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ABSTRACT
Obesity afflicts 36.5% of the US population and 600 million individuals world-wide. Thus, it is
imperative to understand the risk factors underlying metabolic disease including diet, activity level,
sleep, and genetics. Another key contributory factor is the gut microbiota given its widely reported
role in the development of metabolic disease. The gut microbiota, particularly its structure and
function, is heavily influenced by Western style diets rich in a complex mixture of fats and high in
simple sugars. In this review, the profound impact of obesity and Western diets on the gut microbiota
will be illustrated, and the following research questions will be addressed: 1) to what extent do high
fat diets (HFDs) alter community membership and function and does this depend upon the amount
or type of fat consumed?, 2) how rapidly do dietary shifts alter gut microbial communities?, 3) are
these alterations sustained or can the microbiome recover from dietary stress?, 4) how does diet drive
host-microbe interactions leading to obesity?, and 5) what can be done to restore the detrimental
impact of HFD on the gut microbiota? The goal of this review is to address these questions by parsing
out the effects and underlying mechanisms of how Western diets impact the gut microbiota and host.
By doing so, potential avenues for further exploration and strategies for microbiome-based
interventions to prevent or treat diet-induced obesity may become more apparent.
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Introduction

Obesity and associated comorbidities, including diabe-
tes, metabolic syndrome, and heart disease, adversely
impact quality of life and result in substantial health
care costs.1,2 Thus, it is imperative to understand the
complex interplay between the many contributory fac-
tors underlying metabolic disease. These include diet,
activity level, sleep, genetics, and the gut microbiota,
among others. This review will focus specifically on the
interaction between diet and the gut microbiota (i.e.,
the collection of bacteria, fungi, archaea, and viruses
harbored in the gastrointestinal tract), with a specific
emphasis on gut bacteria. The structure and function
of the gut microbiota are heavily influenced by Western
diets, rich in several types of fats and simple sugars,
and the complex interaction between diet, host, and
microbes may promote the development of obesity.

Research regarding the dietary impact on gut
microbiota and host-microbe interactions has become
an attractive area of study to better understand the eti-
ology of obesity and to identify novel strategies to
combat this world-wide epidemic. Not surprisingly,

the number of publications regarding the gut micro-
biota and human health has increased dramatically
over the past 15–20 y.3 In a recent search conducted
in 2015, 700 publications were found that provided
associations between gut microbes and obesity,
whereas the second leading number was 400 with
associations with cancer.4 Studies utilizing mice raised
in the complete absence of microbiota (germ-free
mice) and fecal microbiota transplant (FMT) have
provided the most compelling evidence establishing
the causal link between gut microbes and increased
adiposity.5-7 For example, several groups have shown
that germ-free mice fed a high-fat, high-sugar diet are
resistance to diet-induced obesity (DIO).5,8 Transplant
of microbes induced by Western diets or obesity result
in an increase in fat mass in germ-free mouse recipi-
ents.7,9 In contrast, transplant of gut microbiota from
lean human individuals to those with metabolic syn-
drome has been shown to improve insulin sensitivity,6

suggesting that FMT may have therapeutic potential
for metabolic disease. Taken together, these studies
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illustrate the influence of gut microorganisms on host
physiology and disease development.

The gut microbiota contains over 1 trillion cells
belonging to thousands of different microbial species
from bacteria, fungi, archaea, and protists, that collec-
tively carry � 100 times more genes than that of our
own genome.10-12 A recent estimate has shown that the
ratio of bacterial to human cells is 1:1, revised from a
previous overestimate of 10:1.12 The gut microbiota is
explained by compositional features (i.e., microbial
diversity and relative abundance) and functional capac-
ity (i.e., microbial fitness, metabolic capacity, and influ-
ence on the host). Microbial diversity is characterized
by a and b diversity metrics, where a diversity explains
the richness of the community or the number of differ-
ent microbial species present and evenness meaning
the relative abundance of microbial species in one sam-
ple. b diversity explains the difference in community
membership and structure across samples as opposed
to within one sample. While diversity embodies the
presence/absence and distribution of bacteria, function
refers to the activities of bacteria, such as formation of
clades, establishment of niches and biofilms, response
to environmental stimuli, metabolite production, and
impact on the host. Each of these aspects of the gut
microbiota is heavily influenced by dietary pressures
particularly Western diets that are rich in saturated
and unsaturated fats, simple sugars, and low in fiber.
Studies investigating diet-mediated changes in micro-
bial structure and function using 16S rRNA amplicon
sequencing, metagenomics and metabolomics, respec-
tively, will be discussed below.

In addition to illustrating the profound impact of obe-
sity and Western diets on the gut microbiota, the follow-
ing important research questions will be addressed: 1) to
what extent do high fat diets (HFD) alter community
membership and function and does this rely on the
amount or type of fat and/or in what proportion they are
consumed?, 2) how rapidly do dietary shifts alter our
microbial communities and do these shifts precede the
development of obesity?, 3) are these alterations sustained
or can the microbiome recover from dietary stress?, 4)
how does diet drive host-microbe interactions leading to
obesity?, and 5) what can be done to restore the detrimen-
tal impact of HFD on the gut microbiota? The goal of this
review is to answer these questions, thereby describing
the deleterious impact of Western diets on the gut micro-
biota and current microbiota-centric strategies to amelio-
rate HFD-induced dysbiosis andmetabolic disease.

Obesity and the gut microbiota

Obesity has been associated with the deleterious reor-
ganization of the gut microbiota commonly referred
to as dysbiosis. Dysbiosis in obesity is often character-
ized by decreased microbial diversity, changes in rela-
tive abundance of major phyla such as Firmicutes and
Bacteroidetes, and/or a bloom of pathogenic microor-
ganisms.13 However, a recent meta-analysis performed
by Pat Schloss’s group of 10 independent studies
examining the gut microbiota in obese human subjects
shows that the commonly used Firmicutes/Bacteroides
ratio (F/B ratio) is an arbitrary metric.14 The F/B ratio
is certainly an unreliable indicator of the functional
properties of the gut microbiota and their impact on
the host and can also be misleading because the rela-
tive abundance of certain members of Firmicutes like
Lactobacillus have been shown to be decreased by
HFDs. Nonetheless, the functional outcome of dysbi-
otic microbiota is clear given that transplant of dysbi-
otic communities to na€ıve germ-free mice increases
adiposity, demonstrating a direct impact of microbes
on promoting fat storage in the mammalian host.7

Conversely, weight loss or gastric bypass surgery in
animals and humans can shift dysbiosis toward
health-associated states.13,15,16 For example, Wang
et al. observed that weight loss achieved through treat-
ment with liraglutide, a GLP-1 receptor agonist, was
associated with mild, yet significant changes in gut
microbiota composition in mice, including a reduction
in obesity-associated phylotypes and a concomitant
increase in lean phylotypes.17 However, Wang et al.
did not observe appreciable differences in the F/B ratio
with liraglutide treatment. Surgical interventions in
morbidly obese individuals who underwent gastric
bypass displayed increased microbial diversity with
altered microbial composition and function in under
3 months post-surgery prior to extensive weight loss,
which was sustained for up to 1 y.18 Compositional
changes seen after Roux-en-Y gastric bypass (RYGB)
in mice include decreases in Firmicutes, and increases
in both Bacteroidetes and Verrucomicrobia.19 While
these findings were interesting, their functional signifi-
cance was shown when mice conventionalized with
RYGB microbiota exhibit reduced body weight and
fasting triglyceride levels compared with sham con-
trols.19 Together these data suggest that the microbiota
following RYGB in humans and mouse models elicits
a direct functional impact on host energy balance,
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resulting in restoration of metabolic homeostasis and
resistance to DIO.

In addition to the transfer of whole communities,
delivery of single strains into germ-free mice, includ-
ing Enterobacter cloacae B9,20 Clostridium ramo-
sum,21 and Lachnospiraceae strain AJ110941,22 led to
an increased propensity for obesity. In contrast, intro-
duction of Akkermansia muciniphila, belonging to the
phylum Verrucomicrobia, to a complex community of
gut microbiota, has been directly implicated in
improving metabolic syndrome and atherosclerosis.
This microbe is often underrepresented in obese sub-
jects and increased after RYGB or during fast-
ing.5,19,23-26 Additionally, administration of A.
muciniphila to obese animals was shown to improve
glucose tolerance.23 Together these observations sug-
gest certain microbes might regulate different and
opposing aspects of host metabolic response to DIO,
however further investigations are needed to deter-
mine direct causality and mechanism of action.

To what extent do high fat diets alter community
membership and function and does this rely on the
amount of fat or type of fat consumed?

Diet profoundly impacts microbial structure in animal
models that closely resembles dysbiosis seen in obese
humans as demonstrated by Peter Turnbaugh’s group.
Specifically, David et al. showed that high-fat diets
consisting solely of animal-based foods such as meat
and cheese dramatically and immediately shifted com-
munity structure of the gut microbiota in human par-
ticipants.27 Changes in b diversity were found after
only two days of diet shift compared with baseline.
The dominance of diet in altering microbial composi-
tion was further recapitulated in an animal study by
Carmody et al. in which five different inbred mouse
strains, four genetic knockout strains relevant to host-
microbe interactions (e.g. ob/ob, NOD2, MyD88¡/¡,
and Rag1¡/¡), and 200 outbred mice were placed on
Western high-fat, high-sugar diet and compared mice
fed diet rich in plant polysaccharides.28 The Western
diet profoundly modulated microbial community
structure compared with the LF diet regardless of
strain or genetic differences, suggesting that diet is the
dominant driver in shaping the gut microbiota over
host genetics.28

An often over-looked component of diet-related stud-
ies such as those described above is the amount and type

of fat and/or in what proportion they are consumed to
promote obesity and shifts in microbial structure. For
instance, work from Eugene B. Chang’s lab shows that
dietary fats are not all the same in the way they affect
both the host and how they shape gut microbial commu-
nities. Huang et al. showed that a diet rich in polyunsatu-
rated (PUFA) omega-6 fatty acids from safflower oil
resulted in altered microbial composition compared with
diets rich in saturated milk fat (MF) or lard.29 The PUFA
diet was also associated with increased adipose tissue
inflammation compared with all other high saturated fat
diets. In a separate study by Devkota et al., it was found
that the MF diet as opposed to the PUFA or lard diets
promoted a bloom of bile-tolerant members of Deltapro-
teobacteria that was dependent upon production of taur-
ocholate by the host.30 This study clearly demonstrated a
host-microbe interaction that ultimately contributed to
the development of colitis in genetically susceptible
IL10¡/¡ mice. Notably, the diets used in these studies
were designed to mimic the current dietary intake of fat
in the US population which at the time was »37% kcal
from fat (NHANES), whereas the typical amount of fat
used in animal studies ranges from 45–60% kcal.

The amount and fatty acid composition of the fat
source is quite important when considering study out-
comes and impact on microbial composition and
function versus host physiology. For example, one
study comparing saturated fat (lard) to long-chain
PUFA derived from fish oil detected significant differ-
ences in microbial composition and host adiposity.31

Here, a diet rich in fish oil prevented against negative
shifts in gut microbes and resulted in a decrease in
host obesity-associated inflammation. While this
study provides proof-of-concept and compelling evi-
dence that the source of dietary fat strongly influences
microbial structure, the amount of fish oil provided in
the study is not representative of the daily recom-
mended intake or even therapeutic doses. In this
study, fish oil contributed 45% total kcal content. In
humans, this means that if all fat from a 2,000 kcal/
day diet was coming from fish oil (2,000 kcal �.45 D
900 kcal from fat at 9kcal/g fat D 100 g), one would
have to consume 100 g of fish oil. This is equivalent to
100 fish oil capsules or 33–100 servings of salmon per
day depending on the type of salmon (given that 3
ounces of salmon contains 1–3 g omega-3 fatty
acids).32 Therapeutic doses of fish oil for hyperlipid-
emia ranges from 3–4 g per day.33 Therefore, the
amount provided in the animal study is 25–33 times
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more than recommended therapeutic doses. This level
of omega-3s would not be achievable as most people
consume< 2 g fish oil from the diet per day.34 Despite
these limitations and translatability, it was also dem-
onstrated in this study that serum from lard diet-fed
mice activated toll-like receptor (TLR)2 and TLR4 in
HEK-Blue reporter cell lines over-expressing these
TLRs as compared with serum from fish oil-fed
mice.31 Additionally, lard-mediated weight gain and
insulin resistance was lost in MyD88-deficient mice,
thereby confirming the long-standing notion that bac-
terial products drive adiposity and insulin resistance
in part through activation of TLRs. Germ-free mice
receiving FMT of lard-induced microbiota experiences
more weight and had elevated macrophage-2 staining
in white adipose tissue (WAT) than the mice receiving
fish oil-induced microbiota, despite all mice being
maintained on a lard diet for 3 weeks.31

Despite the knowledge gained in this study, it would
be interesting to know if the beneficial effect of the fish
oil-induced microbiota was a result of direct impact of
the diet on the microbial communities or if the effective-
ness of fish oil-induced microbiota depended on the host
cues as well. The former would allow for the production
of potentially more effective probiotic therapies without
the need for excessive fish oil consumption. However, in
a separate study by Lam et al., it was found that supple-
mentation with fish oil at 7% of total kcals (an amount
achievable through diet or supplementation) or Resolvin
D1 decreased HFD-mediated bloom in Deltaproteobac-
teria, increased HFD-mediated reduction in Bacteroides,
as well as modestly impacted b diversity.35 This group
also compared diets rich in omega-3 vs omega-6 fatty
acids and found differences in microbial communities
after 8 weeks of diet feeding.35More studies are needed to
determine amounts of fatty acids that are achievable
either through supplementation or dietary consumption
to elicit beneficial effects on the gut microbiota.

How rapidly do dietary shifts alter gut microbial
communities?

The rapid shift of community membership and struc-
ture of the gut microbiota under HFD conditions has
been extensively examined in several studies. First, in
the study by Carmody et al. it was demonstrated that
exposing mice to 3-day cycles of low-fat diet (LFD) or
HFD led to consistent changes in community member-
ship and structure.28 Two cohorts of mice were initially

placed onto a LFD or HFD and each group switched to
LF or HF every 3 d for several cycles. Particularly con-
sistent was the inverse relationship of the relative abun-
dance of Bacteroidales and Clostridiales under LFD or
HFD conditions. Namely, Bacteroidales was increased
during LFD cycles and Clostridiales was increased dur-
ing HFD cycles. Observed changes in diversity and bac-
terial abundance were apparent within 1 day of diet
shift and consistently reverted back after the introduc-
tion of the previous diet.28 However, the functional
importance of these shifts is unknown.

These rapid diet-induced changes were also
observed in humans in the study conducted by David
et al. Here, the study showed that humans given an
animal-based diet, consisting of 69.5% kcal from fat,
30.1% kcal from protein and nearly 0 g of fiber, altered
microbial structure in as little as 48 hours of diet initi-
ation.27 This is consistent with transit time being on
average 2–3 d in humans.36 Although this diet regi-
men is not representative of average intake of fat, pro-
tein, and fiber for most individuals,37 the impact on
the gut microbiota was rapid and profound. In addi-
tion to a significant change in b diversity of microbial
communities from baseline, the animal-based diet also
promoted blooms in bile-tolerant and pathogenic
hydrogen-sulfide producing bacteria such as Bilophila
wadsworthia.27 This bacterium belongs to the phylum
Deltaproteobacteria and has been implicated in the
development of colitis and often associated with diets
rich in saturated fat.30,35 While the animal-based diet
significantly decreased short chain fatty acid (SCFA)
levels, the plant-based diet increased the abundance of
saccharolytic bacteria such as Roseburia and Faecali-
bacterium prausnitzii. RNA-seq analysis of the micro-
biome revealed that the plant-based and animal-based
diet yielded different transcriptional responses,
including increased expression of genes related to
amino acid catabolism and the production of carcino-
genic polycyclic aromatic hydrocarbons in the animal-
based diet.27 Taken together, this study showed that
dietary shift and alterations in dietary fat source elicits
significant changes in both the structure and function
of the gut microbiome in as little as two days.

High fat diets also transform the metagenomes of
the bacteriophage community, known as the “phag-
eome.” Bacteriophage are small DNA viruses that
depend on bacterial hosts for propagation through
lytic or lysogenic cycles. The latter involves integration
of the bacteriophage nucleic acid into the bacterial
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host genome that can potentially impart changes to its
functional properties. It was demonstrated by Howe
and Ringus et al. that a diet high in saturated fat can
shift the phageome within 24 hours in an independent
manner from their bacterial host pattern. Notably,
this shift was not reversible after washout, suggesting
that diet-mediated changes in the phage community
are persistent.38 This concept raises an important con-
cern as to whether or not microbial communities can
be restored following dietary insult.

Are diet-mediated alterations sustained or can the
microbiome recover from dietary stress?

Given the dramatic and rapid changes on microbial
structure, it is of interest to know if the gut micro-
biome can recover from dietary stress. It was observed
in the diet shift study by Carmody et al. that the abun-
dance of several operational taxonomic units (OTUs)
was dependent on previous dietary exposure. For
example, several OTUs belonging to Clostridiales
become more persistently abundant under high-fat
diet conditions with each new cycle of HFD expo-
sure.28 This effect is known as hysteresis and has been
demonstrated in other reports.38-40

Not only has a hysteresis effect been shown within one
lifespan but also has been demonstrated across genera-
tions. Work by Justin Sonnenburg’s group convincingly
demonstrated that diets deficient in microbe-accessible
carbohydrates (MAC) and high in simple sugars results in
the generational loss of bacterial diversity.40 Restoration of
diversity and reappearance of specificmicrobes could only
be achieved upon FMT but not from diet switching. This
study sets the foundation for a theory whereby the rapid
shift inWestern diets consisting of processed high-fat and
high simple carbohydrate foodstuffs may have led to the
progressive loss of bacterial diversity over the past several
decades. It is speculated that our bodies are not evolution-
arily equipped to adapt to the sudden insult on our gut
microbiota, thereby leading to excess fat storage and obe-
sity.40 Hence, the reintroduction of helpful microbes
through FMT or probiotic supplementation may be an
effective approach to combat HFD-induced dysbiosis and
loss of bacterial diversity which is discussed below.

How do high fat diets drive host-microbe
interactions that result in obesity?

In addition to compositional changes, differences are
also observed in metabolic capacity of the microbial

community during obesity. Short chain fatty acids
(SCFAs), for instance, have been shown to have a pro-
found impact on host metabolism and energy balance.
Previously, it was reported that an obese microbiome
is enriched for metabolic pathways that are highly effi-
cient at generating SCFAs, which are absorbed by the
host via the portal vein resulting in hepatic gluconeo-
genesis and de novo lipogenesis. This alteration in
energy harvest efficiency due to the microbiota was
shown to have considerable influence on the regula-
tion of peripheral fat deposition.41,42 Colonization of
germ-free mice with gut microbes from obese humans
or animals resulted in increased fermentation of car-
bohydrates within the distal gut leading to increased
SCFA production and absorption, shifting host energy
balance toward fat storage.16,41 Contrary to these
reports, several more recent studies reveal that obese
mice exhibit decreases in SCFA levels with concomi-
tant increases in levels of hydrogen sulfide (H2S).

5,43

Several groups have revealed that SCFAs can elicit
beneficial effects on glucose metabolism, and therefore
the observed reduction of SCFAs in obesity is perti-
nent. For instance, both butyrate and propionate can
induce intestinal gluconeogenesis, which has been
shown to improve glucose tolerance in an animal
model.44 Additionally, SCFAs have been shown to
activate G-protein coupled receptors (GPRs) specifi-
cally GPR41, GPR43, and GPR109A. Indeed, mice
lacking GPR43 exhibit reduced b cell function and
mass under HFD feeding conditions.45

While decreases in SCFAs are observed in obesity,
studies show that H2S levels are elevated.5 Hydrogen
sulfide can be produced endogenously by the host,
however, levels in germ-free mice are 50–80% lower
than in conventional animals in both peripheral
plasma and the gastrointestinal tract, indicating gut
microbes are significant contributors to the H2S
pool.15 As shown by Devkota et al., the increased H2S
production by gut microbes could, in part, be due to
the direct impact of specific fat sources on host bile
acid production.30 Diets high in saturated fat elicit
increased host production of taurine conjugated
hepatic bile acids. This leads to the increased availabil-
ity of organic sulfur to sulphite-reducing gut microbes
within the intestine, including Deltaproteobacteria,
allowing them to bloom. Whether microbially-derived
vs. host-derived H2S has a more dramatic impact on
host metabolic function remains to be determined.
Altogether, direct and indirect changes in microbial
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function and metabolic byproducts elicited by HFDs
can have a significant impact on metabolic health of
the host.

Not only do the functions and metabolic byprod-
ucts of specific gut microbes impact host metabolism,
but gut microbes themselves can directly alter the host
metabolic landscape. For instance, angiopoietin-like 4
(Angptl4) expression in the enterocyte is inhibited by
gut microbiota, which results in increased activity of
lipoprotein lipase (LPL), an enzyme that controls fatty
acid uptake.41 Germ-free mice, which are resistant to
diet-induced obesity, exhibit increased Angptl4 and
decreased LPL activity.41 Furthermore, Angptl4-defi-
cient mice have decreased fecal triglycerides and obese
patients also exhibit decreased circulating plasma
Angptl4 as compared with their lean counterparts.46,47

In addition to Angptl4, AMP-activated protein kinase
(AMPK), a main metabolic fuel sensor in liver and
skeletal muscle, is also impacted by gut microbiota.
When activated, phosphorylated AMPK indicates
increased levels of fatty acid oxidation. AMPK activity
is increased in both skeletal muscle and the liver of
germ-free mice as compared with conventionalized
mice, suggesting that fat utilization is high in the
germ-free mouse, protecting against HFD-induced
obesity.42 Conversely, conventionally-raised mice fed
a high fiber diet, which promotes microbial produc-
tion of SCFAs, exhibited increased activation of
AMPK.48 This work suggests that the milieu of micro-
biota, coupled with specific dietary components can
impact host molecular metabolism resulting in either
protection from or induction of obesity.

Not only can diet-induced gut microbes impact
underlying molecular metabolism, they can also
increase host inflammation, which influences HFD-
induced obesity. Previous work has demonstrated
that innate immune adaptors including MyD88, a
universal adaptor protein for the majority of Toll-
like receptors (TLRs) or the loss of specific TLRs
can protect against HFD-induced obesity. Indeed,
TLRs, specifically TLR4 has been shown to be sen-
sitive to saturated fatty acids.49-52 Again, Caesar,
et al. showed that the type of fat included in the
HFD impacted diet-induced obesity.31 Here, mice
fed lard diet high in saturated fat exhibited
increased expression of TLR4 in WAT as well as
increased circulating levels of LPS when compared
with mice fed fish oil. MyD88-deficient mice were
protected against these effects. Interestingly, these

changes appeared to be mediated by induction of
monocyte chemoattractant protein, CCL2 in WAT
by gut microbes promoted specifically by lard-based
diet, but not fish oil.31 Together, this work demon-
strates that microbes selected by high saturated fat
diets can induce inflammation through innate
immune signaling both within the gut and in
peripheral tissues, including WAT, to promote the
development of obesity. Several other mechanisms
linking HFDs, gut microbiota, and obesity have
been reported (i.e., lipid absorption, liver metabo-
lism, and circadian rhythm) and beyond the scope
of this review. Therefore, readers are referred else-
where43 for further insight into these mechanisms.

What can be done to restore the detrimental impact
of high fat diet on the gut microbiota?

The host-microbiome field is moving toward improv-
ing metabolism and weight maintenance through
modulating gut microbial communities using a variety
of supplements including prebiotics and probiotics.
Several studies have successfully employed prebiotic
and probiotic therapies against HFD-induced obesity.
Due to the lack of evidence regarding FMT, synbiotics,
or postbiotics for DIO specifically, readers are referred
elsewhere for a review on those therapies.43

Prebiotics
It has been long appreciated that consumption of fiber
is important for improved digestion and overall meta-
bolic health by increasing satiety, slowing motility,
increasing fecal bulk, and reducing lipid absorption.53

Due to the boom in gut microbiota research, more is
understood about the interaction between soluble fiber
and saccharolytic bacteria and the mechanisms by
which beneficial effects are imparted on the host. Pre-
biotics are foods or dietary supplements that encour-
age the growth of saccharolytic bacteria meaning
those that metabolize non-digestible carbohydrates
such as inulin and fructose-rich oligosaccharides
(FOS). In order to be considered a prebiotic, the prod-
uct must be resistant to gastric acidity, non-digestible
by the host in the small intestine, fermentable by bac-
teria, and promote the abundance of beneficial bacte-
ria.54 Prebiotics have recently been shown to improve
complications associated with HFD-induced meta-
bolic disorders including obesity and insulin resis-
tance.55 For instance, bamboo shoot fiber was shown
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to prevent HFD-induced weight gain and insulin resis-
tance in mice, and concurrently altered microbial
composition including increased relative abundance
of Bacteroidetes and decreased abundance of Firmi-
cutes.56 Inclusion of 10% (w/w) short chain FOS in
HFDs (60% kcal from fat) altered microbial composi-
tion and function as measured by changes in meta-
bolic byproducts of the microbiome.57 In another
report, maize-derived feruloylated oligo- and polysac-
charides (FOPS) included at 5% (w/w) of a HFD (60%
kcal from fat) improved outcomes in a subset of mice
that correlated with changes in microbial structure.58

Mechanisms behind the beneficial effects of dietary
fiber include SCFA production (discussed previously),
stimulation of intestinal gluconeogenesis, increased epi-
thelial integrity, release of hormones PYY and GLP1 to
promote satiety and insulin sensitivity, increased expres-
sion of antimicrobial peptides, and alteration of gut
microbial community structure (discussed previously).17

Fructooligosaccharide (FOS) treatment in mice fed a
Western diet, exhibited improved glucose and insulin tol-
erance compared with controls. The therapeutic effect of
FOS was lost in mice deficient in glucose-6-phosphatase
catalytic subunit (G6Pc), thereby inhibiting intestinal glu-
coneogenesis. These findings implicate that intestinal glu-
coneogenesis is necessary for FOS-mediated glucose and
insulin sensitivity.44 Similar results have been shown in
humans. For example, participants fed brown beans59 or
prebiotics containing wheat fiber and soluble60 fiber dis-
played improved insulin sensitivity. Everard et al. found
that oligofructose treatment (0.3 g per mouse per day –
roughly 8.5% w/w assuming mouse eats 3.5 g per day)
restored gene expression of the antimicrobial peptide,
Regenerating islet derived 3 gamma (Reg3g), that was
reduced after HFD (60% kcal from fat) feeding.23 This
was concurrent with a restoration of Akkermansia, Bifi-
dobacterium, Sutterella and Turicibacter, which were not
detectable under HFD treatment alone.26 Oligofructose
supplementation also increased intectin expression,
which promotes epithelial cell turnover and mainte-
nance.61 Collectively, these findings suggest that prebiot-
ics work through several pathways and function as a safe
and effective approach to improvemetabolic health.

Probiotics
Several lines of evidence support the effective use of
probiotics to thwart HFD-induced dysbiosis and met-
abolic disease. Probiotics are live microorganisms
delivered individually or in combinations such as

VSL#3 that positively impact health outcomes in the
host.54 For example, VSL#3 contains 7 different strains
belonging to the genera Bifidobacterium and Lactoba-
cillus and has been shown to improve NAFLD in chil-
dren.62 While mixed strain probiotics like VSL#3 or a
synbiotic (the combination of a probiotic and prebi-
otic), may be more effective than single microbial iso-
lates alone, it is difficult to parse the individual
effectiveness of the microbes to identify the mecha-
nisms through which they are impacting the host.
Choosing a probiotic is further complicated by the
sheer number of different formulations available on
the market or used in research and the lack of regula-
tory oversight and quality control, and therefore it is
difficult to discern the most effective probiotic therapy
to fight HFD-induced obesity and also may need to be
tailored to each individual.

Delivering a single strain vs. a combination of bac-
teria in probiotic formulations is an important consid-
eration as each strain may have a different impact on
microbial structure/function or on the host immune
response. For example, in the same study, three strains
of bacteria including Lactobacillus paracasei CNCM I-
4270, Lactobacillus rhamnosus I-3690 and Bifidobacte-
rium animalis subsp lactis CNCM I-2494 indepen-
dently decreased body weight and improved glucose
tolerance in mice albeit through distinct mecha-
nisms55 (as previously reviewed).43 A thorough under-
standing of each strain cannot be fully understood
unless they are analyzed separately in animal studies
and randomized clinical trials (RCTs) in humans.

Additional strains that have been investigated for pro-
biotic potential in rodent models of diet-induced obesity
(DIO) include Lactobacillus rhamnosus hsryfm 1301,63

Bacteroides uniformis CECT 7771,64 Bifidobacterium
pseudocatenulatum CECT 7765,65,66 Lactobacillus casei
CRL 431 (Novotny et al. 2015). In studies conducted by
Cano et al. (2012, 2013; Bacteroides uniformis and Bifido-
bacterium 7765, respectively) and Moya-Perez et al.
(2015); Bifidobacterium 7765 strains were isolated from
infant stool and selected based on anti-inflammatory
potential as determined from preliminary screening
assays examining IL10 and inflammatory cytokine pro-
duction in macrophages.64-66 Daily gavage of each strain
(5£10̂8 to 1£10̂9 CFUs) reduced body weight as well as
serum and liver lipids, including cholesterol and triglyc-
eride, and improved glucose tolerance after HFD (60%
kcal from fat) feeding for 7–14 weeks. Another group
found that Lactobacillus rhamnosus provided at 2£10̂9
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CFUs reduced serum and liver lipid levels in a rat model
of diet-induced hyperlipidemia,63 and Lactobacillus casei
was reported to have anti-inflammatory effects in reduc-
ing infiltrating immune cells in the liver and monocyte
chemoattractant protein in adipose tissue.67 Collectively,
these studies show promise for providing individual pro-
biotic strains to improve metabolic outcomes in HFD-
induced obesity, including increasing glucose tolerance,
and decreasing hyperlipidemia and fatty liver. Notably,
only one of these studies provided a thorough analysis of
the gut microbiota using 454 pyrosequencing of the 16s
rRNA gene and targeted qPCR, in order to show signifi-
cant levels of the probiotic strain after supplementation.66

Future research examining probiotics should thoroughly
assess the colonization of microbes including their levels
in the lumen vs mucosa, regional position throughout
the GI tract, and how long they remain in the gut after
supplementation ceases. This information could provide
important information regarding the function of the pro-
biotic, how it interacts with endogenous microbes, and
most importantly the host.

Studies systemically determining the need to incor-
porate prebiotics to promote the growth of the probi-
otic are also needed. Fiber supplementation may aid
in the growth, colonization, and function of the probi-
otic, especially given that enough information regard-
ing the preferential fuel source of the probiotic is
known. More stringent genomic, transcriptomic, and
metabolomic analyses of specific probiotics could pro-
vide this information concerning the preferred fuel
source and the most effective conditions for optimal
growth and beneficial metabolite production for the
host. Another important consideration is the level of
inter-individual variability between humans that may
have differential responses to probiotics. While dra-
matic shifts in HFDs are likely to induce similar shifts
in the gut microbiota across a population, subtle
changes due to the introduction of one microbe may
not elicit changes to the same extent.

Many of the summarized studies present the utility of
pre and probiotics in animal models. Further evidence
highlighting the beneficial role and outcomes of the use
of pre and probiotics in human subjects in the context of
metabolic disease can be found in several recent
reviews.68-70 Because probiotics are marketed as nutra-
ceuticals (foodstuffs that provide health benefits in addi-
tion to their basic nutritional value) and not drugs under
FDA purview, there is a concern for proper quality con-
trol and standardization. Unfortunately, the popularity

and marketing of probiotics have surpassed the rate at
which adequate research can be conducted in humans to
support claims of their beneficial effects. Therefore, con-
sumers should be careful and research products they pur-
chase before consuming probiotics on a daily basis.
Altogether this body of research suggests that probiotics
are a promising therapy, but more evidence is needed in
humans, particularly in the form of randomized con-
trolled trials, to aid in better understanding of which pro-
biotics are effective, how much to take, how often, and
how long to take them in order to promote lasting effects
onmetabolic health.

Summary

Given the many demonstrated effects of diet-induced
dysbiosis on host metabolic functions and energy bal-
ance, modulating the structure and function of gut
microorganisms may be an effective approach to fight
diet-induced adiposity and its associated metabolic
consequences. Important considerations for under-
standing how dietary fat-induced changes in the gut
microbiota impact host metabolism and the develop-
ment of obesity include: 1) the amount, type (e.g.,
unsaturated vs saturated), and mixture of dietary fats
can dramatically shift gut microbial community mem-
bership and function, 2) the impact of HFDs on the
gut microbiome can be rapid (occurring within 24–
48 hours) and sustained if dietary habits persist, and
may not be recoverable without change in diet, rein-
troduction of extinguished microbial strains, or die-
tary supplementation, 3) HFDs elicit complex
interactions between microbes and the host owed to
various underlying mechanisms, and 4) prebiotics and
probiotics represent promising therapies for combat-
ing HFD-induced dysbiosis but more systematic ani-
mal studies and RCTs are warranted. Overall, more
research, better study design and experimental mod-
els, increased awareness of the functional heterogene-
ity of diets, and better functional measures of gut
microbiota are needed to understand the complex
interactions of dietary components and their effects
on gut microbes and host. However, with the growing
interest and capabilities in host-microbe research,
there is every reason to believe that significant gains
will be made in our understanding of the microbial
basis of human metabolism and in the development of
novel and effective interventions for the prevention
and management of obesity.
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