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ABSTRACT

Advances in the understanding of the pathogenesis of type 2 diabetes mellitus (T2D) have revealed
a role for gut microbiota dysbiosis in driving this disease. This suggests the possibility that approaches
to restore a healthy host-microbiota relationship might be a means of ameliorating T2D. Indeed,
recent studies indicate that many currently used treatments for T2D are reported to impact gut
microbiota composition. Such changes in gut microbiota may mediate and/or reflect the efficacy of
these interventions. This article outlines the rationale for considering the microbiota as a central
determent of development of T2D and, moreover, reviews evidence that impacting microbiota might
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be germane to amelioration of T2D, both in terms of understanding mechanisms that mediate efficacy
of exiting T2D therapies and in developing novel treatments for this disorder.

Introduction: rationale for considering gut
microbiota in diabetes

Type 2 diabetes (T2D) is characterized by loss of
glycemic control resulting in hyperglycemia, especially
post-prandially, due to hyporesponsiveness to insulin,
i.e. insulin resistance. The notion that gut microbiota
might play a role in this disorder stems largely from the
general appreciation, originating from work of Jeff
Gordon and colleagues, that gut microbiota contribute
broadly to energy balance™ and the realization of
Patrice Cani and colleagues that microbiota products
such as LPS (lipopolysaccharide) can drive low-grade
inflammation, > which had long been recognized as
a potential cause of insulin resistance. Regarding the
former, briefly, mice completely lacking microbiota
(ie. germ-free mice) exhibit reduced energy harvest
from ingested food and increased energy expenditure,
associated with increased activation of AMP-activated
protein kinase (AMPK), which plays a central role in
energy homeostasis. Such activation of AMPK has
been suggested to protect germ-free mice from diet-
induced diabetes.* While germ-free mice can be con-
sidered an extreme state, interpolating based on their
phenotype suggests that differences in microbiota
composition can, more subtly but nonetheless broadly,
influence metabolic phenotype and thereby be
a determinant of diabetes and its inter-related meta-
bolic diseases states, namely obesity and metabolic

syndrome.”” In accord with this notion, obesity in
mice and humans is associated with alterations in
microbiota composition, and transfer of microbiota
from obese hosts to germ-free mice leads to increased
adiposity, relative to germ-free mice receiving micro-
biotas from lean hosts.>>’

The hypothesis that low-grade inflammation drives
the insulin resistance that characterizes T2D origi-
nated from work of Hotamisligil and colleagues,
who demonstrated that increases in adipose tissue
characteristic of obesity is typically accompanied by
increased expression of pro-inflammatory cytokines,
which are produced by adipocytes themselves and
macrophages that are recruited into adipose tissue as
obesity develops.'®'! While Hotamisligil hypothe-
sized that such pro-inflammatory gene expression
resulted from intracellular stress of adipocytes being
overloaded with lipids, Cani found that such inflam-
mation and subsequently insulin resistance could
result from translocation of lipopolysaccharide from
the gut lumen into portal circulation resulting in
activation of pro-inflammatory gene expression via
toll-like receptor 4.> This scenario suggests a variety
of means by which alterations in microbiota composi-
tion could impact T2D, including altering abundance
of species that produce LPS and/or other microbial
products with strong pro-inflammatory potential. It
also underscores a key role for epithelial barrier
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Figure 1. Overview of how a dysbiotic gut microbiota can promote type 2 diabetes (a) and how microbiota-based therapies might

treat and/or prevent this disorder (b).

function in restricting microbial products to the gut
lumen. In this context, gut barrier function includes
not only intercellular junctions that directly impede
passage of bacterial products but also host systems of
mucus deployment and innate immunity that keep
bacteria, themselves, at a safe distance from the
epithelium and help maintain stable microbiota com-
position. These latter points are shown by our study of
mice that with a discrete defect in innate immunity,
namely absence of the flagellin receptor toll-like
receptor 5 (TLR5). TLR5-deficient mice fail to man-
age their microbiota, resulting in altered composition,
including elevated y-Proteobacteria and, moreover,
exhibit microbiota encroachment, which is defined
as a decrease in bacterial-epithelial distance.'>"
Such alterations result in TLR5-deficient mice devel-
oping insulin resistance, which can be transferred to
WT (wild type) germ-free mice via microbiota trans-
plant. The general notion yielded by these studies,
namely that altering microbiota can impact metabolic
phenotype, provides a rational basis for targeting
microbiota in order to treat and prevent T2D.

Alteration of gut microbiota composition in
humans with T2D

The general rationale of impacting microbiota to
treat T2D 1is supported by the notion that

microbiota composition is altered in this disease
state (Figure 1). Indeed, although much of our
understanding of mechanisms whereby microbiota
can impact glucose homeostasis comes from
mouse studies, alterations in microbiota compo-
sition have also been observed in a range of
human cohorts T2D."*'° Larsen et al.'> observed
differences at the phyla level, namely that ratios
of Bacteroidetes:Firmicutes ratio and Bacteroides-
Prevotella group to Clostridium coccoides-
Eubacterium rectale group positively correlated
with plasma glucose concentration. Other differ-
ences observed included decreased abundance of
butyrate-producing bacteria, including
Clostridiales spp- Eubacterium rectale,
Faecalibacterium prausnitzii, Roseburia intestina-
lis and R. inulinivorans, and increased abundance
of Lactobacillus species. Increased prevalence of
Bacteroidetes and Proteobacteria phyla was also
observed. Proteobacteria contain many patho-
bionts, which can be envisaged to have a role in
inducing low-grade inflammation in diabetic
patients through their LPS, flagella, and/or other
surface components.'> Also fitting with the notion
that altered microbiotas associated with T2D might
promote LGI (low-grade inflammation) are findings
in a cohort of Chinese T2D patients and healthy
control subjects that observed increased abundance



of opportunistic pathogens, including Bacteroides
caccae, C. hathewayi, C. ramosum, C. symbiosum,
Eggerthella lenta and Escherichia coli in patients
with T2D."* In a longitudinal cohort on monozygo-
tic Korean twins, it is suggested that decreased
Akkermansia  muciniphila could be wused as
a biomarker for the early diagnosis of T2D."
Moreover,  Acidaminococcus, — Aggregatibacter,
Anaerostipes, Blautia, Desulfovibrio, Dorea, and
Faecalibacterium have been identified as being asso-
ciated with T2D in a Mendelian randomization
study suggesting that these genera should be inves-
tigated more in future research.'® Collectively, these
studies support the general notion that microbiota
dysbiosis is a feature of T2D but yet the variety of
specific alterations observed argues against a specific
signature or alterations in this disorder. While, as
mentioned above, one general theme of such differ-
ences is that many of the changes can be envisaged to
reflect and/or promote inflammation, data are less
clear regarding one of the more widely observed
microbiome signature of inflammation, namely a-
diversity, or species richness. Specifically, multiple
studies have observed modest but yet not statistically
significant reductions in this parameter.'>"” We
speculate that such modest reduction in a-diversity
may reflect that the level of inflammation in diabetes
is modest. While the wide variety of specific differ-
ences can be envisioned to have a variety of func-
tional consequences, we have observed that patients
with TD2 exhibit microbiota encroachment.”” Thus,
these human observational studies are in accord with
the concept that targeting microbiota is a logical
target to treat insulin resistance and, consequently
T2D. Overall, these studies support the notion that
changes in microbiota composition are a feature of
T2D but beyond suggesting a role for LGI, the
mechanisms underlying such differences and a true
T2D microbiome signature in humans remains
elusive.

Interventions that deliberately target
microbiota in T2D

Studies, some of which are outlined above, indi-
cate that, caveats and unknowns notwithstanding,
dysregulated or improperly managed microbiota
may promote insulin resistance, leading to the
suggestion that broadly suppressing levels of
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microbiota might be a means of ameliorating this
disorder. While relatively short-term studies in
mice support this concept, it is unlikely to prove
a therapeutic option to manage this chronic dis-
ease in humans due to the general negative
impacts of antibiotics on gut health, especially
relating to risk of serious infection by antibiotic
resistant bacteria. Moreover, numerous studies
have associated frequent use of antibiotics with
T2D, thus further supporting the role of a stable
microbiota in preventing T2D but arguing against
the notion that broad-based ablation of microbiota
can be a practical approach to treat T2D in
humans. Rather, direct deliberate attempts to
influence microbiota composition to promote
insulin sensitivity and thus ameliorate T2D have
utilized fecal microbiota transplant (FMT), probio-
tics or prebiotics. The latter will be discussed
below under dietary fiber, since such studies were
often initiated prior to appreciation of the role of
microbiota. Here, we discuss FMT and use of
specific probiotics.

The logic of FMT is relatively straightforward,
namely to replace a dysbiotic microbiota with
a healthy one, which will have the needed diversity
to stably persist in its new host. General proof of
this concept comes from studies wherein trans-
planted communities persist in their new hosts
for extended periods and the highly effective use
of FMT to prevent recurrence of Clostridium diffi-
cile infection.”** Use of FMT to ameliorate insu-
lin resistance in humans is largely the work of
Nieuwdorp and colleagues, who have performed
well-controlled randomized clinical trials® study-
ing this approach. Such trials have shown that,
following colonoscopy in which the preparation
of the colon removes a considerable portion of
the total microbial mass in the intestine, FMT
from healthy subjects can improve insulin sensi-
tivity relative to FMT with one’s own feces (i.e.
placebo control).>>** However, the beneficial
impacts from fecal transplants are transient as is
the engraftment of the donor microbiota.
Moreover, a variety of poorly understand factors
in recipient’s microbiota influence both engraft-
ment and any beneficial metabolic impacts.”> The
transient nature of these effects may reflect that,
unlike germ-free mice, the microbiota of a host
with an established microbiota is more difficult to
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permanently replace and/or that whatever causes
had led to an unhealthy microbiota in the first
place, for an example, an unhealthy diet, have
not changed and will result in failure to maintain
the engraft microbiota. In any case, collectively,
results from FMT studies support the notion that
changing microbiota can positively impact dia-
betes but underscores that doing so in a lasting
manner is not yet be easily achieved.

Probiotics in diabetes

One potential approach to attaining a healthy micro-
biota is to directly administer beneficial bacteria, i.e.
probiotics, which the International Scientific
Association for Probiotics and Prebiotics defines as
“live microorganisms which when administered in
adequate amounts confer a health benefit on the
host”.”® One common general strategy to developing
probiotics to benefit a particular condition is to
administer bacteria from taxa whose reduced abun-
dance is associated with disease. For example, in
inflammatory bowel disease, probiotic approaches
have generally sought to administer bacteria whose
reduced abundance is associated with disease (i.e.
replenish depleted taxa) such as F. prausnitzii,
which is depleted in this disorder.”” While this strat-
egy is used to some extent in metabolic syndrome, as
discussed above, there is less consensus on what, if
any, changes in specific taxa consistently associate
with dysglycemia. Hence, strategies have generally
focused on administering bacteria with anti-inflam-
matory properties and/or bacteria with seemingly
beneficial metabolic properties such as propensity
to produce short-chain fatty acids (SCFAs).
Experimental studies and clinical trials support the
hypothesis that the modulation of the intestinal
microbiota in this manner might be effective in
diabetes management,”® in which the most widely
studied probiotics with respect to diabetes members
of Bifidobacterium and Lactobacillus phyla. Specific
strains of L. rhamnosus, L. acidophilus, L. gasseri, and
L. casei have been demonstrated to exert anti-
diabetic effects.””>> Moreover, several strains of
L. plantarum species have been reported to improve
the glycemic control in obese and diabetic patients,
likely via their carbohydrate-utilizing genes.”*
Studies also indicate that administration of
Bifidobacterium animalis, B. breve, and B. longum

led to amelioration of glucose intolerance.”®*%>®

While results of individual studies have been quite
variable, a recent meta-analysis has shown that these
probiotics improve glycemic control and signifi-
cantly decrease the risk of gestational diabetes melli-
tus in pregnant The underlying
mechanisms by which probiotics might have
impacted host metabolism have not been well
defined but may include favorable changes of the
composition and/or activity of the microbiota,
inhibition of a-glucosidase activity, production of
anti-microbial lactic acid, improvement of intest-
inal barrier function, immune modulation, SCFA
production, and regulation of bile acid
metabolism.*****®*" Other candidate probiotics
include gut bacteria including A. muciniphila and
F. prausnitzii, which are negatively associated with
overweight and hyperglycemia, may be potential
candidates for next-generation probiotics; further
studies are needed in this field.*' A recent placebo-
controlled trial supported this concept in that
direct administration of A. muciniphilia improved
glycemic control in persons with metabolic syn-
drome, although, unexpectedly, the impact of
heat-killed Akkermansia appeared more signifi-
cant than that of the live organism highlighting
that further development is needed before deploy-
ing this strategy on a large scale.*?

women.39

T2D pharmaceutical agents that impact
microbiota

While deliberate targeting of the microbiota to
ameliorate T2D is clearly in early stages of devel-
opment, it is increasingly being appreciated that
several drugs that have long been used to treat
T2D result in impacts on gut microbiota in
a manner that might contribute to their efficacy

Metformin

Metformin (dimethyldiguanide), discovered in 1922
based on study of the plant Galega officinalis
(Goat’s Rue) to lower blood glucose, is a very com-
mon treatment for T2D, especially T2D associated
with obesity. Metformin’s mechanism of action is
unclear but may include inhibition of mitochon-
drial function via respiratory chain complex I or
glycerophosphate dehydrogenase, activation of 5K



AMP-activated protein kinase (AMPK), and/or
amelioration  of  glucagon-induced  cAMP.
Moreover, there is evidence to suggest a role for
gut microbiota in mediating metformin’s ability to
improve glycemic control. In contrast to oral met-
formin, intravenous administration of metformin
lacks does not control hyperglycemia thus suggest-
ing the intestine as an important site of metformin
action.”> Furthermore, in both mice and humans,
metformin alters microbiota composition to make
it more resembling of microbiotas of healthy
hosts.***® Some of these changes were observed
amidst healthy persons who do not exhibit changes
in glycemic control in response to this agent, thus
suggesting the changes in the microbiota result
from metformin itself rather than simply reflect
improved glycemic control. Yet specific associations
have been variable among different studies and
different states of health in part reflecting the diffi-
culty of dissociating impacts on microbiota due to
drugs and/or disease. Overall, in healthy subjects,
metformin impacted relative abundance of several
phyla including a reduced abundance of
Intestinibacter spp. and Clostridium spp., as well as
an increased abundance of Escherichia/Shigella spp.
and Bilophila wadsworthia.”” Some of these changes
appear reminiscent of changes associated with dis-
ease and thus irrespective of potential impacts on
glycemic control such change may contribute to
gastrointestinal distress, which is the leading cause
of metformin intolerance. Indeed, prevalent gastro-
intestinal side effects after metformin intake includ-
ing diarrhea, nausea, vomiting, and bloating have
been attributed to increased abundance of
Escherichia.*’

Regarding how such changes might impact glyce-
mic control, metagenomic analysis of microbiota
suggests a range of functional categories of microbial
genes that are impacted, including those related to
oxidative stress and metal transport. Additionally,
metformin-induced changes in microbiota are pro-
posed to impact production of butyrate and propio-
nate activating intestinal gluconeogenesis.48’49
Stimulated gluconeogenesis in gut has beneficial
effects on hepatic glucose production and also leads
to appetite suppression, which can contribute to
weight reduction and glycemic control.”® On the
other hand, expression of microbial genes involved
in the degradation of glycine and tryptophan was
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higher in the untreated diabetic patients compared
to metformin-treated patients. That glycine has been
reported to improved insulin sensitivity, suggesting
this pathway might also contribute to metformin’s
efficacy.”

An approach that suggests that the overall impact
of metformin-induced changes in microbiota is ben-
eficial is that transfer of microbiota from metformin-
treated mice was observed to improve metabolic
parameters in aged mice, suggesting that changes in
microbiota play a functional role in its beneficial
metabolic effects.*” However, this approach does
not address the extent to which changes in micro-
biota are necessary for its impact. We recently inves-
tigated this question in mice. We found that the
ability of metformin to beneficially impact metabolic
syndrome in mice was not impacted by ablation of
gut microbiota achieved by use of antibiotics or
germ-free mice. Rather, while microbiota ablation
itself suppressed diet-induced dysglycemia, other
features of metabolic syndrome including obesity,
hepatic steatosis, and low-grade inflammation were
similarly suppressed by metformin in the presence or
absence of gut microbiota.” While this approach did
not prove directly informative re the role of micro-
biota in metformin-induced improvement in glyce-
mic control, it suggests a potential role for
metformin’s anti-inflammatory activity, irrespective
of gut microbiota, in driving some of this drug’s
beneficial impacts.

Other drugs proven to benefit T2D

Acarbose, an a-glucosidase inhibitor, lowers post-
prandial blood glucose concentration via inhibiting
conversion of oligosaccharides into mono- and di-
saccharides and delaying intestinal glucose absorp-
tion. However, acarbose has also been recently
appreciated to impact microbiota composition. For
example, assessing gut microbiota alteration after
acarbose treatment in patients with T2D showed
increased abundance of B. longum and decreased
concentration of lipopolysaccharides.”® In another

clinical trial in patients with prediabetes,
Butyricicoccus, Phascolarctobacterium, and
Ruminococcus  decreased  while  Lactobacillus,

Faecalibacterium, and Dialister increased after acar-
bose intake.” These compositional shifts of gut
microbiota after acarbose intake suggested microbial
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mediation of the therapeutic effects of acarbose in
part. The extent to which these changes may con-
tribute to acarbose’s impacts on glycemic control is
not known.

Stimulation of glucagon-like peptide-1 release
has been declared as a potential mediating
mechanism for the effects of SCFAs on glucose
homeostasis. Glucagon-like peptide-1 as a gut hor-
mone is involved in appetite control and gastric
emptying. GLP-1 receptor agonists, such as lira-
glutide, slow gastric emptying, stimulate satiety,
enhance insulin secretion, and suppress glucagon.
In animal models of obesity, liraglutide induced
a reduction of Proteobacteria and an increase of
A. muciniphila in gut microbiota.”* Another study
on diabetic male rats reported enhancement of
SCFA-producing bacteria, including Bacteroides,
Lachnospiraceae, and Bifidobacterium after injec-
tion of liraglutide.”® Liraglutide substantially
altered the overall composition of the gut micro-
biota, consistent with its weight-lowering effect.”®
Abundance of genera including Allobaculum,
Turicibacter, Anaerostipes, Blautia, Lactobacillus,
Butyricimonas and Desulfovibrio was enriched,
while Clostridiales and Bacteroidales were dimin-
ished after intervention, consistent with changes
reported in gut microbial composition after body
weight control.”® Further investigations are needed
to elucidate the role of microbial mediation in the
therapeutic effects of GLP-1 receptor agonists.

Another agent used in treatment of T2D is
Pioglitazone, which is a member of the thiazolidi-
nedione class with hypoglycemic effects thought to
result from stimulating activity of the nuclear
receptor peroxisome proliferator-activated recep-
tor gamma (PPAR-y). Such stimulation results in
reducing insulin resistance and decreasing liver
gluconeogenesis.”” In animal models of T2D,
Pioglitazone decreases a-diversity of gut micro-
biota and shifts beta diversity in C57BL/6] mice.
This suggests a possible involvement of the micro-
biota although human studies regarding how this
drug impact microbiota in T2D and other disease
states have not been reported.

It has been found that Sitagliptin and
Vildagliptin, DPP-4 inhibitors, altered gut micro-
bial composition in diabetic rats.”®>” These drugs
reduced the diversity of microbiota, increased the
abundances of SCFA-producing bacteria including

Blautia, Roseburia, Clostridium, Baceroides, and
Erysipelotrichaeae in gut microbiota and corrected
the Bacteroidetes/Firmicutes ratio.”®> Therefore,
it has been suggested that these drugs may have
beneficial effects on blood glucose partly through
maintaining the gut barrier integrity and correct-
ing the dysbiosis of intestinal microbiota in dia-
betes, although human studies are needed in this
regard.

Herbal agents used to treat T2D and gut
microbiota

Many societies have long treated T2D with a variety
of plant-based products and extracts. In some cases,
active ingredient(s) have been isolated with results
suggesting a potential role for microbiota.
Additionally, a range of herbal-derived products
including berberine, resveratrol, alliin, capsaicin,
betacyanins, and cranberry proanthocyanidins have
bioactions and antidiabetic effects potentially
mediated by modulation of gut microbiota.®*®’
Galactomannan, pectin, capsaicin, and red pitaya
betacyanins altered the proportion of Firmicutes to
Bacteroidetes.””*>*® Increased fecal butyrate con-
centration and Roseburia abundance and decreased
Bacteroides and Parabacteroides abundances have
been reported after intervention by capsaicin in
obese diabetic ob/ob mice.”> Alliin from garlic
caused a decrease in Lachnospiraceae abundance
and an increase in Ruminococcaceae abundance,
which enhanced glucose homeostasis and insulin
sensitivity, but has no effect on adiposity.”’
Berberine decreased the relative abundance of
branched-chain amino acids-producing bacteria,
including Streptococcus and Prevotella whereas it
increased the relative abundance of SCFA-
producing  bacteria, including Blautia and
Allobaculum.*®®® Direct comparison of berberine to
metformin found that both agents exert comparable
effects in altering the microbial diversity and overall
structure of the gut microbiota in high-fat diet-
induced obese rats.””

For some herbal extracts, active ingredients are
not well defined, nor is their efficacy, nor mechan-
ism of action, although there is increasing effort
being applied to fill these gaps of knowledge by
study of microbiota. Herbs common in traditional
Chinese medicine for glycemic control of diabetic



patients includes Folium Mori, Dendrobium candi-
dum, Rhizoma Dioscoreae, Coptis chinensis, and
Fructus MoriL.”®”" For example, a multicenter
randomized clinical trial on patients with T2D
revealed that both metformin and a traditional
Chinese herbal formula significantly alleviated
hyperglycemia and dyslipidemia.”> Such effects
correlated with impacts on gut microbiota wherein
the herbal mixture had larger effect on all para-
meters. Changes in microbiota induced by these
herbal formulations include enrichment of Blautia
and Faecalibacterium spp., which are thought to be
beneficial herbal preparations impact gut micro-
biota composition, suggesting it as a possible con-
tributor to their effects. A range of individual
herbal extracts that have been used to treat T2D
impact microbiota. Alpinia oxyphylla Miq. extract
was found to improve glycemic control and renal
function in diabetic mice in a manner that asso-
ciated with increased abundance of Akkermansia
and increasing the ratio of Bacteroidetes-to-
Firmicutes.””>  Increased  Bacteroidetes  to
Firmicutes has also shown after intervention with
Qijian  mixture (Astragalus  membranaceus,
Ramulus euonymi, Coptis chinensis, and Pueraria
lobata) and extract of D. loddigesii.”>’* Increased
abundance of Akkermansia was also associated
with glucose-lowering properties of polyphenol-
rich extracts of cranberry.”” Water-ethanol extract
of green macroalgae Enteromorpha prolifera and
Oil tea (green tea and ginger) enriched
Lachnospiraceae has been reported after intake of
in animal studies,”*”” wherein it was suggested to
underlie its beneficial impact on glycemic control.
Extracts of cinnamon bark and grape pomace
induced a decrease in Peptococcus, Desulfovibrio,
Lactococcus abundances and an increase in
Allobaculum and Roseburia abundances,”® which
associated with decreased fat mass, reduced adi-
pose inflammation, and improved glucose
tolerance.”® The notion that beneficial impacts of
herbal extracts are mediated by reduced inflamma-
tion is supported by a study that found
D. loddigesii and Houttuynia cordata, which are
traditional Chinese treatment for T2D results
decreased abundance of Gram negative bacteria
including E. coli and Bacteriodetes fragilis that
was suggested to improve T2D by reducing expo-
sure to LPS absorption and subsequently
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inflammatory.”*”® Moreover, D. loddigesii was
reported to improve the gut barrier integrity,
which can also reduce metabolic endotoxemia
and insulin resistance.”*”® In summary, changes
in gut microbiota in response to herbal extracts
include increasing microbial diversity, reducing
the Firmicutes/Bacteroidetes ratio, increasing the
abundances of anti-inflammatory bacteria such as
Bifidobacterium, Lactobacillus, Akkermansia, and
Faecalibacterium, and decreasing pathogenic bac-
teria such as E. coli and Enterococcus, which,
together, might alleviate low-grade inflammation
subsequently improving glycemic control.

Microbiota-metabolizable carbohydrates
(fermentable fiber)

In addition to specialized, plants and extracts, one
major type of macronutrient that has long been
recognized as important for metabolic health in
general, and thus potentially promoting good gly-
cemic control is dietary fiber. While mechanisms
by which fiber might promote metabolic health are
complex, it has recently been appreciated that such
beneficial impacts are mediated, at least in part by
gut microbiota.*® Briefly, complex carbohydrates
that reach the colon that can be fermented by gut
bacteria are the major fuel source of the micro-
biota and has such will have a major impact on
total levels of bacteria, composition and its func-
tional activity. Re the former, in mice, lack of fiber
decimates microbiota density, which slows enter-
ocyte proliferation, deteriorates mucus, and alters
microbiota composition, which together result in
microbiota encroachment that promotes low-
grade inflammation and insulin resistance.”*"
Hence, enriching a “western-style” low-fiber high-
fat diet with fermentable but not insoluble fiber
restores gut health and prevents these conse-
quences. The notion that changes in microbiota
are pivotal to such impacts of fiber on glycemic
control include lack of effects of such fiber in
germ-free conditions and that addition of some
of the specific bacteria enriched by fiber, namely
bifidobacterial could provide beneficial metabolic
impacts. A range of other fermentable fibers,
including pectin and glucomannan, and resistant
corn starches, which can be considered function-
ally fibers, also impact microbiota and improve
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glycemic control. The caveats of such studies
include that it is difficult to disentangle impacts
on glycemic control from other interrelated para-
meters of metabolic syndrome and that they are
largely restricted to mice. In contrast, study of one
highly fermentable fiber, inulin, has revealed that
this fiber can increase levels of A. muciniphilia in
both mice and humans.®’ Levels of this microbe
are reduced in T2D and direct administration of
this microbe to mice improves glycemic control
and has shown promise in a recent human trial. In
terms of mechanisms, by far the most studied
aspects of how nourishing microbiota might
improve glycemic control involve the major pro-
duct of fiber fermentation, SCFAs. SCFAs have
a variety of direct metabolic benefits that can
improve insulin-resistance irrespective and have
a variety of anti-inflammatory actions that can be
expected to indirectly. However, ability of fermen-
table fiber, while fully microbiota-dependent, does
not absolutely require SCFA per se in that block-
ing fermentation only moderately reduced impact
of such fibers. Rather, nourishing microbiota with
fermentable fiber inulin led to host IL-22 produc-
tion that was necessary to improve glycemic con-
trol and restore gut health, which is impaired by
western-style diet. Yet, another means by which
inulin improves glycemic control involves its
enrichment of A. muciniphilia, which restores
mucus robustness resulting in protection against
low-grade inflammation.*® While the notion that
a bacteria that feeds on mucus results in more
robust mucus is somewhat counter-intuitive, it
can be viewed as analogous to the notion that
cutting a lawn of grass encourages dense growth.
Thus, to some extent microbiota mediated
approaches to treating preventing T2D can be
viewed in terms of ameliorating inflammation.

Conclusions and perspective

TD2 is currently and seems likely to remain for
some time, one of humanities major public
health problems. As such humanity needs new
approaches to treat and prevent this disorder.
While most treatments currently in use, espe-
cially pharmaceutical agents with proven effects,
have generally focused on agents designed to
directly impact signaling pathways that directly

regulate glucose, or work by unknown mechan-
isms, better understanding of root causes of T2D
suggests that targeting the gut microbiota might
be a logical approach to treating this disorder. As
reviewed herein, studies, especially those in ani-
mal models, support this notion. Moreover,
investigation of currently used pharmaceutical
reagents suggests that their beneficial effects
may be, in part, mediated by impacts on gut
microbiota. Given that dysglycemia itself impacts
microbiota, disentangling cause and effect is
a major confounder this area of research. Yet,
we submit that, even if such changes in micro-
biota are, initially, a consequence of improved
glycemic control, they may still be part of main-
taining good glycemic control. Thus, examining
how, in humans. Current and future treatments
of T2D are important to understanding impacts
of these agents on health, regardless of whether
these agents directly impact microbiota. Similar
logic applies to diet-type approaches to amelio-
rate T2D. Indeed, approaches like caloric restric-
tion to prevent T2D have long preceded
appreciation of the microbiota but recent studies
that this approach impacts microbiota suggest it
as a possible mediator of its prevention of this
disorder. In this regard, we suggest that further
study and consideration of microbiota, in
humans, in response to both pharmaceutical
and dietary interventions should pave the way
for better approaches to treat and prevent T2D.
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