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Intestinal Microbiota Contributes to Energy Balance,
Metabolic Inflammation, and Insulin Resistance in

Obesity
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Obesity is associated with increased risk of developing metabolic diseases such as type 2 diabetes. The origins of
obesity are multi-factorial, but ultimately rooted in increased host energy accumulation or retention. The gut mi-
crobiota has been implicated in control of host energy balance and nutrient extraction from dietary sources. The
microbiota also impacts host immune status and dysbiosis-related inflammation can augment insulin resistance,
independently of obesity. Advances in microbial metagenomic analyses and directly manipulating bacterial-host
models of obesity have contributed to our understanding of the relationship between gut bacteria and metabol-
ic disease. Foodborne, or drug-mediated perturbations to the gut microbiota can increase metabolic inflamma-
tion, insulin resistance, and dysglycemia. There is now some evidence that specific bacterial species can influence
obesity and related metabolic defects such as insulin sensitivity. Components of bacteria are sufficient to impact
obesity-related changes in metabolism. In fact, different microbial components derived from the bacterial cell
wall can increase or decrease insulin resistance. Improving our understanding of the how components of the mi-
crobiota alter host metabolism is positioned to aid in the development of dietary interventions, avoiding triggers
of dysbiosis, and generating novel therapeutic strategies to combat increasing rates of obesity and diabetes.
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INTRODUCTION

Trillions of bacteria make up the diverse microbial communities
in different anatomical locations in humans. The intestine harbours
most of these bacteria and recent estimates place the number of
bacteria at a 1-to-1 ratio with host cells in humans.! These com-
mensal bacteria are often symbionts that influence the metabolism
of the host though macronutrient and micronutrient processing
and the production of metabolites that cannot be made by the
host. Bacterial colonization has long been known to be critical for
the education and development of the immune system.

Recent advances in measuring the composition and function of

the intestinal microbiota have provided evidence for a new factor
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involved in metabolic diseases. Obesity is a growing worldwide
health concern that is associated with serious complications such
as increased risk of type 2 diabetes and cardiovascular disease.
Obesity and being overweight is also a significant risk factor for all-
cause mortality, and thus and new therapeutic treatments are des-
perately needed.** Obesity is underpinned by changes in control of
energy balance and inflammation. Hence, changes in the composi-
tion of gut microbiota during obesity and function of microbes in
energy balance and inflammation is being intensely studied in obe-
sity and progression of these diseases. In this review, we will explore
the current understanding and recent literature surrounding the
gut microbiota’s contribution to energy balance, inflammation, and

related metabolic diseases.
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Microbiota and host energy balance

The recent advances in microbial sequencing and availability of
germ-free animals have been used to characterize and test relation-
ships between obesity-related dysbiosis (i.e. deleterious changes in
the composition of the gut microbiota) and host energy balance.
Initial experiments that compared germ free mice to life-long colo-
nization or colonization of mice born germ-free showed that bacte-
ria regulate energy extraction that is sufficient to change body mass,
body composition, and insulin sensitivity. These changes occurred
in spite of decreased food intake in germ free mice and it was found
that host extraction/retention of dietary components and energy
content is a key way that bacteria influence energy balance.* Fur-
ther experiments demonstrated that mice lacking colonizing bacte-
ria are resistant to high-fat diet (HFD)-induced obesity, and exhibit
increased fat metabolism and excretion that ultimately prevents
weight gain.’ HFD-induced insulin resistance is exacerbated by the
presence of a gut microbiota. It was also found that the change in
the composition of the gut microbiota during obesity was sufficient
to increase energy extraction.’ Thus, dysbiosis during obesity is a
factor regulating increased adiposity.

But how does the presence of a specific microbiota dictate host
energy balance? The complete answer to this question is unknown
but remains an important area of research. For over a decade it has
been well characterized that obesity causes a shift in the relative
abundance between Firmicutes and Bacteroidetes bacterial phyla
in the mouse gut.” This obesity-induced shift can be conserved in
humans. It is possible that this change in the composition of the
microbiota represents a universal adaptation to high-calorie diets
related to energy extraction. In line with this hypothesis, it was ob-
served that an obesity-specific microbiome in mice allows for in-
creased energy extraction in a host.’ Specifically, the cecal contents
from ob/ob mice were found to contain increased quantities of the
short chain fatty acids (SCFAs) acetate and butyrate. The conse-
quences of increased SCFA abundance in the gut is well described,
and although some activities of SCFAs in this context may seem
paradoxical, namely the reported ability of acetate to curb appetite®,
these effects appear limited to the short-term and may not persist
over longer periods such as in the case of human obesity.” Addi-
tionally, microbial-produced acetate mediates a relationship be-

tween the microbiota, the brain, and pancreatic 3-cells to promote
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metabolic syndrome during obesity." It was found that acetate in-
creases parasympathetic nervous system activity, driving increases
in the appetite-inducing hormone ghrelin as well as increases in the
anabolic hormone insulin. Nevertheless, these end-products of
bacterial fermentation of carbohydrates represent a significant ad-
ditional energy source in diet. Thus, it can be concluded that a mi-
crobiota more equipped to produce SCFAs is also more efficient in
extracting energy from otherwise indigestible components of food,
translating to increased energy production for the host. A perhaps
unwanted consequence of this efficiency in humans is a tipping of
the energy balance scales towards an energy surplus, thus increas-
ing the likelihood of developing obesity. However, the complete
role of SCFAs in human health is not fully understood and remains

the subject of current research.

Microbial metabolism versus host metabolism

Perhaps the most interesting characteristic of a gut microbiota is
the ability to transfer a metabolic phenotype from one host to an-
other. Following their description of an obesity-specific microbi-
ome, Turnbaugh et al.¢ further demonstrated that a component of
obesity (from genetically hyperphagic mice) was transmissible to
germ-free recipients. Mice colonized with ob/ob cecal contents
gained more body fat than lean-microbiota recipients, indicating
that the “obese” microbiota is able to influence host energy balance.
This has been replicated using human samples."" The study design
from Ridaura et al." afforded the unique opportunity to observe
the differences in gut communities from human twin pairs discor-
dant for obesity. This design allowed for the minimization of vari-
ables normally associated with studying microbiota in human pop-
ulations (i.e. host genetics) and observations about the persistence
of different microbial communities and their phenotypic outcomes.
In the study, fecal samples from obese and lean co-twins were sepa-
rately used to colonize germ-free mice. While the mice that re-
ceived obese donor microbiota had increased adiposity compared
to lean recipients, it was observed that cohousing obese and lean
recipient mice prevented this change. These results show that a
lean microbiota dominates over obese microbiota in this model of
transmissibility of obesity. It is not yet known why a lean microbio-
ta can outcompete an obese microbiota. However, this effect may

be linked to increased intestinal microbial diversity typical of leaner
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mammals.”"* It has also been demonstrated that transplanting mi-
crobiota from lean individuals can improve insulin sensitivity in
humans with metabolic syndrome." Together these findings rein-
force the concept that obesity is associated with functional changes
to the microbiota that increase its metabolic capacity to harvest en-
ergy from the diet.® Metagenomic profiling of diet-induced micro-
biota changes reveal extensive modification to microbial metabolic
pathways, and these findings are positioned to direct novel ap-
proaches to combat dysbiosis-linked aspects of metabolic disease."*
Indeed, bacterial metagenomic profiles of diabetic patients have al-
lowed for the creation of mathematical models that can predict risk
of type 2 diabetes."

These experiments demonstrate that gut bacteria and dysbiosis
affect host metabolism. It is also important to consider bidirection-
al communications between the host and bacteria. Can changes to
host physiology and metabolism also confer metabolic alterations
in gut microbiota? Can the resultant dysbiosis then dictate energy
harvest from diet? It is well-established that exercise can attenuate
insulin resistance. Exercise causes systemic effects that reach cells
and tissues beyond muscle cells that are contracting. The commu-
nication strategies of exercise-induced factors such as myokines
and exosomes are only beginning to be appreciated in metabolic
disease. This concept can be extended to non-host cells. Only re-
cently has it been recognized that exercise influences the composi-
tion of the microbiota and that this is relevant to metabolic disease.

Experiments in rats have revealed that physical activity increases
fecal abundance of Bacteroidetes compared to Firmicutes.'® In a
mouse model of diet-induced obesity, exercise was found to in-
crease the relative abundance of Bacteroidetes, and also increase gut
microbial diversity.”” Interestingly, the type of exercise (either forced
or voluntary) was found to differentially alter the gut microbiota in
mice." Together these observations reveal that the effects of exer-
cise go beyond changes in host tissue metabolic function, and that
repeated exercise training alters the gut microbial composition and
diversity in a way that opposes dysbiosis indicative of obesity.

Studying the effects of exercise on changes to gut microbiota
composition can be confounded by weight loss, changes in body
composition, and dietary modification. As an attempt to better un-
derstand these effects, our group recently described a direct link

between effects of high intensity interval exercise on the composi-
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tion of gut microbiota in diet-induced obese mice."” This type of
exercise did not cause weight loss, but approximately 5 weeks of re-
peated exercise training directly opposed some of the microbiota-
specific changes induced by obesity. These exercise-induced
changes were possible even though exercise was started after obesi-
ty was established for many weeks and included phylum-level
changes in the abundances of Bacteroidetes and Firmicutes. Exer-
cise training had more profound changes in the distal gut com-
pared to proximal gut microbiota composition. More importantly,
predicted microbial functional analysis of the distal gut and fecal
microbiome revealed that exercise increased abundance of genes
related to metabolism. Specifically, exercise training increased the
predicted genetic capacity for pyruvate metabolism through the tri-
carboxylic acid (TCA) cycle and carbon fixation pathways in the
fecal microbiota. Both of these functional measures where de-
creased in the fecal microbiota of obese compared to lean mice.
This suggested that exercise training effects on the microbiome di-
rectly oppose those caused by obesity and are not limited to taxon-
omy, but also may involve functional capability of the gut microbi-
ota. Importantly, these changes were independent of alterations in
body mass or adiposity and did not occur after an acute exercise
bout, which are all important factors to consider when studying the
effects of exercise metabolism on any factor. For example, weight
loss itself can alter the gut microbial composition. The increase in
microbial capacity for pyruvate and TCA metabolism did coincide
with increased insulin sensitivity due to exercise training."” Thus,
we could not separate changes in microbial function from insulin
sensitivity. Intriguingly, these results were confirmed in a recent
study that linked insulin sensitivity to changes in the function of fe-
cal microbes and metabolites using large-scale metagenomic and
metabolomic assessments in humans. Insulin resistance was associ-
ated with reduced potential for pyruvate oxidation in the gut mi-
crobiota, which was linked to increased circulating branch-chain
amino acids, a known biomarker of insulin resistance in rodents

and humans.?

Microbiota and immunometabolism
In this section, we discuss the key associations between gut bac-
teria and host immunometabolism, a burgeoning field that investi-

gates the links between immunity and metabolism often with im-
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plications relevant to metabolic disease. We will focus on the im-
pact of the microbiota on glucose metabolism, a key defect in the
progression of obesity to prediabetes and diabetes.

It is known that host genetics interact with environmental cues
such as diet to influence obesity.* The gut microbiota is another
external factor that influences obesity, but microbes can also change
the relationship between diet and host genetics.”> Microbial-de-
rived metabolites can be epigenetic factors relevant to the suscepti-
bility to metabolic disease. For example, it has been demonstrated
that bacterial colonization of mice regulates epigenetic program-
ming in host tissues, and that a Western-style diet (high in fat and
sugar) impacts histone modifications in liver, colon, and adipose
tissues.” Interestingly, a Western-style diet reduced production of
the SCFAs acetate, propionate, and butyrate in the murine gut, and
supplementing these SCFAs had similar effects on the epigenetic
state of mouse tissues to that of bacterial colonization. This raises
an important concept, since bacterial derived metabolites (such as
SCFAs) have now been found to alter epigenetic control of host
metabolism.

Microbial-sourced SCFAs in the gut have also been shown to di-
rectly affect insulin signaling in adipose tissue in mice, consequently
preventing fat accumulation during HED feeding** Additionally, ac-
etate produced by bacteria links the microbiota, brain, and pancreat-
ic B-cells to promote metabolic syndrome during obesity by driving
increased appetite and insulin secretion in the host."” Beyond pro-
ducing functional metabolites, the commensal microbiota help
maintain gut barrier function, which can be compromised during
obesity** Also, an obese microbiota skews certain aspects of intes-
tinal immunity to a more inflammatory state that may spill over to
metabolic tissues and precipitate aspects of metabolic disease such
as insulin resistance.”” Diet-induced obesity and the related dysbiosis
also compromises other aspects of immunity in the gut. For exam-
ple, Th17 immune responses are decreased in ileum and colon, but
increased in liver during obesity.*** Thus, it seems as though obesity
allows for a permissive gut environment whereby bacteria or their
metabolites can evade detection and penetrate to metabolic tissues
thereby promoting inflammation-related insulin resistance. Indeed,
it is important to consider the compartmentalization of immune re-
sponses in different body sites that can contribute to metabolic dis-
ease.* Together these findings highlight the unique relationship be-

164 | http://www.jomes.org

jomes

tween gut microbiota, diet, and host tissues and show that they are

intricately linked in determining host metabolism.

Drugs that affect gut microbiota and host metabolism

Drugs that target microbes such as antibiotics have been report-
ed to alter host energy balance and metabolism. For example, it has
been known for a long time that low-dose antibiotics promote
growth in farm animals.*' It was not understood if or how the mi-
crobiota could mediate increased growth of the host. It was hy-
pothesized that antibiotics reduced energy requirements of con-
stantly providing immune tolerance to colonizing bacteria, but it
was not clear why antibiotics were effective in promoting growth
when only given during a therapeutic window in early life. Cho et
al.** have reported that low-dose antibiotics given early in life had
increased obesity and lipid storage later in life in mice. Sub-thera-
peutic antibiotic treatment (STAT) given in early life increased adi-
posity, gut SCFA production, and hepatic expression of genes relat-
ed to lipogenesis and triglyceride synthesis. The link to increased
obesity is more controversial in human antibiotic use, but worth in-
vestigating considering that many infants are prescribed multiple
antibiotics during the early stages of life. There are many variables
to consider. For example, STAT use combined with HFD-feeding
in mice caused additional weight gain and adiposity, increased hall-
marks of non-alcoholic fatty liver disease, and also adversely affect-
ed glucose metabolism.** While it has been demonstrated that
acute antibiotic use in adult humans reduces gut microbial diversity
and impacts metabolite production, significant changes in host glu-
cose metabolism remained minimal.>**% Still, the mechanistic find-
ings of early-life low-dose antibiotic use in animals have yet to be
comparably investigated in humans.

There is some evidence to support this notion that specific bacte-
ria or bacterial components can add to the drug repertoire to com-
bat metabolic disease. For example, the bacterium Akkermansia mu-
ciniphila is inversely associated with fasting glucose, adipocyte size,
body fat distribution, and microbiome gene richness following di-
etary intervention in humans.* In mice, administration of Akker-
mansia muciniphila opposed metabolic inflammation, insulin resis-
tance, and preserved gut barrier integrity during diet-induced obesi-
ty:*” Bacteria that may help combat metabolic disease appear to be

modifiable with prebiotics and even dietary constituents such as
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oligofructose®”*’

or grape polyphenols that concomitantly reduce
aspects of HFD-induced metabolic syndrome.* It is important to
note that live bacteria are not required for these metabolic effects, as
unique proteins produced by bacteria, such as Amuc_1100 from
Akkermansia muciniphila, has been identified as a factor that is suffi-
cient to improve aspects of obesity-related metabolic disease.* In-
terestingly, non-bacterial microorganisms can also have similar “pre-
biotic” effects on gut microbiota composition and improvements in
host metabolism. An extract of the fungal species Ganoderma lu-
cidum improved inflammatory and metabolic outcomes in mice fed
a HFD and also increased the Bacteroidetes/Firmicutes ratio.”

Probiotics containing a single strain of Lactobacillus rhamnosus,
Bifidobacterium animalis, or Propionibacterium freudenreichii have
been reported to possess anti-inflammatory activity in normal
healthy adults.” These effects are often bacterial strain specific.
Similar work has demonstrated that probiotic supplementation
with a cocktail containing multiple Lactobacillus, Streptococcus, and
Bifidobacterium species opposed increases in body/fat mass in hu-
mans when challenged with a HFD*, and Lactobacillus casei can
also prevent high-fat overfeeding-induced insulin resistance.*
Mechanistically, some probiotic species such as Lactobacillus reuteri
may function to improve incretin and insulin secretion, allowing
for possible improvements in glucose homeostasis in insulin-resis-
tant individuals.*

Drugs beyond antibiotics are increasingly being scrutinized for
their effects on gut bacterial communities. A better profiling of
drug side effects on the gut microbiota may improve our mechanis-
tic understanding of how these drugs actually work. For example,
the widely-used type 2 diabetes drug metformin has been shown
to significantly alter the microbiota.” While metformin is generally
understood to lower blood glucose by potently suppressing glucose
production from the liver, the complete mechanism is not fully
known. Forslund et al.*® performed extensive analysis on human
gut metagenomes from type 2 diabetes patients and found that the
microbiota is indeed significantly impacted by the use of metfor-
min. They showed that these metformin-induced microbial shifts
result in altered production of SCFAs, which can contribute to the
improved glucose control effects of this antidiabetic drug. Resvera-
trol, a plant-derived polyphenol, alters the gut microbiota to in-

crease the abundance of Bacteroidetes and skews microbial func-
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tional profiles toward increased TCA metabolism and improved
exercise capacity in the host.*” These resveratrol-induced changes
to the microbiota and its energy producing capabilities are also as-

1°, which is a common

sociated with increased glucose contro
theme in stimuli that alter the microbiota in this way." Other drugs
that do not directly affect gut microbiota composition, but instead
affect gut immunity and barrier function may also hold some
promise for treatment of metabolic disease. For instance, the sali-
cylic acid derivative mesalamine (S-aminosalicylic acid), used in
the treatment of inflammatory bowel disease, opposes HFD-in-
duced metabolic disease and intestinal inflammation and barrier
function.®" The unique chemical properties of this drug prevent it

from acting systemically in the host, thus avoiding unwanted sys-

temic effects on immunity:.

Innate immunometabolism and obesity

Obesity is a source of chronic, low-level inflammation that is
compartmentalized in specific tissues, which can contribute to
metabolic defects such as insulin resistance, dysglycemia, and as-
pects of cardiovascular disease such as atherosclerosis. In this sec-
tion, we will describe the links between gut microbiota and host
immunometabolism that can have important outcomes for obesity-
related metabolic disease.

Many aspects of innate immunity have been linked to obesity-re-
lated changes in metabolism. For example, obesity is associated
with immune cell polarization and infiltration into hypertrophic
adipose depots, resulting in chronic inflammation in fat.>>** Obesity
also increases adipose tissue expression of tumor necrosis factor-al-
pha, and neutralization of this pro-inflammatory cytokine alleviates
insulin resistance during HFD-induced obesity.** Dietary compo-
nents such as fatty acids can interact with components of bacterial
detection systems such as toll-like receptor 4, directly linking
pathogen-sensing systems with innate immunity and metabolic
disease.*® One of the most consistent findings is that the nucleotide-
binding oligomerization domain-containing (NOD)-like receptor
family, pyrin domain containing 3 (NLRP3/Caspase-1) inflamma-
some relays obesity related inflammation to metabolic defects.
Markers of the NLRP3 inflammasome are more highly activated in
immune cells from patients with type 2 diabetes.*® A key effector of

the NLRP3 inflammasome is IL-1f, and inflammasome-cleaved
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biologically active levels of this protein are associated with insulin
resistance in mice.”’ It has also been shown that this inflammasome
senses increased lipid species (ceramides) typical of obesity and in-
stigates a program of inflammation and insulin resistance.*® In addi-
tion, we have shown that statins increase adipose tissue insulin re-
sistance via the NLRP3 inflammasome.* Interestingly, intestinal
dysbiosis associated with defective inflammasome activity regulates
severity of non-alcoholic fatty liver disease in mice, and this effect is
transmissible.® A key next step is to define how microbes can
prime inflammatory responses that can change how drugs work or

even metabolize drugs that influence metabolic diseases.

Microbial components and host immunometabolism

HFD-induced obesity increases circulating levels of bacterial li-
popolysaccharide (LPS).* This “metabolic endotoxemia” is suffi-
cient to increase systemic inflammation and impair insulin sensitiv-
ity*® The inability to sense bacterial endotoxin is associated with
protection from diet-induced insulin resistance®, and antibiotic
treatment can limit metabolic endotoxemia in obese mice.> Al-
though gut microbiota-derived LPS augments adipose inflamma-
tion during high-fat feeding in mice, it is not necessary for impaired
glucose or insulin tolerance.”® This finding is important because it
highlights that other components of the microbiota can modify
host immunometabolism.

We and others have shown that intracellular NOD proteins link
bacterial peptidoglycan sensing to host inflammatory and metabol-
ic status during obesity. The NOD proteins detect specific bacterial
peptidoglycan motifs and initiate an inflammatory signaling cas-
cade involved in host defense.* NOD1, which senses peptidogly-
can from Gram-negative bacteria, has been linked with intestinal
mucosal adherence and translocation of commensal bacteria in the
early stages of type 2 diabetes.® NOD1-null mice were found to
have reduced bacterial translocation to metabolic tissues and im-
proved protection from HFD-induced insulin resistance. There is
evidence showing increased NOD1 (but not NOD2) inflammato-
ry activity in subcutaneous adipose depots in humans with meta-
bolic syndrome.% Activation of NOD1 in vivo worsens diet-in-
duced inflammation and insulin resistance.”’ In addition, we and
others have shown that NOD1 activation induces lipolysis, sup-

presses adipocyte differentiation, and augments adipose inflamma-
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tion.” Thus, the microbiota (and sensing of microbial compo-
nents) can contribute to the poorly understood mechanism related
to how morphological and inflammatory changes in adipose tissue
relate to insulin resistance.”

Interestingly, NOD?2, which senses the minimal bioactive motif
of peptidoglycan, has opposing effects on metabolism compared to
NODL1. For example, NOD2 increase adipocyte adiponectin secre-
tion, which can improve insulin sensitivity.”' Our recent work has
shown that NOD?2 attenuates diet-induced inflammation and insu-
lin resistance in mice, and these effects are partially due to the dys-
biosis induced by the lack of NOD2.” Thus, there is a divergence
in the host immunometabolic response to bacteria depending on
which cell wall components are sensed by these intracellular NOD
receptors.

Obesity also increases the risk of developing cardiovascular dis-
ease, and inflammatory processes are important in disease progres-
sion. NOD1 activation induces vascular inflammation, and acceler-
ates the development of atherosclerosis in a mouse model of the
disease, and worsens myocardial ischemia/reperfusion injury in
mice.” In contrast, NOD2 activation can reduce systemic inflam-
mation and atherosclerotic lesions in mice.” Together these studies
show that the components of live or dead bacteria can engage in-
nate immune responses that can either promote or attenuate meta-

bolic disease characteristics.

Postbiotics and host immunometabolism

Effective and sustained colonization is a limitation of probiotics.”
As an alternative therapeutic strategy, it is useful to consider directly
delivering microbial secreted factors. Components of bacteria are
known to alter metabolic processes in host cells such as glycolysis.™
‘We and others have defined postbiotics as the secreted factors, cel-
lular components, and metabolites of bacteria that influence host
cell physiology. A recent example of the potential of postbiotics is
the work by Pomié et al.” “immunizing” mice with commensal gut
bacteria-derived extracts. This unique approach using a multitude
of undefined bacterial factors triggered the adaptive immune sys-
tem to promote immunological tolerance and decrease HFD-in-
duced insulin resistance in mice. While this finding is significant,
the specific bacterial component(s) responsible for mediating met-

abolic protection were not identified. Building on this work, we
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Metabolic dysfunction
Negative health outcomes

Postbiotics

Figure 1. Environmental cues such as diet, drugs, and exercise combine to alter
the composition of the gut microbiota. These and other external factors change
the composition of the intestinal microbiota that can result in alterations to micro-
biota-derived compounds that influence host metabolism. For example, intestinal
dysbiosis during obesity can modify the host's ability to harvest energy from food,
as well as susceptibility to metabolic diseases such as type 2 diabetes and cardio-
vascular disease. The premise of prebiotics and probiotics is to restore or change
the composition of the microbiota. However, another approach is to identify and
use specific bacterial components or secreted factors of the microbiota that are
known to have beneficial metabolic effects on the host (e.g. postbiotics). Postbiot-
ics provide a unique alternative to mitigate metabolic disease factors without the
need to alter the composition of the microbiota.

have recently identified a specific peptidoglycan motif that confers
similar immunometabolic protection during obesity in mice.” We
found that the minimal bioactive peptidoglycan fragment that acti-
vates NOD2, muramyl dipeptide, improved metabolic inflamma-
tion and insulin resistance in mice fed a HED. This work is largely
in agreement with the findings from others showing that activation
of NOD2 promotes immunological tolerance to mitigate the effects

of additional inflammatory stressors.”®

CONCLUSION

The gut microbiota is increasingly viewed as a functional organ
that contributes to host metabolism and immunity. Many diseases
have been associated with gut dysbiosis. Obesity can be character-
ized by changes in the taxonomy and function of gut microbial
communities. However, there are many factors that can influence
the gut microbiome, including antibiotics and drugs used in meta-
bolic disease (Fig. 1). Specific components of bacteria should be
considered, since they can directly alter host metabolism. Certain

bacterial components can promote metabolic disease, but others
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can mitigate metabolic defects during obesity. This represents a dif-
ferent way to target bacteria that avoids the difficulty in colonizing
the host with specific bacteria that reside long enough to have an
effect on metabolism. These postbiotics may provide new oppor-

tunities for drug development to combat metabolic disease.
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