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Abstract

The mechanisms linking the function of microbes to host health are becoming better defined

but are not yet fully understood. One recently explored mechanism involves microbe-mediated
alterations in the host epigenome. Consumption of specific dietary components such as

fiber, glucosinolates, polyphenols, and dietary fat has a significant impact on gut microbiota
composition and function. Microbial metabolism of these dietary components regulates important
epigenetic functions that ultimately influences host health. Diet-mediated alterations in the gut
microbiome regulate the substrates available for epigenetic modifications like DNA methylation
or histone methylation and/or acetylation. In addition, generation of microbial metabolites such
as butyrate inhibits the activity of core epigenetic enzymes like histone deacetylases (HDACS).
Reciprocally, the host epigenome also influences gut microbial composition. Thus, complex
interactions exist between these three factors. This review comprehensively examines the interplay
between diet, gut microbes, and host epigenetics in modulating host health. Specifically, the
dietary impact on gut microbiota structure and function that in-turn regulates host epigenetics is
evaluated in terms of promoting protection from disease development.
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1. Introduction

Gut microbes, either independent of dietary considerations or in combination with
nutritional interventions, have been demonstrated to mediate epigenetic modification in
host organisms. Epigenetics involves the modification of genes through 1) covalent
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modifications to histone proteins such as histone acetylation, 2) DNA methylation including
methylation to cytosine or adenosine residues, 3) expression of enzymes that regulate DNA
methylation, such as DNA methyltransferase or ten-eleven translocation (TET), or histone
acetylation including histone deacetylases (HDACs) and histone acyltransferases (HATS)
thus altering chromatin structure, and 4) post-transcriptional regulation via noncoding RNAs
[1,2]. Histones can undergo post-translational modifications (PTMs) such as methylation,
acetylation, ubiquitination, phosphorylation and SUMOylation that contribute to the
activation and repression of genes. For example, HAT-mediated acetylation of histone

tails typically liberates chromatin allowing for gene transcription, whereas HDAC-mediated
deacetylation strengthens the bond between DNA and histones preventing gene transcription
[3]. Butyrate, a short chain fatty acid (SCFA) derived from microbial fermentation of
non-digestible carbohydrates, is a well-studied example of diet-microbe-host epigenetic
interaction that functions as an HDAC inhibitor [4,5]. Other microbe-epigenetic interactions
that will be discussed in this review include microbe-mediated DNA methylation, and other
examples of histone deacetylation and methylation. Interestingly, host-microbe interactions
are reciprocal, meaning that changes in host epigenetics also influence the colonization and
composition of the gut microbiota [3,6,7].

The aforementioned epigenetic modifications have been linked to fundamental physiological
processes and a number of different diseases including obesity, diabetes, inflammatory
bowel diseases (IBD), and cancer [1,2,8,9]. However, to date, the intricacies of these
interactions have not been well-defined. The goal of this review is to comprehensively
describe the complex interaction between diet, gut microbiota structure and function, and
host epigenetics that together influence overall health. We begin by providing a brief
overview of the general features of the gut microbiota including their contribution to host
physiology, spatial organization, and major phyla of the gastrointestinal (Gl) tract. Next,
the dietary impact on gut microbiota will be examined, followed by a discussion on how
microbes directly influence host epigenetics. Lastly, studies that have collectively examined
the interplay between diet, gut microbes, and host epigenetics will be discussed focusing
on specific food components including dietary fat, fiber, glucosinolates from cruciferous
vegetables, polyphenols as well as the proposed effects of caloric restriction.

2. General Features and Roles of the Gut Microbiota and Intestinal

Epigenetics

Human cells are matched in number by the microbiota which exist both on the surface

of our bodies and within them [10]. Biomedical researchers have increasingly investigated
the relationship between human host and microbe over the past few decades [11]. The
microbiota of the GI system harbors great microbial mass and diversity that significantly
contributes to physiological processes of the host including digestion and absorption

of nutrients, immune development, protection against pathogens, and other important
physiological functions [12].

The majority of gut microbes reside in the colon, but also colonize all regions of the gut,
albeit at fewer numbers in the small intestine, thus having region-specific distribution [12].
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Gut microbes exhibit spatial organization by way of harboring the gut lumen or mucosa [13].
In addition, the gut microbiota shifts in composition over the lifespan, increasing in diversity
from birth to about two years of age with the introduction of whole foods and reducing in
diversity with aging toward the end of life [14,15].

Concurrent with the establishment of the gut microbiota, host epigenetic processes play

a vital role in the development of the gut including differentiation of intestinal stem

cells into mature, fully functional cells [16-18]. Up- or downregulation of genes through
modifications at DNA enhancers have been found when comparing Lgr5+ intestinal stem
cells to the methylomes of their descendants [16,18]. More specifically, a study by Kaaij et
al demonstrated enrichment of methylation at histone H3 lysine 4 and acetylation at histone
H3 lysine 27 in villus epithelial tissue, and that such loci served as enhancers driving gene
expression upon stem cell differentiation [16]. A different study conducted by Kim et al
found enrichment of methylation at H3K4me2-related enhancers in secretory and enterocyte
cell progenitors compared to Lgr5+ intestinal stem cells [18]. Some have also identified
various changes in methylomes between intestinal stem cells and intestinal progenitors at
promoters and introns, but other studies have found evidence against changes in histone

and DNA methylation transcriptional start sites outside of promoters [16-18]. Alterations in
transcriptomes from stem cells to progenitors can be traced back to resulting upregulation of
tissue specific genes, like proteins needed for intestinal cell absorption, therefore reinforcing
the notion that epigenetic modifications lead to intestinal cell differentiation [19].

Microbe-mediated epigenetic programming begins early in life, during which time the gut
microbiota is developing itself. The development of the gut microbiota promotes epigenetic
modification of intestinal epithelial cells, as demonstrated by studies using cell lines exposed
to probiotics and pathogenic microbes. One such study found that immature fetal intestinal
epithelial cells exposed to Lactobacillus acidophilus and Bifidobacterium infantis had
significant alterations in DNA methylation at 92 regions of interest (ROIs) compared to
untreated cells [6]. These cells also demonstrated DNA methylation changes at 180 ROIs
when treated with K/ebsiella spp., which is a pathogenic microbe present in infants who are
born prematurely [6]. Taken together, epigenetic modifications may be dictated by exposure
to a certain microbial milieu beginning at birth. The gut microbiota established in early life
is shaped by diet beginning with formula or breast milk and continues throughout adulthood
depending on one’s lifestyle and dietary choices.

The most abundant phyla of the Gl tract include Actinobacteria, Bacteriodetes, Firmicutes,
and Proteobacteria [12,14,20]. While these major phyla are shared across different host
species and experimental subjects, a high level of inter-individual variability exists in gut
microbiota composition at lower taxonomic levels in regard to their relative abundance
and functional capacity. These differences can influence the types of microbial metabolites
that are generated when faced with particular substrates as highlighted later in the review
[21]. Some researchers postulate that all humans contain a core set of bacteria or bacterial
functions necessary for host survival [22]. These functions include nutrient digestion and
absorption, bile acid deconjugation, stimulation of the host immune system, metabolism of
dietary fiber and generation of short chain fatty acids (SCFASs), and promotion of epithelial
integrity [12]. However, gut dysbiosis, the deleterious re-structuring of gut microbiota
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composition, can disrupt these processes and contribute to the development of multiple
pathologies including obesity, cardiovascular disease, type Il diabetes, and nonalcoholic
fatty liver disease [23]. As such, there has been increasing interest in how the gut
microbiota causes such detriments. One explanation is that microbiota influence epigenetic
modifications, which can greatly change how genes are expressed in host tissues. Notably,
the structure and function of the gut microbiota is influenced by various features of the
host diet including the caloric content, macronutrient ratios, and inclusion of bioactive food
components.

3. Dietary Impact on the Gut Microbiota

3.1.

Dietary influences in early life on the gut microbiota.

Dietary influences on the gut microbiota are speculated to begin in utero [24]. It has been
long accepted that the intestines of fetuses are sterile, with microbial growth beginning
after the newborn is seeded by bacteria in the environment. This theory has however

been challenged by limited studies which have identified microbes from phyla Firmicutes,
Tenericutes, Proteobacteria, Bacteriodetes, and Fusobacteria present in human placentas
[25]. Additionally, it has been shown that subjects with excess gestational weight displayed
an increased abundance of Firmicutes and decreased Proteobacteria along with decreased
butyrate metabolism genes in the placenta [26]. Breast-fed versus formula-fed infants also
have a markedly different gut microbiota. Healthy infants who were breast-fed for the first
6 months of life demonstrated significant increases in Actinobacteria (Bifidobacterium) and
Proteobacteria (Enterobacteriaceae) in their feces from 4 days of age to 120 days [27]. The
members of Firmicutes in these same infants also showed significant change, with increases
in Veillonella, Lachnospiraceae, Clostridium perfringens, and Lactobacillus but decreases in
Staphylococcus and Streptococcus [27]. In contrast, infants who are exclusively formula fed
were found to have less abundance in Bifidobacterium than breast fed infants [28]. Longer
durations of breast feeding also favored proliferation of Bifidobacteriumand Veillonella
and decreased abundance of Lachnospiraceae, Ruminococcaceae, and other less prevalent
microbes [14]. As solid foods are introduced, the intestinal microbiota in infants continues
to shift. Greater microbial richness based on Shannon alpha diversity indexes was seen

in 9-month olds with diets higher in protein and fiber and lower in fats [14]. A positive
correlation was also found between the amount of “family foods” (defined by this study

as foods typically introduced during late infancy) consumed and alpha diversity in their
feces [14]. The family foods specifically associated with increased fecal Shannon diversity
were porridge, rye bread, vegetable fats, cheese, and dairy milk based on a seven day food
record taken by the infants’ parents [14]. Consumption of breast milk had the opposite
effect, with these 9-month old infants having a negative correlation between amount of
breast milk consumed and alpha diversity [14]. On a macronutrient level, the 9-month old
children demonstrated a positive correlation between protein intake and fecal abundance

in family Lachnospiraceae, but a negative correlation with Bifidobacteriaceae and protein
[14]. Dietary fiber was positively correlated with Pasteurellaceae [14]. This study thus
demonstrates that the increase in gut microbial diversity from infancy to childhood is greatly
influenced by shifts in diet.
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3.2. Dietary impact of plant-based vs. animal-based diets on the gut microbiome.

Differences in gut microbiota composition and function have been found when comparing
vegetarian vs omnivorous diets in adults. Long-term vegetarians contain a greater percent
composition of Bacteriodes-Prevotella, Bacteriodes thetaiotamicron, and Clostridium
clostridioforme but lesser percent of Clostridium coccoides in their feces compared to
omnivores [29]. Vegan diets, lacking in all forms of animal products, also promote greater
proliferation of Bacteriodaceae than omnivorous diets, but not to the extent of vegetarians
based on abundance of OTU counts [30]. A significant increase in alpha diversity in the
feces of vegetarians compared to omnivores based on number of OTUs observed and

Chao1l analysis was also noted, but interestingly there was no significant difference in
diversity between vegans and omnivores. Analysis of nutritional profiles provided by the
participants in this study demonstrated a significantly greater caloric intake of carbohydrates
by vegetarians compared to omnivores, which may account for the difference in microbial
diversity. Although vegan participants also had greater carbohydrate consumption than the
omnivores, this comparison did not reach significance. The vegans and vegetarians both had
lesser intake of proteins than the omnivores. No difference in lipid consumption by these
three groups was found [30].

Altering the amount of fat in the diet also influences gut microbiota composition. In a study
comparing sedentary high-fat and low-fat diet fed mice, the high-fat fed mice were found to
have an increase in Clostridiaceae and a decrease in Bifidobacteriaceae abundance [31]. In
addition, a significant increase in Lachnospiraceae and Ruminococcaceae was reported but
significant decreases in Turicibacteraceae and Erysiplotrichaceae abundance. The type of fat
consumed also dictates changes observed in the gut microbiota. For example, Huang et al.
showed differences in microbial composition in mice fed diets rich in polyunsaturated fatty
acids (PUFASs) versus saturated fatty acids from either milk fat- vs lard-based diets compared
to a low fat (LF) control diet [32]. Here it was found that all high fat diets promoted an
increase in Firmicutes abundance compared to the LF diet. In particular, the lard-based diet
elicited an expansion of the phyla Tenericutes and reduction in Proteobacteria compared to
the other high fat diets. In a separate study, Devkota et al. (2012) found that a diet high in
saturated milk fat promoted the abundance of Proteobacteria compared to a lard-based diet
[33].

In addition to changes in microbial composition, high fat diets alter the metagenome and
functional capacity of gut microbes. For example, David et al. showed that consumption of
an animal-based diet in human participants resulted in the production of bile shifting the
structure of the gut microbiome, particularly an increase in bile-tolerant microorganisms
such as Bilophila wadsworthia as well as bile salt hydrolase gene expression based on
metagenomic analyses [34]. Notably, the outgrowth of this microbe has been linked to
inflammatory bowel disease [33]. The shift of structure in the animal-based diet was evident
by the decreased the level of Firmicutes (microbes that digest plant polysaccharides) and
increased the level Lactococcus lactic, Staphylococcus carnosus, Pediococcus acidilactici,
Penicillium sp., and certain fungi [34]. This animal-based diet showed a shift of microbes’
fermentation preference, from carbohydrates to amino acids.
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In addition to dietary fat, polyphenols from fruits such as grapes, blueberries, cranberries,
and cruciferous vegetables have been demonstrated to significantly alter the gut microbiota
and improve metabolic health. For example, mice fed lyophilized table grapes [35] promoted
the abundance of microbes such as Akkermansia muciniphila, which has been associated
with leanness [36]. Grape-derived polyphenols were also found to decrease high fat (HF)-
diet mediated increase in dissimilatory sulfite reductase A (dsrA) gene abundance which

is indicative of an outgrowth of sulfidogenic bacteria like B. wadsworthia belonging to

the phylum Proteobacteria [37]. Blueberry polyphenols have been found to reduce HF
diet-induced weight gain and altered the gut microbiota in mice [38]. In a double-blind
crossover placebo-controlled trial, cranberry supplementation in individuals fed an animal-
based diet, protected against reductions in SCFA levels and increases in cancer-promoting
secondary bile acids lithocholic and deoxycholic acid [39]. Broccoli consumption in humans
has been shown to increase the abundance of Firmicutes and decrease the abundance of
Bacteroidetes [40]. Glucosinolates found in broccoli are converted into isothiocyanates
(ITCs) by bacteria that regulate host epigenetics. Interestingly, ITC production is dependent
on the functional capacity of individual microbiomes [21]. Altogether, berry-derived
polyphenols and cruciferous vegetables have the capacity to alter the gut microbiota in
beneficial ways.

3.3. Caloric restriction impacts the gut microbiota.

Differences in caloric intake also promote shifts in microbial community structure. Obese
adolescents who lost over 4.0 kg after 10-weeks of low-calorie diet and exercise had greater
abundance of Clostridium coccoides and less abundance of Bacteroides fragilis prior to
lifestyle intervention, although it is unclear if diet alone caused the changes seen in this
study [41] Additionally, lifelong caloric restriction in mice has been shown to result in
changes to the gut microbiota. Mice placed on a 30% caloric restriction showed a decrease
in the Firmicutes/Bacteriodetes ratio in their feces from age 62 to 141 weeks, even if

the mice were fed high-fat diet versus low-fat diet [42]. These calorie restricted mice
showed greater abundance of genera associated with longer-lifespan like Lactobacilli and
less abundance in those associated with shorter-lifespan like Lactococcus, Bacteriodales,
and Peptostreptococcaceae. Again, these findings were regardless of exercise or dietary fat
intake [42]. Even short-term caloric restriction can change the microbiome. For instance,
mice on a 2 month long 30% caloric restriction exhibited a significant decrease in relative
percent abundance of Firmicutes and an increase in Bacteriodetes, lending to a decrease

in the Firmicutes/Bacteriodetes ratio compared to mice with free access to food [43].
Taken together, alterations in dietary composition from macronutrient ratios, type of fat,
polyphenolic content as well as the caloric content of the diet can promote structural and
functional changes in the gut microbiota.

4. Impact of Gut Microbes on Host Epigenetics

The influence of the gut microbiota on epigenetics has been a new and exciting area of
research, as it may explain how microbes can cause disease processes in the Gl tract

or conversely provide protection from disease. Changes in the concentration of luminal
nutrients, such as SCFAs produced by microbiota, result in post-translational alterations to
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DNA and histones [44]. In general, epigenetic modification allows the body to change gene
expression to adapt to various environmental factors without altering the structure or content
of said gene [9]. These modifications are reversible; however, they are most often retained
even after mitotic or meiotic division. Epigenetic modifications include addition or removal
of acetyl, methyl, or crotonyl groups to lysine residues on histones, and methylation of

CpG islands on DNA by DNA methyltransferases (DNMTSs) [9,45]. Gut microbes have been
shown to affect each of these processes resulting in altered physiological function of the
host.

Histone Modifications

Histone crotonylation, which alters chromatin sensitivity to other modifiers, increases in

the presence of microbe-derived SCFAs [46]. One study found that colonic epithelial cells
with crotonylated histones were more likely to be in S or G2-M phase rather than G1

phase, suggesting it has an effect on the cell cycle [46]. Moreover, crotonylation was
significantly decreased in the colons of mice administered antibiotics [46]. In addition

to SCFAs, intestinal microbes produce and secrete cofactors for histone acetylation and
methylation such as cobalt, iodine, selenium, zinc and other metabolites [47]. Histone
acetylation results in gene upregulation, however histone methylation can result in either
increased or decreased expression depending on the lysine residue in question [47]. Histone
methylation and acetylation has been demonstrated to be dependent on the gut microbiota.
For instance, germ-free (GF) mice have significantly less methylation and acetylation at
multiple histones compared to conventionally raised (ConvR) mice or conventionalized mice
(ConvD, GF mice that received cecal content transfer from conventional mice) [48]. More
specifically, acetylation at H4 increased up to 12-fold and methylation on H3 up to 1.5-fold
in colonized mice depending on lysine residue, tissue type, and method of colonization

[48]. The greater amount and variety of microbes available to produce SCFAs can thereby
influence acetylation and methylation and is a possible cause for this observed difference, as
colonized mice had significantly higher amounts of acetate, propionate, and butyrate in their
cecal contents than did the GF mice [48]. SCFAs produced by microbes during fermentation
of carbohydrates have also been shown to inhibit histone deacetylases, further supporting
their role in epigenetics [47].

DNA Methylation

In addition to histone modifications, the gut microbiota also causes epigenetic modification
to DNA itself. DNA methylation can have varying results depending on location, with
methylation at gene promoters resulting in silencing and methylation at the gene body
causing activation [47]. Relative abundance of Firmicutes and Bacteriodetes correlates

with methylation of DNA promotors, with increased presence of Firmicutes resulting in

the promotion of several obesogenic genes [49]. Although endogenous factors largely
control DNA methylation, the presence of pathogenic bacteria can especially disrupt typical
methylation and cause disease. A notable example of this is Helobacter pylori infection,
which causes aberrant DNA methylation in gastric mucosal cells [8]. More specifically, one
study found that of the 276,831 genetic blocks investigated, 16.5% were hypermethylated
and 18.9% were hypomethylated in young H. py/ori positive humans compared to young
healthy humans [8].

J Nutr Biochem. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shock et al.

Page 8

A possible result of aberrant DNA methylation is change in miRNA profiles found within
gastric cells, which has been implicated in digestive disorders such as atrophic gastritis.
For example, Watari et al (2019) found that genes encoding for certain miRNAs were
associated with increased risk of gastric cancer in H. pylori positive patients with atrophic
gastritis [50]. This study found that patients with active H. py/ori infections and gastric
cancer had significantly increased methylation at m/R-34c in the antrum and corpus of the
stomach and at m/iR-129-2in the corpus compared to those with active H. Pyloriinfection
without gastric cancer. Patients with gastric cancer and previously eradicated H. Py/orihad
increased methylation at miR-129-2in the angulus of the stomach than those with no gastric
cancer but previously eradicated H. Pylori. Overall, eradication of H. pyloriwas found

to significantly decrease methylation at m/R-124a-3in non-cancerous mucosal tissue from
patients with or without gastric cancer. These results exemplify the benefit of identifying
aberrant epigenetic modifications, which could serve as biomarkers for diagnosis and/or
targets for disease treatment. One way to combat these deleterious interactions is through
dietary modification. For instance, microbe-mediated metabolism of dietary fiber leads to
the production of SCFAs that through altering the host epigenome is protective against
various disease states (as described in the next section).

5. Impact of Host Epigenetics on the Gut Microbiome

In a reciprocal fashion to gut microbe-mediated changes to the host epigenome, alterations
in host epigenetic machinery also dictate the composition of the gut microbiota. For
example, Alenghat et al. (2013) demonstrated that mice with HDAC3 deficiency in intestinal
epithelial cells (IECs) displayed significantly altered gut microbiota composition including
a significant expansion of Proteobacteria and Defferibacteres compared to HDAC3F/F mice
[7]. There was also an increase in Firmicutes abundance, but this was not significant.

In addition, HDAC3-IEC deficient (HDAC3*!EC) mice exhibited altered gene expression,
histone acetylation, and decreased intestinal barrier function. After these mice were re-
derived germ free, they were protected from intestinal barrier dysfunction [7]. Therefore,
this study showed both the importance of the gut microbiota in contributing to intestinal
barrier health as well as the impact of host epigenetic machinery on gut microbial ecology.

Cortese et al. [6] investigated host-microbe cross-talk in a model of neonatal necrotizing
enterocolitis (NEC), an inflammatory bowel disease that affects premature infants. In this
study, it was found that prenatal treatment with the glucocorticoid dexamethasone altered the
epigenome of the host and the microbiota composition including an increase in Firmicutes
and decrease in Bacteroidetes. In addition, IECs were treated with probiotic and pathogenic
bacteria, which elicited DNA modifications in over 200 regions [6]. These studies highlight
the reciprocal interactions between host epigenome and the gut microbiota [6,7].

6. Diet-Microbe Interactions that Regulate the Host Epigenome

As evidenced by several studies, the host’s epigenome can both affect and be affected by
the gut microbiota and that the gut microbiota can be regulated through diet. Introduction
of specific nutrients allows for a transient shift of the gut microbiome with reciprocal
effects on host health [34]. A number of dietary food components, including dietary fiber,
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glucosinolates, dietary lipids, and polyphenols, are metabolized by intestinal bacteria and
impact host epigenetics, thereby influencing health and disease. The resultant metabolic
byproducts and their specific impact on epigenetic machinery are examined below, including
a brief discussion on caloric restriction.

Dietary Fiber and Short Chain Fatty Acids

Research has shown that SCFAS represent a primary energy source for colonocytes [4].

The production of SCFAs is mediated by gut microbes through fermentation of dietary
fibers or non-digestible carbohydrates, with levels ranging from 20-140 mmol in the Gl
tract [51]. SCFAs have been shown to influence many host processes such as energy
balance and protection from inflammatory bowel diseases (IBD) and colon cancer. One
proposed mechanism of butyrate-mediated protection in colon cancer and IBD is HDAC
inhibition. Studies have shown that butyrate-mediated inhibition of HDAC activity led to
decreased epithelial cell proliferation and increased cell death [5,51]. Donohoe et al. [5]
found that mice supplemented with B. fibrisolvenswhile being fed a high fiber diet (rich in
inulin) were protected from AOM/DSS-induced tumor growth compared to control groups.
Due to the Warburg effect, butyrate accumulates in tumor cells thus increasing HDAC
inhibition. Consistently, it was found that histone acetylation was increased with high fiber
diet and B. fibrisolvens along with increased Caspase 3 activity and Ki-67 assays indicating
increased apoptosis and decreased proliferation, respectively. Furthermore, elevated butyrate
and histone acetylation was detected in human colorectal adenocarcinoma biopsies [5].
Another study established an association between butyrate-mediated HDAC inhibition and
weight loss [52]. First, it was demonstrated that HDAC3 deficiency in IECs (HDAC*!EC)
protected mice from diet-induced obesity. Secondly, it was found that butyrate-mediated
weight loss was dependent on HDAC3 as the protective effects of butyrate were lost in the
HDAC3*EC mice [52]. As previously mentioned Krautkramer et al. (2016) demonstrated
that ConvR and ConvD mice had significantly greater histone acetylation compared to GF
mice [48]. It was further demonstrated that a western diet consisting of high fat and high
sugar decreased SCFA production and decreased histone acetylation in the colon, liver,

and white adipose tissue. Introducing SCFAs to GF mice increased histone acetylation and
methylation revealing a direct role of microbial metabolites on the host epigenome [48].
These lines of evidence involving the production of butyrate by microbes can influence host
epigenetics leading to a significant positive impact on preventing cancer and obesity.

6.2. Cruciferous Vegetables and Isothiocyanates

Isothiocyanates (ITCs) are generated from glucosinolates through myrosinase activity upon
chewing and chopping of plants and through bacterial metabolism [53]. Bacteria with
thioglucosidase activity are able to convert glucosinolates from cruciferous vegetables,

such as turnips, kale, broccoli, cauliflower, and brussels sprouts, into ITCs through
hydrolyzation in the colon [54]. Consumption of about 200g of broccoli for 18 days altered
the composition of the gut microbes by decreasing the Firmicutes population by 9% and
increasing Bacteroidetes abundance by 10% in human subjects [40]. Li et al. (2011) reported
that the level of ITCs produced following broccoli consumption is highly dependent on

the functional capacity of individual microbiomes as much interindividual variability exists
in gut microbiota composition and function in humans [21]. These findings could have

J Nutr Biochem. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shock et al.

Page 10

important implications for dietary recommendations in oncology, as ITCs have been shown
to reduce tumor growth via altering DNA methylation and histone acetylation [51].

One type of ITC that is metabolized by myrosinase is sulforaphane. This molecule has

been shown to have protective effects against pancreatic cancer, colon cancer, leukemia

and prostate cancer [55-58]. One proposed mechanism is through sulforaphane-mediated
inhibition of HDAC activity [56]. Myzak et al demonstrated that sulforaphane inhibited
HDAC activity both in vitro and in vivo using colon cancer cells and APC™" mice,
respectively [57,58]. Moreover, sulforaphane treatment in the APC™" mice protected
against tumor development. Altogether, microbial-mediated production of ITCs represents a
strong diet-microbe interaction that has a direct impact on the host epigenome and health.

6.3. Polyphenols

Polyphenols are natural molecular compounds that can be found in vegetables and fruits,

as well as cereal, wine, tea, and coffee [59]. Polyphenols have been investigated for

having an antimicrobial role [60] and also acting as prebiotic substrates for microbial
enzymatic activity thereby generating bioactive byproducts that stimulate host epigenetic
responses [59]. For example, phytochemicals curcumin, epigallocatechin gallate (EGCG),
and resveratrol result in altered microbiota composition that feeds forward on the host
epigenome [61]. First, curcumin was shown to improve colonic cell function through
inhibiting HDAC activity [62,63]. McFadden et al. (2015) demonstrated using an AOM/
IL10~"~ model that curcumin prevented colonic tumor development that was associated
with improved microbial diversity [63]. EGCG was reported to reduce high fat diet-induced
metabolic derangements through increasing DNA methyltransferase 1 (DNMT1) expression
and subsequent CpG hypomethylation in the colon [64]. In addition, it was found in

colon cancer cells that EGCG inhibited HDAC activity and reduced CpG hypermethylation
[65]. Resveratrol supplementation in men with metabolic syndrome significantly altered
community composition of the fecal microbiota including increased the abundance of
Akkermansia muciniphila [66]. In addition, a relationship has been reported between
elevated sirtuin 1 expression and reduced pro-inflammatory cytokines in resveratrol-treated
mice with colitis [67]. However, less information is available regarding a role for resveratrol
in regulating host epigenetic responses upon gut microbe transformation.

Flavonoids found in plants and fruits like naringenin and hesperetin have been studied

to observe the benefits polyphenols have on the host through microbial interaction

in the colon [59,68]. When consumed at the recommended amount of 0.15 - 1.0
grams/day, flavanones have been shown to demonstrate anti-inflammatory and anticancer
properties [68]. Narigenin and hesperetin have been shown to inhibit DNMT activity in
human squamous carcinoma cells [69]. Collectively, various phytochemicals have been
demonstrated to both alter gut microbiota composition and host epigenetic function.

6.4. Dietaiy Fat

Dietary fat, microbe, and host epigenetic interactions have been implicated in the
development of obesity as well as the prevention of colon cancer depending on the type
of fat delivered. Researchers demonstrated that HDAC3 expression in intestinal epithelial
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cells is dependent on gut microbes and that HDAC3 mediates the absorption of fat

leading to obesity when animals are fed a HF diet as HDAC3-IEC deficient mice had
decreased fat absorption [70]. This IEC-specific disruption of HDAC3 was shown to protect
the host against obesity, glucose intolerance, and elevated plasma lipids in a murine diet-
induced obesity (DI1O) models [70]. HDAC3 gene and protein levels were significantly
reduced in GF mice, indicating the importance of microbes in regulating HDAC3 levels.
Notably, GF mice remain lean on a HF diet supporting the findings that HDAC3 is a
mediator of obesity. Additionally, it was found that HDAC3 controls diurnal rhythmicity
of genes involved in nutrient transport including the long chain fatty acid transporter Cd36
[70]. These findings are in line with the findings by Donohoe et al. (2014) in which
butyrate protected against HF-diet induced obesity through acting as an HDAC inhibitor,
as previously described [5]. Deleterious metabolic effects have also been reported for long
chain omega 6 polyunsaturated fatty acids (PUFAS) such as linoleic acid that is converted
by bacteria including Roseburia, Bifidobacteria, and Lactobacillus into conjugated linoleic
acid (CLA) [51]. Daily CLA supplementation has been shown to alter CpG methylation in
HF diet fed mice [71]. Similarly, CLA increased CpG methylation in the promoter region
of proopiomelanocortin (POMC) in pups resulting in increased food intake and metabolic
disorders in adulthood [72].

On the other hand, consumption of specific fatty acids such as omega 3 PUFAs have

been shown to have positive impacts on host health including reduced risk of colorectal
cancer [73]. For example, it was demonstrated that fish oil supplementation resulted in
fewer tumors induced by azoxymethane (AOM) and decreased miRNA expression compared
to omega 6 fatty acids [74]. A direct role of microbes in omega 3 fatty acid-mediated
protection through epigenetic alterations is unclear, however. Taken together, long chain
PUFAs have been reported to directly impact host epigenetics protecting against colon
cancer and bacterial metabolic byproducts such as CLA trigger epigenetic alterations,
influencing metabolic health.

Other studies have linked high fat diet consumption with epigenetic modification and
changes in intestinal cell differentiation, but without investigating if alterations in the gut
microbiota were the cause [75,76]. For example, high fat diet induced intestinal stem cell
proliferation and regeneration in mice, but reduced differentiation of these cells causing
development of shorter villi in the small intestine via upregulation of the transcription factor
PPAR-8 [75]. A ketogenic diet characterized by high-fat, low-carbohydrate consumption
increased the histone deacetylase inhibitor beta-hydroxybutyrate, which also causes
enhanced replication of intestinal stem cells as demonstrated by increased numbers and
depth of crypts [76]. This upregulation and resulting increased cell proliferation can
therefore cause tumorigenesis, showing a possible link between obesity, high fat diet, and
intestinal cancers [75].

6.5. Caloric Restriction

While much evidence exists to establish a connection between caloric restriction and
epigenetics and also between caloric restriction and altered gut microbiota composition in
improving metabolic health, a direct connection between the three together has not been
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explored. Fabbiano et al. (2018) demonstrated that short term caloric restriction of 3 days
altered the gut microbiota including an increase in the abundance of Verrucomicrobia [77].
Notably, Akkermansia muciniphila, belonging to the phylum Verrucomicrobia, has been
reported to promote leanness in a DIO animal model [36]. Subsequent fecal microbiota
transplant from calorically-restricted mice improved the metabolic phenotype and browning
of subcutaneous inguinal fat including the upregulation of uncoupling protein 1 (UcpI)
compared to control [77]. Indeed, the UCP1 promoter region has been shown to be regulated
via DNA methylation and cold exposure was also shown to remodel chromatin facilitating
UCP1 gene transcription [78]. A study by Mihaylova et al. revealed that organoids derived
from the intestinal crypts of mice fasting for 24 hours were more numerous and propagated
better than those from ad /ibitum fed mice owed to the upregulation of transcription factor
PPARS [79]. This increase in PPARS resulted in the upregulation of the fatty acid oxidation
genes Cptla, Pdk4, and Hmgcs2, that presumably contributed to enhanced proliferation seen
in the fasting mice. Not only was this effect seen in mice age 10-12 weeks, but also in mice
ages 18-22 months, with more organoids forming per crypt used from the old fasting mice
than the old ad /ibitum-fed mice. While all three factors were not collectively examined in
the study by Fabbiano et al [77] or Mihaylova et al [79], an interaction between caloric
restriction, altered gut microbiota composition and function, and host epigenetic responses
related to improved metabolism represents an interesting avenue for future research.

7. Conclusion

Many studies discussed in this review have implicated the relationship between the
microbiome, diet, and epigenetics, yet other studies argue against such relationships. For
instance, Camp et al demonstrated that microbiota modulate host transcription in various
regions of the gut without remodeling chromatin, thus exemplifying the need for more
research on this topic [80]. We have only scratched the surface to understand what

food components drive changes in the gut microbiome that allows for communication
with host epigenetic pathways and the mechanisms involved. What is understood is that
these interactions are complex, involve various food components, a number of epigenetic
alterations, and reciprocal responses from the host that feedback on the gut microbiota. The
epigenetic response to diet is also influenced by the resident microbiota of the host that
dictate the composition of metabolic byproducts. Further investigation into diet-microbe-
host interactions may lead to the development of therapies to promote human health.
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Highlights
. Diet has a dramatic impact on gut microbiota composition and function
. Microbial metabolism of dietary food components triggers epigenetic changes
in the host
. Microbial metabolite-mediated epigenetic alterations influence host health
and disease
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Figure 1. Microbial regulation of epigenetic machinery.
Microbial factors facilitate histone modification such as histone methylation or acetylation.

Short chain fatty acids (SCFAS) derived from microbial metabolism of non-digestible
carbohydrates directly inhibit histone deacetylases (HDACSs). SCFAs also promote histone
crotonylation. Microbes impact DNA methyltransferase (DNMT) activity resulting in
altered DNA methylation patterns. Altogether, microbe-mediated changes in the epigenome
influences host health and disease.
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A summary of the effect of the various dietary components or caloric restriction on the gut microbiota.

Dietary
Component/Lifestyle

Microbiota Change
(Phylum, Family, or Genus
level)

Table 1.

References

Fiber

1 Pasteurellaceae

T Roseburia,

" Eubacterium rectale

* Ruminococcus bromii

[14,34]

Protein

T Lachnospiraceae
| Bifidobacteriaceae

[14]

Dietary Fat

1 Clostridiaceae

* Lachnospiraceae

* Ruminococcaceae
| Bifidobacteriaceae
| Turicibacteraceae
| Erysiplotrichaceae

[31,34]

Polyphenols & Glucosinolates

1t Akkermansia muciniphila
1 Bacteriodetes
| Firmicutes

[36,37,40]

Caloric Restriction

1 Bacteroides fragilis

* Lactobacilli

1 Bacteriodetes

\ Clostridium coccoides
\ Lactococcus

\ Bacteriodales

\ Peptostreptococcaceae
| Firmicutes

[41,42]

| Firmicutes/Bacteriodetes ratio

Vegetarian Diet

" Bacteriodes-Prevotella
* Bacteriodes thetaiotamicron
1t Clostridium clostridioforme
\ Clostridium coccoides

[29]

Vegan Diet

" Bacteriodaceae

[29]

Animal-Based Diet

1 Bilophila wadsworthia

* Lactococcus lactic

1t Staphylococcus carnosus
1 Pediococcus acidilactici
* Penicillium sp.

| Firmicutes

[34]

Breast Milk

" Bifidobacterium

" Enterobacteriaceae

" Veillonella

1t Lachnospiraceae

* Clostridium perfringens
" Lactobacillus

\ Staphylococcus

\ Streptococcus

\ Lachnospiraceae

\ Ruminococcaceae

[14,27,28]
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