.M.); wtorres@fmed.luz.edu.ve (W.T.);
milagrosrojascaldera@gmail.com (M.R.); climacoc@hotmail.com (C.C.)

Escuela de Nutricién y Dietética, Facultad de Medicina, Universidad Andres Bello,

Sede Concepcién 4260000, Chile; lisse.angarita@unab.cl

Facultad de Ciencias de la Salud, Universidad Simén Bolivar, Barranquilla 080001, Colombia;
m.chacin@unisimonbolivar.edu.co (M.C.); v.bermudez@unisimonbolivar.edu.co (V.B.)

4 Sharma Post Graduate Institute of Medical Sciences, Rohtak, Haryana 122001, India;
arush.rajotiab@gmail.com

Departamento de Endocrinologia y Nutricién, Hospital General Universitario Gregorio Marafién,
28009 Madrid, Spain; Roberto_anez89@hotmail.com

Division of Pulmonary and Critical Care Medicine, Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA 02115, USA; jrojasquintero@bwh.harvard.edu

*  Correspondence: juanjsv18@hotmail.com; Tel.: +58-414-657-5583

check for
Received: 3 July 2020; Accepted: 27 August 2020; Published: 3 October 2020 updates

Abstract: Diabetes Mellitus (DM) is an inflammatory clinical entity with different mechanisms
involved in its physiopathology. Among these, the dysfunction of the gut microbiota stands out.
Currently, it is understood that lipid products derived from the gut microbiota are capable of
interacting with cells from the immune system and have an immunomodulatory effect. In the
presence of dysbiosis, the concentration of lipopolysaccharides (LPS) increases, favoring damage to
the intestinal barrier. Furthermore, a pro-inflammatory environment prevails, and a state of insulin
resistance and hyperglycemia is present. Conversely, during eubiosis, the production of short-chain
fatty acids (SCFA) is fundamental for the maintenance of the integrity of the intestinal barrier as
well as for immunogenic tolerance and appetite/satiety perception, leading to a protective effect.
Additionally, it has been demonstrated that alterations or dysregulation of the gut microbiota can
be reversed by modifying the eating habits of the patients or with the administration of prebiotics,
probiotics, and symbiotics. Similarly, different studies have demonstrated that drugs like Metformin
are capable of modifying the composition of the gut microbiota, promoting changes in the biosynthesis
of LPS, and the metabolism of SCFA.

Keywords: diabetes; inflammation; microbiota; dysbiosis; lipopolysaccharides; short-chain fatty acids

1. Introduction

In 2015, 1 out of 11 adult individuals suffered from Diabetes Mellitus (DM) worldwide, which
estimated to 415 million cases, of which 46.5% had not been diagnosed, and mortality estimated at
5 million. Currently, it is foreseen that by the year 2040, this number may increase to 642 million,
affecting 1 in every 10 adults [1]. Venezuela does not escape this reality. According to the last published
data in 2011, there were 123,413 deaths associated with this disease [2]. Said numbers are alarming;
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therefore, prevention, early diagnosis, and treatment of diabetes Mellitus has been established as one
of the priorities in patients worldwide [3-5].

DM is a chronic and multifactorial disease in which diverse physiopathologic mechanisms interact
and lead to a persistent state of hyperglycemia [6]. In an attempt to schematize said pathways,
DeFronzo proposes the “ominous octet”. This theory establishes that there are numerous mechanisms
involved in the development of DM, such as beta and alpha cell dysfunction in the pancreas, a decrease
in incretin effect or production, insulin resistance (IR) at the hepatic, muscular, and fatty tissue levels,
increased renal glucose absorption, and the dysregulation of glucose metabolism by the central
nervous system [7]. However, the “ominous eleven” are later established when Schwartz sums three
additional mechanisms to this proposal: low-grade inflammation, amylin decrease, and gut microbiota
modification [8].

The postulation of this last mechanism as a pathway favoring DM is based on recent evidence.
This research shows that there is a dysregulation in the gut microenvironment in individuals that have
type 1 diabetes (T1DM) or type 2 diabetes (T2DM) and obesity [9,10]. A critical role of gut microbiota
in the regulation and functioning of the immunologic system has been discovered. This role can
contribute to the development of autoimmune diseases such as TIDM. Furthermore, gut microbiota
also has a role in the development of metabolic disorders such as pre-diabetes and T2DM [11,12].

In this sense, some research has demonstrated that restoration of gut microbiota can revert a
significant part of metabolic alterations. Therefore, there has been a growing interest in studying the
possibility of using prebiotics and probiotics in the prevention and treatment of DM [13]. Different
analyses have demonstrated promising results in this aspect [11,12]. Consequently, the purpose of this
narrative review is to describe the physiopathology and immunomodulatory role of gut microbiota
and their lipid products in the development, prevention, and treatment of DM. For this a literature
search was performed on PubMed, Excerpta Medica dataBase (EMBASE), Scopus, Web of Science, and
Google Scholar databases with the terms “microbiota”, “diabetes mellitus”, “lipids” and “short-chain
fatty acids”, from inception to March 2020.

2. Chronic Inflammation in Diabetes: Who Are the Precursors?

During the last decades, the presence of different inflammatory markers has been associated
with the natural history of DM [14-17]. T1IDM results from an autoimmune disorder that causes the
inflammation and destruction of the pancreatic beta-cell through numerous mechanisms, leading
to a deficient production of insulin [18]. T2DM is fundamentally the result of a phenomenon of
IR present in the different tissues of the body, which leads to a decrease in the effects of insulin
in peripheral organs [19]. Similarly, it has been stated that IR is the result of the activation of
pro-inflammatory mechanisms that involve ectopic lipid accumulation, a dysfunctional adipose tissue
capable of synthesizing numerous cytokines, and a dysregulated immune system, promoting a mainly
inflammatory phenotype [20-23]. For this reason, DM is now considered an inflammatory clinical entity.

Also, increased levels of inflammatory mediators and markers have been observed, among which
there are acute phase reactants, including C-reactive protein (CPR), interleukin-6 (IL-6), and Tumor
Necrosis Factor -oc (TNF-ot). TNF- is one of the primary mediators that favors a pro-inflammatory state,
inhibits insulin and beta-cell function, and acts in the metabolism of lipids and carbohydrates [24].
Similarly, other molecules such as interleukin-17 (IL-17), interleukin-23 (IL-23), and Transforming
Growth Factor 3 (TGF- 3) have been associated [25,26]. This pro-inflammatory state not only has a
vital role in the development of the disease but also in the complications associated with it [27-29].

Presently, it is understood that microbial products are capable of interacting with cells from
the immune system and play a vital role in the development of DM [30]. In the presence of an
imbalance in the gut microorganisms, the lipopolysaccharides (LPS) derived from Gram-negative
bacteria coming from the gut can generate a state of low-grade inflammation by interacting with
type 4 toll-like receptors (TLR-4). These are present in the macrophages and monocytes, favoring
the release of pro-inflammatory cytokines, and eventually, favoring an IR state in later stages [31,32].
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Conversely, short-chain fatty acids (SCFA), in healthy individuals provide healthy energetic substrates
to enterocytes, regulate the appetite/satiety process, favor an anti-inflammatory state, and activate
free fatty acids type 2 and type 3 receptors (FFA2 and FFA3) and G-protein coupled receptor 109A
(GPR109A), showing a protective effect [33,34].

3. Microbiota

There are a diverse number of microorganisms, mainly in our gut, which play a crucial role in many
physiologic and metabolic processes in our body, for example, synthesis of vitamins and nutrients,
regulation of metabolism, increasing bioavailability of drugs, and in protection and maturation of the
immune system. These microorganisms are called “microbiota” or “gut flora” [35-38].

This “gut flora” is not static, and its composition varies with age, initial colonization by
microorganisms begins at birth until three years of age [39]. It is influenced both by internal
and external factors, such as the type of delivery, nutrition, and exposure to antibiotics, which leads to
variability in the components of the microbiota [40,41]. Among all the gut bacteria, Bifidobacterium
genre is the main component of the bacterial gut flora in infants [42]. Afterward, physiologically,
the microbiota stays relatively stable in adults. Bacteroidetes and Firmicutes are the main components,
followed by Actinobacteria and Proteobacteria [43]. Meanwhile, in older adults, there have been
reports of variations because of the aging process such as dentition, decrease in chewing capacity,
digestion, and intestinal transit leading to dietary changes and, therefore, changes in the composition
of the gut flora [44].

The relative stability of microbiota in adults can be altered by factors such as age, nutrition, exercise,
use of medication, among others, have an important influence in its composition. The process of
alteration of predominant microbiota is called dysbiosis, which has been described to have associations
with the development of numerous illnesses [45,46]. This alteration in microbiota can perturb the
internal gut medium through diverse mechanisms, such as altering pancreatic enzyme function,
biliary acid degradation, damage to the gut brush border, and by the production of dysregulated
immune responses due to bacterial antigens. However, it has been proved that these alterations are
reversible [47,48].

4. Microbiota and Diabetes: Immunomodulatory Role of Bacterial Lipid Mediators

Currently, a direct causal relationship between gut dysbiosis and the development of DM has not
been identified. There are often contradictory findings; however, immunomodulatory mechanisms
have been discovered, which are mediated by lipid products derived from the resident microbiota.
Among these, two particular phenomena stand out in diabetic subjects: the release of LPS with
pro-inflammatory effects and decrease in SCFA production [49,50].

4.1. Release of Lipopolysaccharides

Gram-negative bacteria in the gut microbiota release LPS, physiologically the intestinal wall is a
crucial element for controlling the transportation of these molecules to the systemic circulation, thanks
to tight junctions the passage of these molecules is prevented [51]. The expression of tight junction
proteins decreases with the consumption of a high-fat diet in animal models, which leads to a higher
intestinal permeability and increased LPS in circulation. From there, they are transported to different
tissues via serum lipoproteins (Figure 1) [51-53]. The mechanism through which high-fat diet decreases
the expression of intestinal tight junctions involves direct and indirect pathways, which include the
expression and distribution of binding protein complexes. Similarly, mechanisms such as excessive
and chronic production of biliary acids capable of affecting the proteins of the intestinal barrier take
place. The induction of proinflammatory molecules and cells is another mechanism that perpetuates
the vicious cycle of inflammation and gut hyperpermeability as well as enhances serum LPS levels
independent of permeability status. This occurs mainly through luminal micellar incorporation and
stimulation of lipid raft-mediated endocytosis [54].
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Figure 1. Modification of the intestinal barrier permeability. Dysbiosis, as a result of high fat

intake, leads to a higher concentration of lipopolysaccharides (LPS). When LPS interacts with toll-like
4 receptors, a signaling cascade is triggered, which results in a decrease of binding proteins and,
therefore, an increase in gut permeability. The resulting endotoxemia generates changes in the immune
response of the host, favoring a pro-inflammatory state in different organs and tissues, which can lead
to the development of metabolic diseases, such as Diabetes Mellitus. Abbreviations: CD14: Cluster
of differentiation 14; TIRAP: Toll-Interleukin-1 receptor domain-containing adapter protein; MyR88:
Myeloid Differentiation Gene 88; IRAK: Interleukin 1 Receptor Associated Kinase.

It has been proposed that dysbiosis induced by high-fat diets in animal models might be caused
by diverse mechanisms such as the increase in biliary acid secretion and bacterial tolerance to its
effects [49], as well as the rise in the concentration of H2S-producing bacteria, affecting butyrate
oxidation leading to erythrocyte damage [55].

When the LPS binds to the lipopolysaccharide-binding proteins (LBP), the interaction
of these molecules with a membrane protein cluster of differentiation 14 (CD14) fixed to
glycosylphosphatidylinositol is facilitated, which allows for the activation of TLR-4, which triggers a
signaling cascade that ends with the phosphorylation and activation of a focal adhesion kinase (FAK) in
the enterocytes. Lastly, FAK regulates the activation of the primary response for myeloid differentiation
gene 88 (MyD88) and kinase 4, associated with the interleukin-1 receptor (IRAK4), increasing intestinal
permeability [56,57]. Similarly, there is an immune response failure with a decrease in T helper 17
lymphocytes (Th17), favoring translocation of LPS into the circulatory system [58,59].

Once in the systemic circulation, LPS act as a ligand for TLR-4, found in the membranes of cells
that are part of the innate immunologic system and cells of the adipose tissue which favor the release of
TNF-« and interleukins IL-1 and IL-6, among other pro-inflammatory cytokines, creating a low-grade
inflammatory state capable of affecting insulin signaling and inducing insulin resistance. This step
constitutes the beginning of dysfunction and cytotoxicity of the pancreatic beta-cell; both processes
lead to alterations in the metabolism of lipids and carbohydrates [9,60-63].

A proposed mechanism to explain the dysfunction of the pancreatic beta-cell is based on
the presence of TLR-4 in these cells. According to this theory, LPS inhibits insulin expression
through the nuclear factor-kappa b (NF-KB) pathway, Pancreatic and Duodenal Homeobox 1 (PDX-1),
and musculoaponeurotic fibrosarcoma oncogene family A (MafA) [64]. In the liver, high LPS levels
induce a stress response in the endoplasmic reticulum, with subsequent production of P300 through
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the inositol-requiring enzyme 1 - X-box binding protein 1 (IRE1-XBP1) pathway. This protein is an
acetyl-transferase capable of interrupting insulin signaling, by acting on the substrates of its receptor
Insulin Receptor Substrate (IRS) 1 and 2 and decreasing its association with the beta subunit (IR3) [65].

Several studies performed in both animals and humans have associated variations in the
concentration of microorganisms that are part of the phyla Firmicutes (classes: Clostridia, Bacilli
and Negativicutes; only this last one with Gram-negative genres) and Bacteroidetes (classes: Bacteroidia,
Flavobacteria, Sphingobacteria, and Cytophagia; with only Gram-negative genres) to alterations in
lipid and carbohydrate oxidation, respectively [66]. The high prevalence of these phyla (90%) in healthy
subjects and their relation to different pathologies has led to using Firmicutes/Bacteroidetes as a marker
ratio of gut microbiome dynamics [67].

In healthy subjects, the ratio favors Bacteroidetes over Firmicutes (B/F > 1); however, the
Firmicutes/Bacteroidetes ratio undergoes an increase from birth to adulthood and it is further altered
with advanced age. On the other hand, a Firmicutes/Bacteroidetes ratio has also been proposed for obese
individuals, specifically due to the overabundance of Firmicutes. This would generate increased energy
harvest, higher caloric bioavailability, and positive energy balance. All of this eventually promoting
weight gain. However, the usefulness of the Firmicutes/Bacteroidetes ratio in obese patients continues to
be controversial due to the great heterogeneity observed in the results of different series. This is likely
to be caused by the number of studied subjects, the differences in methodology, and the microbiome of
each population of sick individuals [68,69].

These differences in “metabolic usefulness” of the Firmicutes/Bacteroidetes ratio have also been seen
in diabetic patients, in which an increased concentration of Bacteroidetes and a decrease in Firmicutes has
been observed [70]. An increase of Bacteroidetes in the gut microbiota is associated with the decrease of
certain bacteria such as Akkermansia muciniphila hampering acetogenic organisms in comparison with
sulfate-reducing bacteria resulting in a lower production of butyrate, which is vital for the maintenance
of gut permeability [71].

The poor sensibility of the Firmicutes/Bacteroidetes ratio in certain groups could be caused by the
role of other bacteria in microbiome homeostasis. To this sense, the protective effect of Bifidobacteria
has been attributed to its ability to preserve the integrity of intestinal microvilli by decreasing
intestinal permeability. Likewise, they do not produce enough endotoxins to cause the stimulation of
pro-inflammatory cytokines production. Furthermore, promote the production of the anti-inflammatory
cytokine, maturation of dendritic cells (DCs), and T lymphocytes. They also promote an increase of T
regulator lymphocyte concentration, secretion of IgA, and also have anti-oxidant functions [49,72-74].

Similarly, an increase in the concentration of bacteria from the Clostridium and Veillonella genre
has been seen in kids with TIDM. These microorganisms ferment glucose to form propionate, acetate,
and succinate from lactate. These short-chain fatty acids (SCFA) are unable to induce the synthesis
of mucin, therefore, affecting binding molecules, and increasing gut permeability [75]. On the
other hand, in patients with diabetes and chronic pancreatitis, a decrease in the concentration of
Faecalibacterium prausnitzii has been observed. It is one of the greatest gut microbiota commensals, and
it has anti-inflammatory properties, favoring the proliferation and growth of epithelial cells, they also
promote the synthesis of binding proteins. In patients with DM, the concentration of Ruminococcus
bromii decreases as well contributing to the production of butyrate and energy [76,77].

To this date, the main bacteria associated with DM2 in humans have been the Bifidobacterium and
Bacteroides genres (Figure 2). To a lesser extent, studies have reported association with genres such as
Faecalibacterium, Akkermansia, Roseburia, Ruminococcus, Fusobacterium, and Blautia; which demonstrates
the heterogeneity of the gut microenvironment and the different profile of microorganisms that can
exist according to its pathology [78].
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Figure 2. Main microorganisms seen in patients with DM2 and their potential role. DM represents
a model of the wide heterogeneity of microbiome in humans and the poor role played by the
Firmicutes/Bacteroidetes ratio as a gut microbiome homeostasis marker in certain diseases. In this
particular case, the Bifidobacterium and Bacteroidetes genres are the main groups of microorganisms
present in DM2 patients. Although they have potential antagonist functions, these have not been
completely elucidated. Abbreviations: DM: Diabetes mellitus; Treg: Regulatory T Cells; CDs: Dendritic
Cells; Th17: T Helper 17 Lymphocytes.

4.2. Production of Short Chain Fatty Acids

Bacteria that comprise the gut microbiota obtain energy mainly through the fermentation
of diet components such as fiber and other non-digested carbohydrates, generating SCFA as a
final product [79,80]. Acetate (C2), propionate (C3), and butyrate (C4) with a molar proportion of
approximately 60:20:20 respectively represent 95% of SCFA in the colon and feces in humans [81].

Among the commensal bacteria producing SCFA, the species that stand out are Lachnospira,
Akkermansia, Bifidobacterium, Lactobacillus, Ruminococcus, Roseburia, Clostridium, Faecalibacterium,
and Dorea [82]. Their adequate balance guarantees the availability of these molecules, which, besides
being an essential source of energy for the colonic epithelium and liver gluconeogenesis, are capable of
entering the systemic circulation and reaching peripheral tissues where they have regulatory functions
in the energetic metabolism. Importantly, they play a role in the immune system, maintaining the
anti/pro-inflammatory balance, which favors the integrity of the intestinal barrier, and protects against
the development of DM [83]. This immunomodulatory effect of the SCFA is possible thanks to two
main mechanisms, which are: the activation of cell receptors and epigenetic modifications [84], which
will be discussed next.

To date, four different types of receptors that respond to SCFA, known as the free fatty acid
receptors (FFAR), have been identified. These are the GPR43/FFAR2, GPR41/FFAR3, GPR109A,
and Olfr78, which belong to the family of G-protein coupled receptors (GPCR) [85]. Although the three
main SCFA activate FFAR2 and FFAR3, GPR109A is preferentially activated by butyrate and niacin,
while Olfr78 is only activated by acetate and propionate [79]. While it is true that these receptors are
expressed in a broad spectrum of tissues like the colon, small bowel, adipose tissue, skeletal muscle,
liver, and pancreatic beta-cell, the immunologic effects are mainly mediated by FFAR2 and GPR109A
receptors [85].

The anti-inflammatory action of SCFA like acetate and propionate takes place through the
stimulation of the FFAR2 [85]. The signaling of this receptor leads to the inhibition of the nuclear
translocation of the nuclear factor-kappa b (NF-«B) in different cells of the myeloid lineage leading to a
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decreased expression of pro-inflammatory cytokines such as TNF-«, IL-1, or IL-6 [86,87] and inducing
the release of anti-inflammatory cytokines like IL-10 [88]. Moreover, different in vitro and in vivo
studies have observed that the activation of this receptor is also able to modulate the recruitment of
granulocytes during inflammatory bowel responses, favoring the polarization of macrophage M2 and
even promoting the proliferation of Treg cells at the colonic level [85]. Furthermore, butyrate has also
demonstrated anti-inflammatory effects, which are preferentially mediated by the activation of other
FFAR such as GPR109A and FFAR3, inducing dendritic cells and tolerogenic macrophages, capable of
preferentially generating Treg cells in the human colon [89].

Likewise, in an experimental study in mice, Chun et al., reported that the activation of FFAR2
mediated by acetate and, to a lesser degree, by propionate, increases the proliferation of innate
lymphoid cells of the group 3 (ILC3) at the colonic level. Furthermore, there is also an increase
in the release of IL-22 through the signaling of protein kinase B (PKB) and signal transducer and
activator of transcription 2 (STAT 2), favoring the integrity of the intestinal barrier, promoting defense
against pathogenic agents, and the protection against inflammation-mediated by invasive bacteria [90].
Likewise, Wu et al. reported in a preclinical study that the activation of the FFRA2 receptor mediated
by acetate in dendritic cells promoted the change of class of IgA of the B cells, increasing its intestinal
production and improving its protective effect [91].

The other mechanism through which SCFA, especially butyrate, have immunomodulatory effects
takes place intracellularly, independently of the presence of membrane receptors. These effects
occur by inhibition of class I and II histone deacetylases (HDAC), which generally promote gene
expression through histone acetylation performed through in vitro human models [92,93]. This
mechanism is especially important in the regulation of T lymphocytes at the systemic level since
they lack the expression of SCFA receptors at physiologically relevant concentrations [79]. In this
sense, SCFA promotes the differentiation of T lymphocytes in Treg cells through the inhibition of
HDAC and the activation of the mTOR-S6K pathway [80]. This pathway stimulates the production of
anti-inflammatory cytokines like IL-10, IL-17, and interferon-gamma (IFNY), as well as through gene
expression of Foxp3 in these cells, improving its suppressive qualities [94].

Other effects caused by SCFA inhibition of HDAC include the inhibition of neutrophil migration
and the suppression of the transcription of genes involved in the response to LPS, decreasing the
synthesis of pro-inflammatory mediators such as Nitric Oxide Synthase 2 (NOS2), IL-6, and IL-2
contributing to the maintenance of immune homeostasis and decrease of colonic inflammation [80].

As was previously mentioned, the key factor to observe the protective effects of SCFA is much
dependent on the balance of the gut microbiota, which is determined by its composition. Therefore,
in a state of eubiosis, these mechanisms can function to decrease or prevent DM [94]. The induction
of tolerogenic macrophages, as well as the increase of Treg cells, can suppress the generation of
autoimmune T cells, preventing the destruction of pancreatic beta-cells observed in TIDM [95].
Alternatively, the strengthening of the intestinal barrier, as well as the suppression of pro-inflammatory
mediators, contributes to a decrease in the chronic inflammatory state, reducing or preventing the IR
observed in T2DM [94].

It is essential to consider that in the pathophysiology of T2DM, the effects of SCFA are not limited
to immunomodulatory functions. They can also intervene in the secretion of intestinal peptides that
participate in the regulation of appetite and satiety, such as the glucagon-like peptide 1 (GLP-1), the YY
peptide (PYY), and ghrelin [96,97]. In eubiosis conditions, propionate and butyrate interact with FFAR2
and FFARS3 receptors, stimulating the secretion of PYY and GLP-1, respectively [98]. GLP-1 participates
in the regulation of insulin and glucagon secretion, gastric emptying, and food intake [94]. At the same
time, PYY acts on the arcuate hypothalamic nucleus, suppressing the neuropeptide Y (NPY), which
has an orexigenic effect, and stimulating POMC, which is anorexigenic, contributing to a decrease in
food intake in humans [99].

However, it has been reported in preclinical studies in mice that in dysbiosis conditions caused by
high-fat diets, a pathologic increase in GLP-1 takes place, which generates resistance to this peptide
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in the pancreatic beta-cell. This increase in GLP-1 is attributed to a decrease in the concentrations of
Lactobacillus as well as an increase of Bacteroides, Burkholderia, and Clostridium [100]. Likewise, other
animal models have shown that when there is gut dysbiosis, an increase in the production of SCFA
acetate is capable of activating the parasympathetic nervous system, stimulating glucose-stimulated
insulin secretion, increasing ghrelin secretion, and finally hyperphagia. It also affects insulin secretion,
and it favors the development of obesity, hyperlipidemia, and IR [101,102] (Figure 3).
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Figure 3. Potential regulation of hunger perception and satiety. In dysbiosis SCFA production,
specifically, acetate allows the activation of the parasympathetic nervous system, which increases
ghrelin secretion and, therefore, hyperphagia. It also enables the secretion of insulin, favoring the
development of obesity, hyperlipidemia, and insulin resistance. Abbreviations: SCFA: short-chain fatty
acids; GLP1/2: glucagon-like peptide 1/2; PPY peptide tyrosine.

This extensive evidence that suggests a role of SCFA as critical regulators in the physiopathology
of DM has mainly been observed in animal studies, which is why these findings cannot be extrapolated
to humans; however, this emphasizes the need for performing controlled assays in humans. These
would allow for the evaluation of therapeutic implications and establishing to which extent a dietary
intervention with fiber can affect human gut microbiota and, therefore, in metabolic regulation.

5. Microbiota and Diabetes: Therapeutic Aspects

According to current knowledge, a significant part of alterations related to dysbiosis can be reversed
by restoring gut microbiota equilibrium [103]. Based on this, the use of prebiotics (non-digestible
carbohydrates), probiotics (life bacteria), and synbiotics (synergic action) have been proposed as
alternative strategies for the treatment and prevention of DM (Table 1) [104-107].

Yao et al. recently published a meta-analysis that included 12 randomized and controlled clinical
trials with a total population of 684 patients with T2DM. They reported that the administration of
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probiotics of different Lactobacillus and Bifidobacterium species was capable of significantly reducing
HbA1c, fasting insulin, and Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) levels
and index [108]. Although the exact action mechanism of probiotics is still unknown, different
authors attribute it to a decrease in plasma levels of LPS binding protein, which is a marker of
endotoxemia. Furthermore, they also attribute it to a reduction in the gut inflammatory activity
observed in experimental studies [109,110].

On the other hand, Alfa et al. have published a prospective, double-blind, randomized,
and placebo-controlled study performed in 84 healthy patients, demonstrated that the administration
of resistant starch prebiotics was able to significantly reduce insulin, glycemia, and IR levels in adults
over 70 years of age [111], suggesting that this could be attributed to GLP-1 increase as well as higher
fermentation of starch resistant to intestinal digestion. Alternatively, increased SCFA production,
such as butyrate, due to higher fermentation of resistant starch prebiotics, has demonstrated an
improvement in glucose homeostasis and insulin sensitivity through stimulation of genes involved in
intestinal gluconeogenesis [112].

Table 1. Manipulation of gut microbiota with prebiotics, probiotics, and synbiotics for diabetes
treatment and prevention.

Therapeutic Molecule/ Subject of

Strategy Microorganism Study Effects Ref.
lGlycemia, IR, inflammatory mediators, lipogenesis
Chitosan Mice TOccludins, intestinal integrity [113]
oligosaccharides 1T Bacteroidetes and Akkermansia
| Firmicutes and Helicobacter
TInsulin and sensitivity to it
s . . Lymphocyte infiltration to pancreatic islets.
Prebiot {Lymphocy p
rebiotics Oligofructose Mice 1Bifidobacterium [114]
L Clostridium leptum
lIntestinal permeability, oxidative stress, inflammation, IR, and
. . hyperglycemia. )
Inulin/Oligofructose Humans TWeight loss [104]
1 Bifidobacterium and Lactobacillus
| Weight and body mass; hepatic steatosis, and inflammatory state
Saccharomyces boulardii Mice 1 Bacteroidetes [115]
| Firmicutes, Proteobacteria, Tenericutes
Lactobacillus Humans Activation of TLR-2 [116]
Plantarum TBinding proteins and protective function of the epithelium
. . |Fasting glucose
Lq;tabaczllu's caset . IHbAlc (B. bifidum and in combination) ;
Bifidobacterium Mice . . [117]
(alone or in combination) TBlood insulin and muscle glycogen
Probiotics ¢ Changes to the lipid profile and antioxidant effects
Lactobacillus johnsonii . DM incidence and oxidative stress
N6.21 Mice TBinding proteins (18]
Lactobacillus fermentum . IR, blood glucose, total cholesterol, TAG, adiponectin, intestinal 116
: Mice permeability, pro-inflammatory cytokines, and ER stress. [119]
Lactobacillus rhamnosus *GLP-1
VSL#3 | Weight gain, TAG and FA levels, IR and hyperinsulinemia, hepatic
(Bifidobacterium, Mice steatosis, and proinflammatory cytokines. [120]
Lactobacillus y Modulation of intestinal microbiota
Streptococcus) TButyrate and GLP-1
Lact'obaqllus spomger'ms linsulin, glutathione, uric acid and PCR
Inulin, isomalt, sorbitol y Humans [121]
. THDL cholesterol
Stevia
Synbiotics Lactobacillus,
Bifidobacterium, .
Humans lfasting glucose, HbAlc levels, and BMI [122]

Streptococcus thermophilus
Fructooligosaccharides

IR: Insulin Resistance; TLR-2: Toll-Like Receptors 2; HbAlc: glycated hemoglobin; DM: Diabetes Mellitus; TAG:
Triglyceride; GLP-1: Glucagon-Like Peptide; ER: Endoplasmic reticulum; FA: Fatty Acids; CPR: C Reactive Protein;
HDL: High Density Lipoprotein; BMI: Body Mass Index.

Other studies have focused on evaluating different dietary interventions and metabolites of the
gut microbiota [123]. Such is the case of Heianza et al.; they performed a randomized study with 504
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adults that were either overweight or obese. They were assigned 1 out of 4 diet plans with calorie
reduction and variation in the ingestion of macronutrients for two years. The findings were that
low-fat diets were able to improve the glycemic status and insulin sensitivity and were associated
with a decrease of gut microbiota-dependent metabolite N-oxide of trimethylamine (TMAO) and its
precursors, choline, and L-carnitine [124].

Furthermore, recent research in this area has focused on findings regarding Metformin [125]
(Table 2). Metformin is the most widely employed medication for the treatment of individuals with
T2DM, and it has been shown to have additional mechanisms other than activation of Activated Protein
Kinase (AMPK) in metabolism regulation. It has been observed that its effects are not attenuated in
mice with AMPK knockout [126]. Additionally, there is evidence that intravenous Metformin is less
effective than oral Metformin [127], which suggests that the gastrointestinal tract could be an essential
site for the action of this drug. Different studies have indicated that the long-term metabolic benefits of
Metformin are linked to modifications in the gut microbiota, promoting changes in microbial functions,
such as LPS biosynthesis, SCFA metabolism, and even biliary acid metabolism [128-130].

Regarding this subject, Wu et al. [13]1] performed a double-blind, randomized,
and placebo-controlled clinical trial in patients with recent T2DM diagnosis. They had not received
any prior treatment, and they were administered 1700 mg of Metformin a day (1 = 22) or placebo
(n = 18) for four months. The findings were that the group that received Metformin had an increase
in the levels of Akkermansia muciniphila as well as Bifidobacterium adolescentis, which correlated with
the improvement of HbAlc levels. They also observed that there was a significant increase in fecal
levels of propionate and butyrate in the group treated with Metformin on fecal metabolomics analysis.
Together, these findings could potentially contribute to the antidiabetic effect of this drug. Likewise,
Napolitano et al. [126] performed a clinical trial in patients with T2DM that were treated with a stable
dose of 1000 mg/day of Metformin for over three months. They reported increased GLP-1 and serum
biliary acids, especially colic acid and its conjugates, which positively correlated with an abundance of
bacteria from the Firmicutes phylum and negatively with the amount of Bacteroides.

Table 2. Manipulation of gut microbiota with oral antidiabetics for diabetes treatment and prevention.

Therapeutic Strategy Subjects of Study Effects Ref.

T Propionate and butyrate
| Intestinibacter spp. and Clostridium spp.

Metformin Mice and humans 1 Escherichia/Shigella spp. [130,132-134]
1 Akkermansia muciniphila
| LPS and proinflammatory cytokines

Acarbose Mice and humans T Propionate and butyrate [135-138]

| Clostridium and Bacteroides
T Bifidobacterium and Lactobacillus

T Bacteroidetes
Liraglutide Mice and humans 1 Akkermansia muciniphila [139-142]
| Firmicutes and Proteobacteria

LPS: Lipopolysaccharides.

Presently, the mechanism that has been best described to explain metformin-mediated beneficial
effects in the metabolism has been recently proposed by Sun et al. [143], they performed a metagenomics
and metabolomics serum and feces analysis in individuals that had been newly diagnosed with T2DM
and had been treated with 1000 mg of Metformin twice a day for three days. The conclusion was
that, independently from AMPK signaling, Metformin can inhibit the growth of Bacteroides fragilis by
interfering in folate and methionine metabolism, decreasing the activity of bile salt hydrolase (BSH)
enzyme. In consequence, there is an increase in the levels of glycoursodeoxycholic acid (GUDCA),
a biliary salt capable of selectively antagonizing the farnesoid X receptor (FXR). FXR is a member of
the nuclear receptor superfamily activated by a ligand, which has a critical role in the development of



Nutrients 2020, 12, 3039 11 of 21

metabolic diseases. Therefore, there was an improvement in IR, as well as an increase in serum levels
of GLP-1.

These findings are not exempt from discrepancies with other reports that have pointed out that
activation of intestinal FXR can improve insulin sensitivity in mice [144,145]. Therefore, further
research is necessary, as well as evaluating the possibility of creating a medication that modulates these
metabolic pathways by acting only at the intestinal level, thereby decreasing systemic adverse effects.

The role of metformin in gut microbiome modulation has also been observed in non-diabetic
patients. Bryrup et al. [134] analyzed the compositional changes of gut microbiome in young Danish
men with no prior metformin treatment. They were part of an intervention in which they received
1 gram of metformin twice a day for six weeks. It was found that the relative abundance of genres
significantly changed during the intervention, but returned to baseline levels after treatment cessation.
Specifically, there was a reduced abundance of Intestinibacter spp. and Clostridium spp., as well as an
increased abundance of Escherichia/Shigella spp. and Bilophila wadsworthia.

On the other hand, there are other oral antidiabetics such as Acarbose (Table 2), which is an inhibitor
of a-glucosidase, which reduces postprandial glucose levels by diminishing intestinal absorption of
glucose. There are also GLP-1 agonists, and these two drugs have also been a focus of study in this
area [146,147]. In a multicentric clinical trial, Gu et al. demonstrated that Acarbose treatment is capable
of modifying the composition of gut microbiota. They reported an increase in the concentration of
Lactobacillus and Bifidobacterium and a decrease in Bacteroidetes and Clostridium, which modulated biliary
acid metabolism. In consequence, they correlated such changes in serum concentration of biliary acids
with HOMA-IR levels, lipid profile, and other clinical parameters, contributing to the antidiabetic
effect of the drug [136].

Suetal. show in another clinical trial with ninety-five diabetic patients that received an intervention
with Acarbose (n = 59) and a similar treatment without Acarbose (1 = 36), four weeks after treatment
subjects receiving Acarbose showed an increase in the concentration of Bifidobacterium longum and a
decrease in LPS and, therefore, decreased pro-inflammatory cytokines [135].

Smith et al. proposed that Acarbose is not only able to modulate microbiota but also that by
decreasing intestinal starch degradation, it increases SCFA production, especially butyrate, by intestinal
microbiota [137]. Xu et al. obtained similar results when they compared gut microbiota in mice after the
administration of glucosidase inhibitors. They observed that both Acarbose and Voglibose increased
butyrate production. Meanwhile, the concentration of propionate and acetate only increased in the
group that received Voglibose [148]. These finds suggest that the effects of Acarbose on health are
partially due to the changes generated in the gut microbiota, modifying LPS and SCFA concentration
as well as other products from their metabolism.

Regarding GLP-1, Wang et al. performed a clinical study to determine the differences in the
gut microbiota of individuals with T2DM that were treated with Liraglutide or Metformin. They
observed that those treated with Liraglutide had a significant increase in the concentration of the
Akkermansia genre and decrease of Suturella, in comparison with those that received Metformin [141].
Furthermore, Zhang et al. observed that after the administration of Liraglutide to diabetic rats, there
was a decrease in Bacteroidetes/Firmicutes ratio. Similarly, they reported a reduction in the concentration
of IL-6, which could be attributed to an increase in Lactobacilli. The levels of these microorganisms
negatively correlated with fasting glucose, a growth of SCFA-producing bacteria such as Bacteroides
acidifaciens and Lachnoclostridium, which are capable of preventing low-grade inflammatory response
and increasing insulin sensitivity. Furthermore, there was a decrease in the abundance of Prevotella,
which is a bacteria that degrades mucin [149]. However, despite these findings, future research is
necessary to determine how these antidiabetic medications are capable of modulating the intestinal
microbiota and directing research regarding treatment to this physiopathologic target.
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6. Conclusions

There is evidence that gut microbiota, essential for the health of the host, plays a vital role in
the pathophysiology of different metabolic disorders. Among the specific mechanisms implied in the
development of DM, immunomodulation mediated by lipid molecules derived from resident bacteria
stands out. In dysbiosis, the increase in LPS favors damage to the intestinal barrier, as well as the
presence of a pro-inflammatory environment, which promotes the development of the disease. On the
contrary, in eubiosis, these contribute to the production of SCFA, which are necessary for protection
against inflammation derived from pathogenic bacteria, in the maintenance of the integrity of the
intestinal barrier, as well as in the development of immunogenic tolerance, preventing and decreasing
the development of DM.

Preclinical and clinical studies have shown that the use of prebiotics, probiotics, synbiotics,
and conventional therapeutic strategies for DM, such as dietary changes, metformin, a-glucosidase
inhibitors, and more recently, GLP-1 agonist administration can modulate microbiota composition
in a more effective manner when compared to alternative strategies. Due to the fact that the exact
mechanism of action is unknown, a more significant number of studies are necessary to demonstrate
the specific effect on the complex gut microbiota, especially in humans.
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Th17 T Helper 17 Lymphocytes

TNF-« Tumor Necrosis Factor Alfa
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GLP Glucagon-Like Peptide
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TGF-f3 Transforming Growth Factor 3
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