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Abstract

Diet exerts a major influence upon host immune function and the gastroin-
testinal microbiota. Although components of the human diet (including car-
bohydrates, fats, and proteins) are essential sources of nutrition for the host,
they also influence immune function directly through interaction with in-
nate and cell-mediated immune regulatory mechanisms. Regulation of the
microbiota community structure also provides a mechanism by which food
components influence host immune regulatory processes.Here, we consider
the complex interplay between components of the modern (Western) diet,
the microbiota, and host immunity in the context of obesity and metabolic
disease, inflammatory bowel disease, and infection.
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1. INTRODUCTION

Humans have coevolved with a symbiotic gastrointestinal microbiota that performs essential func-
tions in the host. The microbiota contributes directly to energy harvest from foods but also influ-
ences local and systemic immune processes and gastrointestinal barrier function.The components
of our diet (proteins, carbohydrates, and fats as well as emulsifiers and sweeteners) have the capac-
ity to both directly influence immune cells and alter gut microbial composition and function with
attendant effects on host immunity. Our dietary habits have changed markedly over the past 100
years with the advent of modern agricultural and food processing methods and a significant shift
in dietary preferences toward foods that are high in saturated fat, refined sugars, salt, and sweet-
eners and low in natural plant-based complex carbohydrates (fiber) (Gonzalez Olmo et al. 2021).
Although definitions vary, the aforementioned food characteristics can be broadly characterized
as hallmarks of a Western diet (reviewed in Gonzalez Olmo et al. 2021). This major shift in the
relative proportion and type of macronutrients has precipitated an increase in levels of obesity
and metabolic disease that are broadly inflammatory in nature. Here, we examine the molecular
mechanisms by which macronutrients associated with a Western diet may influence inflamma-
tion and microbiome community structure in the context of metabolic and inflammatory diseases,
including obesity, inflammatory bowel disease (IBD), and infectious disease.

2. THE GASTROINTESTINAL MUCOSA AND BARRIER FUNCTION

Gastrointestinal cell homeostasis, differentiation, and proliferation are directly affected by diet
and driven by the luminal content rather than systemic nutrients (Winesett et al. 1995). Diet also
influences host immune function and therefore the interplay between gut epithelial cells and im-
mune cells in the mucosa, which helps maintain barrier function (Statovci et al. 2017). Dietary
nonstarch polysaccharides and lignin, more specifically, oligofructose and long-chain inulin, have
been linked with an increased villus height, deeper crypts, and a thicker mucous layer associated
with an increased population of goblet cells (Kleessen et al. 2003). Increased glucose intake in-
duces general physiological changes at the level of the intestinal epithelium, such as an increase
in the proliferation of cells in the crypt (Zhou et al. 2018). Similarly, increased dietary protein
content has been linked to profound alterations in epithelial cell transcriptional responses re-
flecting the potential for increased cell proliferation and downregulation of biological pathways
linked to nuclear factor κB (NF-κB) signaling, cell adhesion, and DNA repair (Beaumont et al.
2017a). Models of high-fat-induced obesity reveal that an elevated ratio of omega-6 polyunsatu-
rated fatty acids (PUFAs) to omega-3 PUFAs drives low-grade inflammation, mesenchymal stem
cell commitment, and adipogenesis (Ilich et al. 2014). Others have demonstrated that a high-fat
diet compromised the integrity of the intestinal barrier, with downregulation of tight-junction
proteins such as claudin-1 (Gulhane et al. 2016).

The host diet has a significant impact on the nutrient pool available in the gut and canmodulate
gutmicrobial community structure with consequences formicrobial signaling processes that influ-
ence barrier function and in turn further mold microbial communities in the gut. A good example
of such bidirectional microbe–host interactions includes the regulation of the antimicrobial lectin,
RegIII-γ, in Paneth cells. RegIII-γ is induced by the microbiota and is important for host barrier
function and homeostasis through maintenance of a 50-μm thick zone of separation between the
microbiota and the intestinal epithelial surface (Vaishnava et al. 2011). Another mechanism in-
volves bile acid metabolism by the host microbiota. In a model of gut immune homeostasis, com-
mensal microbes modify bile acids to induce expression from a host bile acid receptor [farnesoid
X receptor (FXR)], which can regulate local antibacterial immune responses, including inducible
nitric oxide synthase (iNOS), interleukin (IL)-18 (Inagaki et al. 2006), and, potentially, RegIII-γ
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( Joyce et al. 2014), in turn inhibiting local bacterial overgrowth and protecting the mucosa from
inflammatory damage. Such homeostatic mechanisms are influenced by a balanced diet. In con-
trast, a pro-inflammatory Western diet leads to an altered microbiota promoting a reduction in
barrier function and entry of pro-inflammatory factors such as lipopolysaccharide (LPS) into the
bloodstream, thereby promoting metabolic endotoxemia and low-grade systemic inflammation,
which is central to the development of obesity and related metabolic syndromes, including type 2
diabetes (reviewed in Regnier et al. 2021).

3. THE HUMAN GUT MICROBIOTA

The gut microbiota comprises bacteria predominately of the phyla Firmicutes, Bacteroidetes, and
Actinobacteria alongside specific Archaea and Fungi (Rinninella et al. 2019a). These microorgan-
isms coexist with a community of viruses (the virome) that is likely to play an important role in
shaping the community structure of the higher-ordermicrobes in the gut (Draper et al. 2020).The
human gut microbiota matures following weaning, remains relatively stable throughout adult-
hood, and becomes less diverse in the later years of life (Rinninella et al. 2019b).

Despite significant interindividual variation, detailed analysis of the human gut microbiota
broadly clusters individuals into enterotypes that are defined by predominant bacterial popula-
tions: Bacteroides (enterotype I), Prevotella (enterotype II), or Ruminococcus (enterotype III) (Costea
et al. 2018). Wu et al. (2011) demonstrated that the Bacteroides enterotype is prevalent in indi-
viduals consuming a Western-type diet, whereas individuals consuming a broader range of car-
bohydrates and fruits and vegetables are more likely to have a Prevotella-dominant enterotype.
Furthermore, individuals with a Bacteroides-dominant enterotype are likely to display low micro-
bial gene richness, most likely reflecting low microbial diversity in the gut (Le Chatelier et al.
2013). This potentially has significant consequences for the overall health status of the individual,
as bacterial gene richness correlates with overall metabolic health, and low bacterial gene richness
is associated with obesity and impaired glucose metabolism (Cotillard et al. 2013, Le Chatelier
et al. 2013). In the elderly, elevated microbial diversity correlates with improved host fitness and is
linked to consumption of a balanced diet, whereas individuals with a low-diversity gut microbiota
are more likely to demonstrate increased frailty (Claesson et al. 2012).

3.1. The Influence of the Western Diet on Microbiota in Obesity

Dietary habits are a significant driver of long-term gut microbiota composition in individuals
(Wu et al. 2011). However, even short-term changes in diet can result in considerable changes
in microbial community structure. Consumption of either a plant-based or animal-based diet in
humans each resulted in rapid alterations to the microbiota, with an animal-based diet promoting
bile-tolerant species and a reduction in bacterial taxa that metabolize plant-based polysaccharides
(David et al. 2014). At the overall level of phyla, an increase in the Firmicutes to Bacteroidetes
ratio is associated with a shift to a Westernized diet in both humans and animal models, with
the resultant microbiota demonstrating an increased capacity for energy harvest (Ley et al. 2006,
Turnbaugh et al. 2006), although the relevance of this as a marker of human obesity requires fur-
ther study (Magne et al. 2020). Transplant of the microbiota from obese humans from twin pairs
discordant for obesity into germ-free mice results in transmission of the phenotype, demonstrat-
ing that the microbiota plays a functional role in mediating obesity (Ridaura et al. 2013). Further-
more, fecal microbiota transplantation (FMT) from healthy donors into individuals with obesity
and metabolic syndrome can significantly improve markers of metabolic health in the recipients
(Vrieze et al. 2012). A study in patients with steatohepatitis, a condition with higher prevalence
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in those consuming a Western diet, demonstrated that allogenic microbiota transplantation from
healthy subjects consuming a largely plant-based diet improved markers of liver disease (Witjes
et al. 2020). Such studies demonstrate that FMT is successful in altering the microbiota of sub-
jects with obesity or metabolic syndrome and clearly indicate the functional consequences of the
microbiota in altering metabolic parameters in the recipient (Aron-Wisnewsky et al. 2019).

3.2. Specific Taxa and Links to Mechanisms

Pinpointing specific genera or species of bacteria that mediate either obesity or leanness will en-
hance our understanding of the mechanisms by which the microbiota mediates positive effects
on homeostasis and potentially lead to rational dietary approaches, next-generation probiotics,
and/or microbial-derived drugs to reduce the effects of obesity or metabolic syndrome. Studies in
humans and animals have associated high levels of Akkermansia muciniphila with a lean phenotype
(Zhou et al. 2021). Levels of A. muciniphila are reduced in mice fed a pro-inflammatory high-fat
(animal fat) diet but are relatively high if animals consume fish oils (Caesar et al. 2015). Effects of
this species on the host are clearly functional, as administration of A. muciniphila in animal mod-
els of obesity and insulin resistance reduced weight gain and improved metabolic indicators of
diabetes (Depommier et al. 2019, Everard et al. 2013). In a recent proof-of-concept study, oral ad-
ministration of pasteurizedA.muciniphila in obese human volunteers resulted in improvedmarkers
of gut barrier function and metabolic outcomes, including improved insulin sensitivity, although
the intervention did not directly result in weight loss (Depommier et al. 2019). Many of the ef-
fects of A. muciniphila can be recapitulated using pasteurized bacteria, indicating that molecular
components associated with the bacterium are sufficient to mediate host responses (Depommier
et al. 2019, Plovier et al. 2017). Fractionation experiments reveal that an outer-membrane protein
(Amuc_1100) of A. muciniphila interacts with host Toll-like receptor (TLR) 2 to, at least partly,
mediate beneficial responses in a mouse diet-induced obesity model (Plovier et al. 2017). The
bacterium also secretes a glucagon-like-peptide 1–inducing protein (called P9) that interacts with
host ICAM-2 to improve glucose metabolism and ameliorate metabolic disease in mice (Yoon
et al. 2021) (see Figure 1).

Gut-associated Lactobacillus species occupy both the small and large intestine and influence in-
flammation and bile acid metabolism in the host (Heeney et al. 2018,Nistal et al. 2016).Lactobacil-
lus species have been associated with weight gain and adiposity in animals, with the administration
of some species linked to weight loss and others to weight gain (Heeney et al. 2018, Million et al.
2012). Meta-analysis of human probiotic trials suggests that Lactobacillus generally can improve
weight management in individuals with obesity but acknowledges that further mechanistic in-
sights would provide for rational selection of particular interventions (Saez-Lara et al. 2016). One
such mechanism may involve the ability of strains to metabolize host bile acids. Gut-associated
Lactobacillus species are potent producers of bile salt hydrolase (BSH) enzymes that convert bile
acids from the conjugated to unconjugated form through hydrolysis of the amino acid taurine or
glycine (see Figure 1) (Begley et al. 2005). Evidence from animal studies and longitudinal studies
in humans receiving antibiotics has equated antibiotic use in early life with a reduction in BSH
activity, which correlates with an increase in host adiposity (Guban et al. 2006,Korpela et al. 2016).
In contrast, other studies indicate that the antioxidant tempol reduces Lactobacillus-associated BSH
activity in mice with a concomitant reduction in weight gain in mice (Li et al. 2013). The diverse
outcomes associated with either elevated or reduced BSH activity may reflect subtleties in the host
response to bile acids dependent on whether microbe-generated bile acid signatures trigger host
FXR [broadly associated with weight gain (Gonzalez et al. 2016)] or TGR5 [broadly associated
with increased energy expenditure and weight loss (Watanabe et al. 2006)]. Several studies suggest
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Figure 1

Proposed mechanisms by which the microbiota influences host physiology and inflammation. (a) A diverse low-fat diet promotes the
outgrowth of Akkermansia muciniphila. A. muciniphila expresses the protein Amuc_1100, which improves gut barrier function through a
mechanism that involves TLR2 (Toll-like receptor 2). Enhanced gut barrier function prevents the development of metabolic
endotoxemia. A. muciniphila also produces a novel protein (P9) that stimulates GLP-1 (glucagon-like peptide 1) secretion by L cells
(potentially in the gut or systemically) via a mechanism that involves ICAM-1 and also requires IL-6. (b) Lactobacillus species (and
certain other members of the microbiota) produce the enzyme bile salt hydrolase (BSH), which converts conjugated bile acids (C-BAs)
to unconjugated bile acids (UC-BAs), thereby altering the chemical nature of the bile acid (BA) pool. As yet, it is unclear how the
chemical balance of this complex pool of BAs engages with BA receptors in the host. There is good evidence that engagement of BAs
with the farnesoid X receptor (FXR) nuclear receptor in the gut influences local immunity and barrier function. Engagement with
systemic, liver, or adipose FXR is thought to induce weight gain, whereas engagement with the TGR5 receptor induces weight loss.
The ability of gut microbes to alter this signaling effect plays an important role in determining host adiposity. (c) Western diets rich in
animal fats can promote the outgrowth of pathobionts such as Bilophila wadsworthia. Growth of B. wadsworthia is stimulated by elevated
synthesis of tauro-conjugated BAs (TC-BAs) that are induced by the high-fat diet. Such pathobionts may cause local inflammation that
damages the gut barrier, leading to further systemic inflammation and increased macrophage-mediated inflammation of adipose tissue
that is both TLR-4 and CCL-2 dependent. (d) Consumption of diets high in carnitine or choline results in the production of the
compound trimethylamine (TMA) by specific members of the microbiota. TMA is subsequently converted by liver enzymes to
trimethylamine N-oxide (TMAO), which is known to elevate the risk of cardiovascular disease. Proposed mechanisms include
decreased BA biosynthesis, elevated vascular inflammation, and reduced reverse cholesterol transport (RCT). Abbreviations: iNOS,
inducible nitric oxide synthase; LPS, lipopolysaccharide.
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that elevated BSH activity associated with probiotic administration in mice results in reduced en-
gagement of intestinal FXR; however, further confirmation of these findings is necessary, and it is
important to determine the impact of elevated BSH activity in humans (Degirolamo et al. 2014,
Joyce et al. 2019).

It is clear that bile acid signatures influence microbial community structure in the gut (Islam
et al. 2011) and are in turn influenced by the microbiota (Begley et al. 2005), thereby provid-
ing for a dynamic interplay between microbe and host via bile acid metabolism. High-fat diets
have been shown to influence bile acid metabolism in the host and also promote inflammation, a
process that is linked to microbiota changes in addition to the direct immune inflammatory prop-
erties of dietary components that are described below. The composition of dietary fats is known
to influence microbiota composition, as saturated animal fats (milk fats), but not polyunsaturated
plant-derived fats, promote the outgrowth of the pro-inflammatory pathobiont Bilophila wadswor-
thia by increasing tauro-conjugation of host bile acids (Devkota et al. 2012). In general, a high-fat
(lard-based) diet has been shown to increase macrophage-mediated inflammation in white adipose
tissue (WAT) through mechanisms that involve engagement of TLR4 and reflect alterations to
gut microbiota and gut barrier function (Caesar et al. 2012, Cani et al. 2007). The chemical nature
of the dietary fat is significant. In a murine model, an animal (lard)-based high-saturated-fat diet
promoted TLR and CCL2-dependent macrophage accumulation in WAT that was commensu-
rate with elevated levels of Bilophila and Bacteroides spp. in the gut microbiota. In contrast, feeding
a fish-based high-polyunsaturated-fat diet promoted the outgrowth of Lactobacillus, Akkerman-
sia, and Bifidobacterium spp. in the gut microbiota and was protective against WAT inflammation
(Caesar et al. 2015). Similar correlations between elevated serum endotoxin and elevated inflam-
matory tone in adipose tissue have also been demonstrated in humans with type 2 diabetes (Creely
et al. 2007). Collectively, the data suggest a pattern of microbial changes in individuals consuming
a diet rich in saturated fats that drives adipose tissue inflammation, with a polyunsaturated-fat diet
having an anti-inflammatory impact on the host commensurate with elevated levels of Akkerman-
sia and Lactobacillus species.

4. INFLUENCE OF DIETARY COMPONENTS ON HOST PHYSIOLOGY
AND IMMUNE FUNCTION

The Acceptable Macronutrient Distribution Ratios (AMDR) were established by the former In-
stitute of Medicine of the National Academies in North America to provide guidelines for the
recommended distribution of dietary macronutrients. The guidelines suggest percentages of total
energy from protein (10–35%), carbohydrate (45–65%), and fat (20–35%) (Dahl et al. 2020). The
direct mechanistic impacts of these individual dietary components, as well as the potential impact
of micronutrients, are beginning to be understood. Components of the diet have the potential to
influence immune responses directly through TLRs, G protein–coupled receptors (GPCRs), the
prostaglandin/cyclooxygenase pathway, cholesterol metabolism, and overall influences onM1/M2
macrophage responses and cell-mediated immunity (predominately influences Treg cell activity)
(Statovci et al. 2017).

4.1. Fats and Dietary Fatty Acids

In this section,we outline recently reportedmechanisms by which saturated andmonounsaturated
fatty acids and PUFAs influence host responses.

4.1.1. Saturated fatty acids. Saturated fatty acids (SFAs) contain predominately single C–C
bonds, with shorter molecules (C8 to C12) found in vegetable oils and longer molecules (>12 C)
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such as palmitic acid (C16:0) and stearic acid (C18:0) found in lard, butter, animal fats, eggs,
and vegetable oils (Statovci et al. 2017). Studies have suggested that SFAs are generally pro-
inflammatory, with some of the potential mechanisms outlined below. Engagement of the NLRP3
inflammasome by palmitic acid and potentially other dietary SFAs is considered to be a signifi-
cant mechanistic contributor to increased adiposity. Expression of the NLRP3 inflammasome is
elevated in macrophages in the adipose tissue of both mice and humans with obesity but is re-
duced upon calorie restriction or exercise-induced weight loss, and SFA-rich diets can also prime
the NLRP3 inflammasome via TLR4 activation in dendritic cells in vitro (Vandanmagsar et al.
2011). Furthermore, the SFAs palmitate, myristate, and stearate, but not the unsaturated fatty
acids palmitoleate and oleate, can induce inflammation by activation of TNFα and IL-1β and
cell death in human monocytes. Palmitate activates the inflammatory caspase proteins caspase-1,
caspase-4, and caspase-5, which are important for processing IL-1β and the induction of cell
death via pyroptosis (Pillon et al. 2016). Previous studies have also reported that palmitic acid,
stearate, and lauric acid regulate the inflammatory response via TLR4 and NF-κB signaling
in immune cells (Lee et al. 2003, Statovci et al. 2017). TLRs signal via two cytosolic adaptor
proteins, Myd88 and TIR domain–containing adaptor-inducing interferon-β (TRIF). Whereas
Myd88 transduces the signal from all TLRs except TLR3, TRIF transduces the signal from the
engagement of TLR3 and TLR4. A deficiency in TRIF resulted in worsening of diet-induced
hepatic steatosis, which appeared independent of myeloid cell signaling but was dependent on the
regulation of the rate-limiting enzyme for lipogenesis stearoyl–coenzyme A desaturase 1 (SCD1)
in hepatocytes. This suggests a protective role for TRIF in metabolic disorders and potential cau-
tion when considering antagonizing TLR signaling in metabolic inflammatory conditions (Chen
et al. 2017).

Individuals with obesity or type 2 diabetes are at increased risk of developing nonalcoholic fatty
liver disease (NAFLD), which may involve significant inflammation of the liver [as nonalcoholic
steatohepatitis (NASH)]. Palmitic acid or a high-fat diet can affect the development of NASH by
targeting RIP1 kinase activity in livermacrophages, leading to an increased inflammatory response
(IL-1β, TNFα, IL-6) and induction of cell death, both of which are typical features of NASH (Tao
et al. 2021).

A hallmark of cellular homeostasis in the healthy liver is the process of autophagy, a mechanism
used by cells to remove the accumulation of dangerous intracellular components. Significant al-
terations in autophagy are associated with several different conditions, including NAFLD/NASH
and obesity. In hepatocytes, exposure to palmitic acid results in impaired autophagy and cellu-
lar accumulation of autophagosomes, which is dependent on MLKL but not RIPK3 (Wu et al.
2020). Similarly,Mlkl−/− mice fed aWesternized diet are protected from autophagy-related cellu-
lar impairments, resulting in a reduction in liver injury associated with reduced inflammation and
a reduction in cell death (Wu et al. 2020). Palmitic acid can also impair autophagy in macrophages
via the induction of hypoxia-inducible factor-1α, which results in inflammation regulated via the
NF-κB pathway and production of pro-inflammatory cytokines such as TNF, IL-1β, and IL-6
(Wang et al. 2019). Similar results were observed in macrophages of mice fed a methionine- and
choline-deficient (MCD) diet (used as a model for NASH) and in patients with NASH (Wang
et al. 2019).

Protease-activated receptor 2 (PAR2) can modulate several physiological functions, including
inflammation, metabolism, and anticancer responses. The metabolic consequences of PAR2 ac-
tivation include increased insulin resistance and glucose intolerance, whereas in individuals with
IBD, PAR2 can be both protective and pro-inflammatory (Badeanlou et al. 2011, Cenac et al.
2003, Hyun et al. 2008). An increase in PAR2 is observed in adipocyte tissues and macrophages of
humans and rats consuming SFA-rich diets. In a model of dextran sodium sulfate (DSS)-induced
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colitis, seven-day feeding of a high-fat diet to mice deficient in PAR2 resulted in exacerbation of
colitis due to increased colonic pro-inflammatory cytokines (IL-1β, IL-6, IL-8) and, partly, inhib-
ited autophagy (Her et al. 2021). Similar results, i.e., impaired autophagy, mitochondrial dysfunc-
tion, and cell death (cleaved caspase-3 and caspase-9 and PARP), are seen in epithelial cells treated
with palmitic acid and a cytokine cocktail in the presence of a PAR2 antagonist (GB83) (Her
et al. 2021). These data identify a new role for PAR2 as a regulator of autophagy in a metabolic-
inflammatory environment, which is significant for inflammatory conditions such as IBD and is
likely to have a role in obesity and metabolic comorbidities.

High-fat diet and SFAs can directly influence cellular processes in intestinal epithelial cells,
including Paneth cells and stem cells (Beyaz et al. 2016, Mah et al. 2014). Paneth cells produce
antimicrobial peptides and growth factors that sustain the stem cell niche, and as such these cells
are important in maintaining homeostasis in the gut. Previous studies have shown dysfunction in
these cells in models of IBD and obesity and in patients with IBD. Liu et al. (2021) determined
a dysfunction in Paneth cells in patients with obesity. In mice fed a high-fat diet, the dysfunc-
tion of these cells was associated with the activation of type I interferons (IFNs) produced from
myeloid cells and with FXR engagement (via alterations to the microbiota), further providing
a link between the intestinal innate immune response and inflammation in association with the
consumption of saturated fat (Liu et al. 2021).

Palmitic acid can be metabolized to palmitoleic acid, oleic acid, stearic acid, and sphingolipids.
Such metabolites (in particular sphingolipids) can affect cellular apoptosis, proliferation, and mi-
gration (Statovci et al. 2017). Sphingolipids can also be produced by bacteria, e.g., from the phylum
Bacteroidetes, and a glycosphingolipid produced from B. fragilis was shown to reduce the prolifer-
ation of colonic invariant natural killer T (iNKT) cells and ameliorate the development of colitis,
thereby contributing to host defense (An et al. 2014). Other studies indicate that palmitic acid
can directly and indirectly act via sphingolipids to affect IgA production and mount an IgA re-
sponse, which could be relevant for the development of diet-derived mucosal adjuvants (Kunisawa
et al. 2014). Palmitic treatment of hepatocytes leads to the release of lipotoxic extracellular vesi-
cles containing sphingosine 1-phosphate (S1P), which stimulates the migration of macrophages,
potentially promoting macrophage infiltration during hepatic lipotoxicity associated with NASH
(Liao et al. 2018).

Recent work has investigated the epigenetic effects of a high-fat diet during gestation on sus-
ceptibility to disease in the offspring. In particular, the effect of a high-fat diet or obesity in preg-
nant dams confers a susceptibility of the offspring to colitis and obesity. Maternal high-fat-diet
feeding (with either a high-fat diet or coconut oil) influenced impaired barrier function, increased
production of pro-inflammatory cytokines, and increased production of hydrogen sulfide by the
microbiota in the offspring during weaning, leading to worsening of DSS-induced colitis in adult-
hood. Neutralization of IFNγ and TNF pathways (by monoclonal antibodies) or using a myosin
light-chain kinase (MLCK; regulates tight junctions in the gut) inhibitor during weaning leads
to improved barrier function and reduced susceptibility to DSS-induced colitis in adulthood (Al
Nabhani et al. 2019). A summary of identified mechanisms regulated by SFAs is presented in
Figure 2.

4.1.2. Monounsaturated fatty acids. Monounsaturated fatty acids (MUFAs) are fatty acids
containing a single C=C double bond and include palmitoleic acid (C16:1) and oleic acid (C18:1),
which are found in olive oil, lard, macadamia nuts, and avocado (Statovci et al. 2017). A diet
rich in MUFAs is associated with improved insulin sensitivity and reduced risk of atherosclerosis
and cardiovascular disease (CVD) (Statovci et al. 2017). Among MUFAs, the lipokine palmi-
toleic acid has been shown to be anti-inflammatory by reducing the systemic expression of the
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Figure 2

A summary of the proposed impacts of individual dietary macromolecules on host physiology and inflammation. Pathways activated by
the specific dietary macromolecule are depicted by a red arrow and reduction of the pathway is depicted by a green arrow.
Abbreviations: CVD, cardiovascular disease; DiHOMEs, dihydroxy-octadecenoic acids; EpOMEs, epoxyoctadecenoic acids; ER,
endoplasmic reticulum; GPCR40, G protein–coupled receptor 40; LPS, lipopolysaccharide; M1, classical activated macrophages with
pro-inflammatory properties; M2, alternative activated macrophages, with anti-inflammatory, wound-healing, and tissue-repair
properties; MAPK, mitogen-activated protein kinase; MUFAs, monounsaturated fatty acids; PPARγ, peroxisome proliferator–activated
receptor gamma; PUFAs, polyunsaturated fatty acids; NF-κB, nuclear factor κB; TLR, Toll-like receptor; SCFAs, short-chain fatty
acids; SFAs, saturated fatty acids; TMAO, trimethylamine N-oxide.

pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 via remodeling of the endoplasmic reticu-
lum membranes and reducing lipid-induced inflammasome in macrophages, thereby protecting
mice against atherosclerosis (Cimen et al. 2016). In vitro studies showed that palmitoleic acid
reduced LPS-induced inflammation in macrophages via the inflammasome and NF-κB and
alteration to the M1/M2 profile. Although palmitoleic acid induced the expression of the anti-
inflammatory transcription factor peroxisome proliferator–activated receptor (PPAR)α, which is
a major regulator of energy homeostasis and a factor binding to the response element of NF-κB,
the reduced inflammatory response was PPARα-independent (Souza et al. 2017). Contrary effects
of palmitoleic acid were reported on lymphocytes, whereby high concentrations (over 50 mM)
were toxic and lower concentrations reduced human peripheral blood lymphocyte proliferation
and T helper (Th1) and Th17 responses (Passos et al. 2016). No effect on lymphocyte-associated
cytokines (IFNγ, IL-17, IL-22) was reported in human peripheral blood mononuclear cells
(PBMNCs) (Schirmer et al. 2016). The discrepancy between these findings may potentially be
due to the use of different cell populations (isolated lymphocytes versus PBMNCs) (Passos et al.
2016, Schirmer et al. 2016). Thus, the effect of this MUFA on lymphocyte responses remains to be
deciphered. A summary of identified mechanisms regulated by MUFAs is presented in Figure 2.

4.1.3. Polyunsaturated fatty acids. PUFAs contain more than one double C=C bond. The
PUFAs omega-3 and omega-6 are not produced in the body and thus need to be supple-
mented in the diet. Generally, omega-3 fatty acids are considered to be anti-inflammatory and
omega-6 fatty acids are considered to be pro-inflammatory. A balance between these is therefore
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considered important for the maintenance of homeostasis, and an imbalance is associated with
the development of several inflammatory conditions. Peroxidase lipids are products of the derived
oxidation of PUFAs. Oxidation of the omega-6 fatty acid linoleic acid (LA) results in the forma-
tion of 13-hydroperoxy octadecadienoic acid (13-HPODE), which induces a pro-inflammatory
cytokine (TNF-α, MCP-1, IL-6) response and apoptosis, reduced barrier function, and alter-
ations in tight-junction proteins (occludin and claudin-1) in intestinal epithelial cells. Mice fed
13-HPODE demonstrated an increased inflammatory response upon short-term feeding (4 h)
and reduced barrier function and increased cytokine response and CD36 (cholesterol uptake)
in peritoneal macrophages upon chronic feeding (28 days), which is suggestive of enhanced
intestinal inflammation (Keewan et al. 2020).

Among the omega-6 fatty acids, LA is one of the most abundant PUFAs found in human diets.
PUFAs are metabolized by several different enzymes, including cyclooxygenase, lipoxygenase, and
cytochrome P450 (CYP-450), all of which are important for the generation of essential metabo-
lites, including eicosanoids and lipoxygenases. Among the CYP-450 generated metabolites from
LA, the linoleic epoxides 9,10-epoxyoctadecenoic acid (9,10-EpOME or leukotoxin) and 12,13-
epoxyoctadecenoic acid (12,13-EpOME or isoleukotoxin) appear to have immunomodulatory
properties depending on the concentration and environment. In mice, supplementation of a high-
fat diet (butter-based diet) with α-linolenic acid (ALA) led to reduced EpOMEs and dihydroxy-
octadecenoic acids (DiHOMEs) in the liver and plasma, a reduction in the omega-6:omega-3 ratio,
attenuation of inflammation due to reduced NF-κB activation, M1 macrophage polarization, and
insulin resistance (Fan et al. 2020). Another study correlated the presence of 12,13-DiHOME
with the microbiome of children that develop asthma by four years of age (Fujimura et al. 2016).
The metabolite 12,13-DiHOME was reported to change the T cell profile to a Th2 phenotype
and potentiate the risk of developing asthma. The microbiome of this high-risk group had a lower
relative abundance of Bifidobacterium, Akkermansia, and Faecalibacterium spp. and a higher relative
abundance of certain fungi, including Candida and Rhodotorula spp. In line with this, treatment
of mice with 12,13-DiHOME in a cockroach antigen model resulted in an exaggerated allergic
response, with higher inflammatory infiltration and cytokine response (Fujimura et al. 2016).

ALA is considered a contributor to the differentiation of M2 macrophages, which display an
anti-inflammatory phenotype.However, the mechanisms by which ALA contributes to M2 differ-
entiation have been poorly characterized. A recent study showed that ALA and related metabolites
generated fromALA by lactic acid bacteria [13-hydroxy9(Z),15(Z)-octadecadienoic acid (13-OH),
and 13-oxo-9(Z),15(Z)-octadecadienoic acid (13-oxo)] regulated M2 polarization in the presence
of Th2 cytokines (IL-4 and IL-13) partly via GPCR40-MAPK signaling and PPARγ signaling.
Interestingly, feeding of mice with ALA, 13-OH, or 13-oxo for three days resulted in the differ-
entiation of M2 macrophages in the small intestinal lamina propria without induction in adipose
tissue, mesenteric lymph nodes, or gut-associated lymphoid tissues (Ohue-Kitano et al. 2018).
Mechanisms by which PUFAs and associated metabolites regulate host responses are presented in
Figure 2.

4.2. Proteins and Protein Derivatives

Protein is required in the diet to supply essential amino acids that cannot be synthesized de novo
in humans (Wolfe et al. 2017). Recommendations under the AMDR suggest that proteins should
account for 10–35% of energy from the diet, which equates to 1.05–3.67 g/(kg·day). This rep-
resents an increase from earlier established RDA guidelines [of 0.8 g(kg·day)] for protein intake
and reflects suggested health benefits from an elevated protein diet, particularly in the elderly
(Wolfe et al. 2017). Epidemiological studies suggest that relatively low protein intake in persons
over 65 is associated with loss of lean mass, reduced bone density, and increased risk of mortality
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(McCarty & DiNicolantonio 2015). It has been proposed that increased dietary cysteine intake
(either from whole protein or supplementation with N-acetylcysteine) compensates for the re-
duced intracellular glutathione synthesis that occurs with aging, leading to a reduction of damage
due to reactive oxygen species (McCarty & DiNicolantonio 2015). Dietary supplementation with
N-acetylcysteine has been shown to benefit vascular health, bone density, cell-mediated immunity,
systemic inflammation, and resistance to influenza infection (McCarty & DiNicolantonio 2015).
Similarly, dietary supplementation with the dipeptide alanine–glutamine led to enhanced control
of inflammation and enhanced barrier function and mucosal recovery in a DSS-induced colitis
model in mice (Hou et al. 2013). Similar effects were seen with tryptophan supplementation in a
porcine DSS-induced colitis model, with an overall reduction in inflammatory score linked to a
reduction in Th1 responses (Kim et al. 2010).

Proteins represent key dietary antigens that influence local immune tolerance and are par-
ticularly relevant in the education of the small intestinal immune system in early life. Milk has
been suggested to exhibit limited antigenic complexity, so food tolerance is primarily induced
at weaning upon the introduction of a more complex protein-containing diet (Kim et al. 2016).
Germ-freemice are depleted inTreg cells in the colon but not the small intestine, suggesting a role
for microbiota-independent mechanisms in the generation of small intestinal (peripheral) pTreg
responses. In a seminal study, Kim et al. (2016) raised germ-free mice on a protein-restricted
diet and showed that subsequent exposure to dietary protein induced a small intestinal popu-
lation of RORγt− pTreg cells. Subsequent experiments with conventionally raised mice treated
with antibiotics at weaning showed that although small intestinal RORγt+ pTreg cells are depen-
dent on microbiota–host interactions, RORγt– pTreg cells are largely microbiota-independent
and driven by dietary protein antigens. The findings have implications for understanding the de-
velopment of food allergy and how complex proteins in the diet may influence local inflamma-
tion (Kim et al. 2016). Similarly, dietary proteins increase production of the anti-inflammatory
cytokine IL-10 in resident macrophages in the small intestine in a manner that is independent
of microbiota–host interactions and appears to be dependent on activation of mTOR (Ochi et al.
2016).

Although a balanced diet consisting of proteins from various sources is recommended, poten-
tially adverse health effects have been described for diets rich in animal proteins. A large, unbiased
prospective cohort study analyzing the diet of 67,581 participants associated high dietary protein
intake from meat or fish (but not dairy or eggs) with an increased risk of IBD ( Jantchou et al.
2010). A similar prospective study associated increased dietary intake of cured meats with a wors-
ening of asthma symptoms (Li et al. 2017). Animal meat and fish are dietary sources of carnitine, an
amino acid derivative that can be synthesized in eukaryotic cells, primarily in the liver and kidneys,
from lysine and methionine (Statovci et al. 2017). Carnitine (along with choline and phosphatidyl-
choline) is a precursor of the systemic metabolite TMAO, elevated levels of which are a marker
of increased risk of CVD (Wang et al. 2011). Furthermore, murine studies established a causal
link between elevated TMAO and atherosclerosis (Wang et al. 2011). Precursors of TMAO are
metabolized by the gut microbiota through the activity of specific TMA lyases to release TMA,
which is transported to the liver via the portal vein (Witkowski et al. 2020). Bacterial TMA lyases,
including the choline utilization (cutCD) gene cluster, have been described and functionally ana-
lyzed (Craciun & Balskus 2012). In the liver, TMA is metabolized to TMAO through the activity
of host flavin monooxygenases (Witkowski et al. 2020). In an interesting recent study, cloning and
expression of the cutC gene in commensal Clostridium sporogenes bacteria was able to restore TMA
(and subsequent TMAO) levels in host gnotobiotic mice colonized with a defined polymicrobial
community, thereby providing definitive proof of the importance of this microbial gene activity
in the ultimate generation of the metaorganismal metabolite TMAO (Skye et al. 2018). Although
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consumption of L-carnitine is associated with increased risk of CVD and related major cardiac
events, the elevated risk is most pronounced in individuals with commensurately elevated TMAO,
highlighting the potential for bacterial TMA lyases as future microbiota markers of CVD risk or
as targets for reducing risk (Koeth et al. 2013). The potential mechanisms underlying the patho-
genesis of TMAO-related CVD have been investigated in detail and include alterations to bile
acid metabolism and signaling, reduction in reverse cholesterol transport, and increased vascular
inflammation (Figures 1 and 2) (Koeth et al. 2013; this area is reviewed in detail in Witkowski
et al. 2020).

Although the evidence of a role for TMAO in CVD risk is compelling, it should be noted
that TMAO is thought to perform essential functions in the host, including a role in protecting
kidney cells from stress mediated by urea (Ufnal et al. 2015). In addition, a large meta-analysis of
CVD incidents failed to show an association between consumption of choline or betaine and CVD
endpoints, although effects of dietary carnitine were not examined (Meyer&Shea 2017). It is likely
that CVD risk can also be attributed to an independent role for the microbiota in the regulation
of host bile acid metabolism (Ryan et al. 2017). In addition, given the complex chemical nature
of foods, the effects of combinations of macronutrients should be considered when considering
effects on disease risk. For instance, although oily fish are a source of carnitine they are also a
source of anti-inflammatory omega-3 PUFAs, which have been shown to reduce TMAO levels
and reduce atherosclerosis in ApoE−/− mice (He et al. 2019).

The impact of a high-protein diet on gut microbiome community structure in humans has
been analyzed in a limited number of studies. In overweight volunteers who received a diet ele-
vated in either soy protein or casein, there was no significant alteration to gut microbial commu-
nity structure, although microbial metabolism was altered to reflect amino acid degradation with
differences in metabolite profiles dependent on a dietary protein source (Beaumont et al. 2017b).
Another study also examined how protein source (red meat, white meat, nonmeat) affected the
gut microbiome, in this case in volunteers across a range of BMIs. The study determined that
interindividual variation in microbiome community structure was the most important factor dif-
ferentiating individuals, with a relatively minimal influence from dietary protein on microbiota
changes (Lang et al. 2018). Overall, individuals with the highest microbial diversity at baseline
were most resistant to dietary influences on the microbiota (Lang et al. 2018). A summary of
identified mechanisms regulated by proteins is presented in Figure 2.

4.3. Carbohydrates

Carbohydrates comprise monosaccharides, disaccharides, oligosaccharides (typically comprising
3–10 units), and polysaccharides. Monosaccharides and disaccharides are described as sugars that
are typically soluble and can be ingested as refined sugar/carbohydrates (sucrose, starch, fruc-
tose) in high-energy foods that are energy-dense but nutrient poor. When such foods represent
a significant portion of the diet (such as in the Western diet), it is a risk factor for obesity, type 2
diabetes, and CVD (Statovci et al. 2017). Although there are several significant studies examining
the effects of complex polysaccharides (fiber) on systemic metabolism, the microbiome, and im-
mune function (Armet et al. 2020), it is also clear that refined sugars have a significant and rapid
systemic impact (Myles 2014). Several studies have shown that consumption of high levels of re-
fined sugars is associated with an increase in systemic cytokine profiles and inflammatory tone in
humans (Aeberli et al. 2011, Sorensen et al. 2005), although some studies did not detect such an
association (Kuzma et al. 2016). A recent study identified specific inflammatory markers associated
with consumption of sugar-sweetened beverages, which included tumor necrosis factor receptor
superfamily member 4 (TNFRSF4), IL-12, and the chemokine CXCL13, with some markers also
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associated with type 2 diabetes (Ramne et al. 2020). There is evidence to suggest that although
systemic inflammation may increase in response to refined sugar intake there is an allied reduc-
tion in efficacy of phagocytosis in circulating neutrophils (Sanchez et al. 1973). Although further
work is necessary, the studies collectively suggest a paradigm whereby excessive intake of refined
sugars in the Western diet stimulates systemic inflammation influencing increased adiposity and
CVD risk, whereas diets rich in complex fibers (see below) have the potential to reduce systemic
inflammation and LDL cholesterol, thereby reducing metabolic syndrome risk factors (Statovci
et al. 2017).

Dietary fiber is any form of complex carbohydrate derived principally from plants, which is
resistant to breakdown by human catalytic enzymes. Fiber therefore reaches the colon, where it is
broken down by resident gut microbes to produce fermentation products, including short-chain
fatty acids (SCFAs), lactate, and gas (Statovci et al. 2017). As it reaches the colon almost completely
intact, fiber has the potential to stimulate alterations to microbial community structure, generally
promoting growth of Bifidobacterium and Lactobacillus species among other microbial taxa.

SCFAs, which include butyrate, propionate, and acetate, are considered principal mediators of
host–microbe interactions and have considerable potential to alter local immune responses and
regulate epithelial cell homeostasis and barrier function.Numerous microbial species can produce
acetate as an end product of fermentation, resulting in acetate being the most abundant SCFA in
the colon (Blaak et al. 2020). Propionate can be produced by various Bacteroidetes via the succi-
nate pathway or the Lachnospiraceae and other organisms via the acrylate pathway. The principal
producers of butyrate include Eubacterium rectale,Roseburia species, and Faecalibacterium prausnitzii
(Blaak et al. 2020).The production of thesemetabolites by colonicmicroorganisms is dynamic, and
cross-feeding leads to alterations in community structure in the colon. For instance, production of
acetate by Bifidobacterium or Akkermansia species can stimulate the growth of butyrate-producing
organisms, allowing for syntrophy between co-abundant groups of organisms in the gut (Blaak
et al. 2020).

SCFAs, in particular, butyrate, have been shown to improve gut barrier function in animal
models through the promotion of tight junctions. Mechanistic studies have been carried out in
mice following feeding with prebiotics and correlating resultant SCFA production with measures
of barrier integrity. For instance, feeding fermentable fiber to mice was shown to increase SCFA
production and enhance expression of tight-junction proteins (including ZO-1, ZO-2, occludin,
and junctional adhesion molecule A) (Hung & Suzuki 2018). Similar results were seen in geneti-
cally obese ob/obmice, with demonstrable increases in ZO-1 and occludin in prebiotic-fed animals
that were functionally linked to the production of glucagon-like peptide 2 (GLP-2) (Cani et al.
2009). Effects on tight-junction proteins may be mediated through stimulation of AMP-activated
protein kinase (AMPK) activity in epithelial cells (Peng et al. 2009), and local production of IL-
10 and stimulation of IL-10 receptor alpha (IL-10RA) by colonocytes are also likely to play an
important mechanistic role in the barrier response to SCFAs (Zheng et al. 2017). In humans,
studies investigating gastrointestinal barrier function following regular consumption of sources
of fermentable fiber or prebiotics have been equivocal with only some studies demonstrating an
improvement in barrier function, perhaps suggesting differing effects of dietary fiber source (re-
viewed in Blaak et al. 2020).

The immunoregulatory effects of SCFAs have been well established using animal models.
Butyrate, and to a lesser extent propionate and acetate, can engage GPCRs (GPR41, GPR43, and
GPR109a) with resultant activation ofMEK-ERK and p38MAPK signaling pathways to facilitate
the generation of extrathymic Foxp3+ Treg cells to limit inflammation in the intestine or regulate
physiological processes in colonocytes (Arpaia et al. 2013, Campos-Perez & Martinez-Lopez
2021, Smith et al. 2013). There is evidence that SCFAs also directly signal Th1 cells via GPR43
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receptors to activate STAT3 and mTOR pathways and enhance production of the anti-
inflammatory cytokine IL-10 (Sun et al. 2018). Similarly, SCFAs can promote production of
IL-22 in CD4+ T cells through the engagement of GPR41 and regulation via mTOR and STAT3
(Yang et al. 2020).

SCFAs also regulate aspects of innate immunity. Butyrate can influence dendritic cell matu-
ration and induce a tolerogenic phenotype through the engagement of GPR43 and subsequent
induction of retinaldehyde dehydrogenase (RALDH) (Tan et al. 2016) or induce retinoic acid
production through engagement with GPR109a to promote a B cell IgA response (Wu et al.
2017). Ultimately, engagement of specific GPCRs results in regulation of local cytokine produc-
tion with induction of IL-10 and IL-18 to promote local anti-inflammatory responses and homeo-
stasis (Campos-Perez &Martinez-Lopez 2021, Singh et al. 2014). The dietary-driven production
of SCFAs by the colonic microbiota also provides a conduit for regulation of systemic inflamma-
tion with gastrointestinal Treg cell responses being linked to regulation of airway inflammation in
asthma (Statovci et al. 2017). In addition, diet-driven SCFAs are protective against allergic airway
inflammation through a mechanism that promotes regulatory dendritic cell suppression of Th2
responses through activation of GPR41 (but not GPR43) by propionate (Trompette et al. 2014).

In humans, a diet supplemented with elevated fermentable fibers promotes an increase in mi-
crobial species capable of SCFA production and elevated detectable levels of SCFAs. Importantly,
subtle changes in the chemical structure of dietary fibers can specifically altermicrobiota responses
in humans and change the proportion of butyrate and propionate (Deehan et al. 2020). Improved
understanding of microbiota responses to different dietary fibers may be an avenue for rational,
targeted dietary alteration of SCFAs. A recent meta-analysis suggests that elevated levels of dietary
fiber in humans are associated with improvements in glucose control and cholesterol metabolism,
but evidence is lacking for a role in the control of systemic inflammation, at least when C-reactive
protein (CRP) is used as an inflammatory marker (Armet et al. 2020). In volunteers with type 2
diabetes, dietary-driven microbial production of SCFAs correlates with a clinical improvement
in blood glucose control, an increase in GLP-1, and a reduction in acetylated hemoglobin (Zhao
et al. 2018).A recent large-scale association study demonstrates a link between host genetic factors,
production of butyrate by the microbiota, and improved glucose response. Interestingly, abnormal
production or absorption of propionate was associated with increased type 2 diabetes risk (Sanna
et al. 2019). Finally, a recent study provides proof-of-concept for the use of a low-fermentable fiber
supplement as an adjunct to FMT for enhanced glucose control in obese individuals with type 2
diabetes (Mocanu et al. 2021), suggesting that appropriate dietary interventions may enhance the
already promising metabolic effects of FMT seen in other studies (Aron-Wisnewsky et al. 2019).

4.4. Food Additives: Emulsifiers and Sweeteners

Sweeteners and emulsifiers are widely used in the food industry, and recent evidence indicates
that these may be harmful to our endogenous microbiota, becoming risk factors for several
disease conditions within the metabolic syndrome. Dietary emulsifiers, such as carboxymethyl-
cellulose (CMC) and polysorbate-80 (p80), can alter the gut microbiota composition, resulting
in a pro-inflammatory microbiota. Chronic exposure to emulsifiers results in erosion of the
protective function of the mucus with increased bacterial adherence and increased levels of pro-
inflammatory flagellin and LPS, leading to the development of metabolic syndrome and intestinal
inflammation in mice (Chassaing et al. 2017). Recent studies have also shown that emulsifiers can
exacerbate the development of small intestinal adenomas and colitis-associated cancer, targeting
epithelial proliferation rather than inflammation in the adenoma model (Figure 2) (Viennois
& Chassaing 2021, Viennois et al. 2017). The culture of 20 different well-known food additives
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in a mini-bioreactor fermentation system confirmed that p80 and CMC deteriorate human
microbiota composition and function, but several other emulsifiers, including maltodextrin,
carrageenan, and gum compounds, also negatively impacted the composition and function of the
microbiota.Other emulsifiers such as soy lecithin andmono- and diglycerides did not significantly
affect the microbiota (Naimi et al. 2021). However, other studies have shown that soy lecithin
increased pulmonary lipid peroxidation and platelet-activating factor bioactivity in asthmatics
(Muehlmann et al. 2010) and promoted adiposity and inflammation in a model of high-fat-diet-
induced obesity (Lecomte et al. 2016). Sweeteners such as sucralose may promote and exacerbate
inflammation by altering the microbiota composition when consumed over six months (Bian et al.
2017). Similarly, exposure to saccharin, sucralose, or aspartame in mice altered the microbiota
composition and function, leading to glucose intolerance, suggesting these can be risk factors for
metabolic diseases such as diabetes (Suez et al. 2014). Contrary to these findings, saccharin intake
altered microbiome composition and reduced inflammation in mice with acute and chronic colitis
(Sunderhauf et al. 2020). Overall, much of our understanding of dietary additives comes from
animal studies and microbiota because few studies have been carried out in humans.

5. IMPLICATIONS FOR DISEASE STATES OTHER THAN
OBESITY/METABOLIC DISEASE

5.1. Inflammatory Bowel Disease

Epidemiological studies have identified the Westernized diet, processed foods, red meat, fat, and
high sugar intake as risk factors for IBD. Consumption of vegetables, fruits, and dietary fibers has
been associated with a reduced risk of developing Crohn’s disease but not ulcerative colitis (UC)
(Ananthakrishnan et al. 2018). Interestingly, a recent short-term crossover study in UC patients in
the remission/inactive phase demonstrated that feeding with a low-fat- and high-fiber-containing
diet improved quality of life, altered gut microbiota composition, and reduced markers of inflam-
mation. Feeding patients an improved Standard American Diet (iSAD, supplemented with more
fruits, vegetables, and fibers but still high in fat and red meat) also improved their quality of life,
reduced the consumption of refined sugars, and presented a modest modulation of the intestinal
microbiota (Fritsch et al. 2021). However, the authors were unable to determine whether the im-
provement was due to consumption of more fiber or less refined sugar or a change in fat type
(Fritsch et al. 2021). The low-FODMAP (fermentable oligosaccharides, disaccharides, monosac-
charides, and polyols) diet, which is known to reduce fermentable substrates in the colon, has
been successful in improving symptoms in up to 70% of patients with irritable bowel syndrome
coincident with alteration of microbiota composition (Staudacher et al. 2017). Similarly, a ran-
domized controlled trial of patients with quiescent IBD placed on a four-week low-FODMAP
diet also showed an improvement in gut symptoms and quality of life, especially in UC patients,
but without improvement in clinical activity or markers of inflammation. Patients on the low-
FODMAP diet showed a reduced abundance of Bifidobacterium adolescentis,Bifidobacterium longum,
and F. prausnitzii but no overall alteration to microbial community structure in the gut (Cox et al.
2020). Although these bacteria are considered important for gut homeostasis and are already re-
duced in IBD, a further reduction due to the supplemented low-FODMAP diet did not appear to
negatively affect these patients.

The ketogenic diet is characterized by high fat and low carbohydrate content, and recent
studies indicate that it can be used to reduce glycemic responses associated with type 2 diabetes.
It has been suggested that the ketogenic diet might target the microbiota to reduce inflammation
by inhibiting accumulation of Th17 cells. However, ketogenic diets have also been shown to
reduce gut microbial diversity (Rinninella et al. 2019a). There are currently no clinical studies
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using this diet in IBD patients, but murine studies indicate that a ketogenic diet can reduce
the development of DSS-induced colitis (Kong et al. 2021). Mice were fed a ketogenic diet for
16 weeks, which resulted in an increased Firmicutes:Bacteroidetes ratio, elevated Proteobacteria
abundance, and an enrichment in Akkermansia, Roseburia, and Ruminococcaceae spp. Following
a DSS challenge, mice fed the ketogenic diet displayed improved barrier function with reduced
markers of inflammation, most likely by regulating innate lymphoid cells (ILC3) and their
effector cytokines (including IL-17a, IL-22, and IL-18) and influencing monocyte chemotaxis
(including CCL4 and CCL12). Following the induction of colitis, the ketogenic diet enriched
Akkermansia and reduced levels of Escherichia/Shigella. FMT from mice fed the ketogenic diet to
germ-free mice challenged with DSS resulted in an alleviation of inflammation and improved
barrier function, thereby providing evidence for a functional role of the microbiota in eliciting
diet-mediated improvements in disease score (Kong et al. 2021).

5.2. Infection

The interaction between diet and susceptibility to infection has recently emerged as an important
association because of the potential role of nutrition as a modulator of both barrier function and
immunity to pathogens in the intestine (Nobs et al. 2020). Obesity and type 2 diabetes are asso-
ciated with an enhanced risk for mucosal infection and systemic inflammation potentially linked
to intestinal barrier permeability (Thaiss et al. 2018). Commensal bacteria play a crucial role in
preventing colonization by pathogens (a process known as colonization resistance) through di-
rect mechanisms (nutrient competition, production of inhibitory metabolites, and influence upon
pathogen virulence gene expression) or through indirect mechanisms mediated by the induction
of the mucosal immune barrier response (Kreuzer & Hardt 2020).

Functional links between microbiota and pathogen resistance have been established. For in-
stance, antibiotic-mediated damage of the intestinal microbiota prior to oral infection with Liste-
ria monocytogenes increases the infectious load in mice, but resistance to infection can be restored
through reestablishing the microbiota or specific members of the Clostridiales that have been
associated with colonization resistance in this model (Becattini et al. 2017). Antibiotics also re-
duce resistance to oral Salmonella Typhimurium infection in mice with protection being restored
through the provision of 15 rationally selected members of the gut microbiota (Brugiroux et al.
2016). Susceptibility to Clostridium difficile infection in the elderly is clearly linked to prior broad-
spectrum antibiotic use, which perturbs members of the microbiota that produce secondary bile
acids that are directly inhibitory to the pathogen. Reestablishing the microbiota (e.g., through
FMT) restores secondary bile acid production and protects against C. difficile infection (Buffie
et al. 2015).

Microbiota–host interactions may also influence virulence factor expression in pathogens.
For instance, pathogenic enterohemorrhagic E. coli take advantage of Bacteroides thetaiotaomicron
metabolism of host glycan to produce fucose; this increases fucose availability in the intestine,
which induces virulence gene expression in the pathogen (Pacheco et al. 2012).

Several studies have examined the potential for components of a Western diet to influence
susceptibility to infectious disease in animal model systems. Feeding a high-fat diet to mice signif-
icantly lowered resistance to L. monocytogenes infection, a finding that correlated with a reduction
in markers of gut barrier function (including a reduction in expression of anti-listerial Reg3g) (Las
Heras et al. 2019). The model also showed an altered microbiota and generalized increase in in-
flammatory markers but a reduction in expression of cytokines that are key to the inhibition of L.
monocytogenes (notably IFN-γ). Interestingly, high-fat-fed mice were also susceptible to systemic
(intraperitoneal) infection, reflecting systems-wide sensitivity to infection as a result of diet (Las
Heras et al. 2019).
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S. Typhimurium infection is also exacerbated in mice fed a high-fat diet (Wotzka et al. 2019).
In this model dietary fat enhanced levels of bile in the gut, which promoted colonization by
bile-resistant S.Typhimurium and was dependent upon the pathogen expressing the AcrAB/TolC
bile acid locus.The effect was most pronounced in mice lacking commensal E. coli, and subsequent
experiments demonstrated that commensal E. coli can enhance colonization resistance against the
pathogen (Wotzka et al. 2019). Similarly, aWestern-style diet alters the infection dynamics of Cit-
robacter rodentium in the mouse model. AWestern-style high-fat, low-fiber diet actually enhanced
early reduction of the pathogen but ultimately resulted in a more persistent infection. The find-
ings were correlated with microbiota changes and SCFA profiles in the high-fat-diet-fed animals
(An et al. 2021). Notably, a recent study used mouse models of hypoglycemia or obesity to show
that the hyperglycemia that is associated with the metabolic syndrome/consumption of aWestern
diet, rather than obesity per se, is responsible for loss of barrier function, metabolic endotoxemia,
and susceptibility to infection with C. rodentium (Thaiss et al. 2018).

Although a Western-style diet may enhance sensitivity to infection, at least in animal models,
several studies have examined dietary interventions that might protect against infection. Studies
on the role of carbohydrate (fiber) dietary supplementation have demonstrated varied results, with
xylooligosaccharides and glucooligosaccharides providing enhanced protection against L. mono-
cytogenes infection but inulin and pectin exacerbating infection (Ebersbach et al. 2010). Other
potential interventions include β-1,4 mannobiose (a nondigestible disaccharide involved in IgA
stimulation), which may have a use in protection against Salmonella infection in chickens (Ibuki
et al. 2011). In addition to carbohydrates, some studies have examined the immunomodulatory ef-
fects of various fats. For instance, fish oils that are rich in omega-3 PUFAs improved host immune
response against secondary infection with L. monocytogenes in an animal model (Cruz-Chamorro
et al. 2011).

Dietary interventions have been proposed in the context of enhancing resistance to
SARS-CoV-2 virus that causes COVID19. Diets such as the ketone diet that enhance R-β-
hydroxybutyrate have demonstrated efficacy in protection against influenza virus infection and
may have a role in preventing the damaging effects of the cytokine storm that is a hallmark of
systemic coronavirus infection (Bradshaw et al. 2020).

6. CONCLUSIONS

Clearly, components of foods have an effect on the host that is almost pharmacological in nature
and goes beyond a nutritional impact. The interplay between food components, the immune sys-
tem, and microbiota is complex, but increased understanding of this interaction will bring exciting
new developments in terms of personalized nutrition. Space did not permit the discussion of the
impact of vitamins (many produced by the gut microbiota) or minerals (including salt) upon host
immune processes, but these are covered elsewhere (Statovci et al. 2017). In addition to the devel-
opments described in this review, there have been fascinating discoveries in the area of gut–brain
interactions (also mediated by the microbiota) that influence satiety, food impulses, and, poten-
tially, food preferences. Allied to this are advances in our understanding of gut–liver and gut–lung
interactions that hold the potential for dietary modulation of risk in ectopic disease and allergy.
Finally, as we move toward an understanding of mechanisms using animal disease models, it is
important to translate studies to humans to progress the advent of rational dietary modifications
for health.
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