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The consumption of Western-type calorically rich diets combined with chronic overnutrition and a sedentary
lifestyle in Western societies evokes a state of chronic metabolic inflammation, termed metaflammation.
Metaflammation contributes to the development of many prevalent non-communicable diseases (NCDs),
and these lifestyle-associated pathologies represent a rising public health problem with global epidemic
dimensions. A better understanding of how modern lifestyle and Western diet (WD) activate immune cells
is essential for the development of efficient preventive and therapeutic strategies for common NCDs.
Here, we review the current mechanistic understanding of how the Western lifestyle can induce metaflammation, and we discuss how this knowledge can be translated to protect the public from the health burden
associated with their selected lifestyle.
Introduction
Improvement in sanitation, access to clean water, development
and deployment of vaccination and antibiotics, and health education have contributed to a substantial decrease in the burden
of infectious diseases over the last two centuries in developed
countries (GBD 2015 Mortality and Causes of Death Collaborators, 2016). During the same period, life expectancy has dramatically increased, and non-communicable diseases (NCDs) nowadays cause more than 80% of deaths in Western societies. Most
NCDs are chronic diseases that appear in the last decades of life
and shorten the healthy lifespan. NCDs cause an increasing socioeconomic burden in aging Western societies, and the mechanisms of disease development are not well understood.
Curiously, chronic low-grade inflammation contributes to disease development in many of these NCDs, including obesityassociated metabolic syndrome, type 2 diabetes mellitus
(T2DM), non-alcoholic fatty liver disease (NAFLD), non-alcoholic
steatohepatitis (NASH), cardiovascular diseases (CVDs), neurodegenerative diseases (i.e., Alzheimer’s disease), as well as
certain cancers (i.e., colon cancer, pancreatic cancer, and
breast cancer) (Canevari and Clark, 2007; Danaei et al., 2013;
Hosseini et al., 2016a; Kerr et al., 2017; Mozaffarian, 2016).
Hence, it is of importance to better understand the triggers and
the signaling pathways that activate these detrimental chronic
inflammatory conditions. We will discuss the influence of inflammation on the pathogenesis in these different NCDs in the subsequent chapters.
The goal of this review is both to summarize the current understanding and to highlight the gaps in our knowledge of how
a Western lifestyle can trigger erroneous immune activation.
We focus our discussion on the influence of a Westerntype diet on innate immune activation and disease pathogenesis and highlight additional areas of research while also
laying out potential implications for policymakers in modern
societies.
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Western Diet and Innate Immune Activation: Association
or Cause?
The chief risk factors for the leading causes of death in the developing world (i.e., diarrheal diseases, HIV/AIDS, lung infections,
and malnutrition) represent poor sanitation, unsafe water sources, and unprotected sex. It is not far-fetched to establish a
causal relationship of these risk factors with the diseases to
which they are associated. Indeed, the implementation of measures to improve water infrastructure and health education
have proved to be very effective in preventing these diseases
in many societies. The causes for chronic inflammatory NCDs
that plague Western societies, however, remain incompletely understood, and the numerous factors that influence disease
appearance are seemingly more complex. The main risk factors
for these diseases, as well as an increasing body of scientific
evidence, suggest that the Western lifestyle triggers inflammatory processes that are causally linked to the leading health
problems in Westernized nations.
One of the changes in lifestyle that has occurred in the last decades in Westernized societies is an increase in the consumption
of Western-type diets (WDs)—including processed foods, ‘‘fast
food,’’ convenience products, snacks, and sugary soft drinks,
but lacking fibers, vitamins, and minerals. Increasingly, these
food products and their consumption have further spread from
high- to low-income countries, and with it, a concomitant rise
in Western diet-associated diseases has occurred (Imamura
et al., 2015; Monteiro et al., 2013). Long-term consumption of
WDs can influence physiology and health by promoting weight
gain, pathological changes in lipids and energy metabolism, as
well as activation of the immune system. Nowadays, it is well
accepted that tissue-specific and systemic immune responses
and metabolic regulation are highly integrated, and the proper
function of each is dependent on the other. This interface is
considered to be a central homeostatic mechanism. Hence,
disturbed immune-metabolic homeostasis can lead to a number
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Table 1. Nutrients in Inflammation and Metabolic Disease
Effect on
Metabolic
Disease

Pro- or Antiinflammatory

Dietary
Inflammatory
Index1

SFAs

Pro

Pro

0.373

MUFA

None

None

0.0009

Prevents SFA-induced cellular stress

N/A

Omega-3 FAs

Anti

Anti

0.436

Inhibits inflammatory signaling, regulates
food intake, substrates for synthesis of proresolving lipid mediators

N/A

Cholesterol

Pro

Pro

0.11

LDL-C is the causative agent for
atherosclerosis, a cellular stressor; when
crystalized activate NLRP3 inflammasome

N/A

Sugars, refined
grains

Pro

Pro

0.0972

Promotes weight gain, dysbiosis

Sen et al., 2017

Fiber

Anti

Pro and Anti

Slows down and/or impedes nutrient
uptake, shapes gut microbiome

N/A

Component

Additional
References (PMID)

Effect

Nutrients

0.663

Increases LDL, endotoxemia, inducers of
cellular stress

N/A

Other Dietary Metabolites
Purines

Pro

Pro

n.d.

Conversion to uric acid, the causative agent
of gout

Choi et al., 2004;
Li et al., 2018b

Dietary carnitine

Pro

n.d.

n.d.

Conversion into TMAO, promotes
atherosclerosis, limits reverse cholesterol
transport

N/A

Dietary histidine

Pro

n.d.

n.d.

Conversion into propionyl imidazole,
decreases insulin sensitivity

N/A

Polyphenols

Anti

Anti

Diverse3

Alterations in lipid metabolism, antioxidant,
lowers blood pressure, immunomodulatory

Taubert et al., 2007;
Andriantsitohaina et al.,
2012; Yahfoufi et al., 2018

SFCA

Anti

Pro and Anti

n.d.

Immunomodulatory, signals to CNS

N/A

Celastrol

Anti

n.d.

n.d.

Increases leptin sensitivity

N/A

n.d., no data; N/A, not available.
1
Dietary inflammatory index as determined by Shivappa et al. (2014).
2
Carbohydrates in general.
3
Flavan-3-ol, -0.415; flavones, -0.616; flavonols, -0.467; isoflavones, -0.593.

of chronic metabolic disorders, particularly obesity, T2DM, cardiovascular diseases, and neurodegenerative and autoimmune
diseases.
Overall, the co-occurrence of several known risk factors
(abdominal obesity, insulin resistance, hyperglycemia, hypertriglyceridemia, decreased HDL cholesterol, hypertension, and
aging) caused by immune-metabolic disturbances and summarized under the term ‘‘metabolic syndrome,’’ are the leading
cause for the development of certain metabolic disorders.
The Western lifestyle is further associated with other changes,
such as higher exposure to air pollution, decreased encounters
with microbial infections, and heightened amounts of stress.
These factors can also alter immune system function and hence
influence NCD development (López-Otı́n et al., 2016; Orru et al.,
2017). Here, we primarily discuss how diets can affect immune
system functions.
While WDs are rich in refined sugars, salt, white flour, processed meats, purified animal fats, and food additives, they
contain low amounts of fibers, vitamins, minerals, and other
plant-derived molecules such as antioxidants (Mozaffarian,
2016). Furthermore, WDs are particularly energy-dense and
exhibit high glycemic indexes, which means that they provoke

a fast rise in blood glucose (Atkinson et al., 2008) (Table 1). WD
consumption, therefore, results in high-calorie uptake over short
periods, quick spikes in plasma glucose and insulin, and subsequent absorption of nutrients into adipose tissue. These particular features of WD consumption thus promotes rapid weight
gain than more balanced diets (Bhupathiraju et al., 2014).
Recently, several studies in rodents and human subjects have
established that Western-type dietary patterns are associated
with elevated serum markers of inflammation, suggesting that
the immune system responds to WD directly or indirectly
(Hosseini et al., 2016a; Lopez-Garcia et al., 2004).
Several ingredients in WDs can cause inflammatory reactions
of the immune system. Cholesterol, for example, is a well-known
factor for which human population studies have established a
link between high amounts of blood cholesterol and atherosclerosis (Hansson and Hermansson, 2011; Tall and Yvan-Charvet,
2015). Several studies have found that cholesterol from animal
fats and meat is one of the robust drivers of inflammation in
the context of atherosclerosis (Hosseini et al., 2016a; Panagiotakos et al., 2007; Parillo and Riccardi, 2004). Cholesterol is typically taken up in cells in a controlled fashion, as cells take up
cholesterol ‘‘on-demand’’ in the form of low-density lipoprotein
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(LDL). Cells with low amounts of cholesterol upregulate the LDL
receptor (LDL-R), which, when exposed on the cell surface, captures LDL. Once sufficient amounts of LDL have been incorporated by the cells, LDL-R expression is downregulated to prevent
excessive loading of cholesterol. While this cell-autonomous
negative-feedback process typically limits the uptake of excessive amounts of LDL, another form of LDL uptake can lead to
cholesterol excess within cells. The consumption of diets high
in trans fats and sugars, smoking, exposure to toxins through
pollution and preservatives, and sustained stress induce the formation of free radicals, which can evoke oxidation of molecules
such as LDL cholesterol. Oxidized forms of LDL (oxLDL) are
more reactive with the surrounding tissues. Upon accumulation
in atherosclerotic plaques, they are taken up by macrophages
via scavenger receptors (CD36, SR-A, LOX-1, and LDL-R) and
TLRs; these uptake pathways do not have the same feedback
mechanisms that regulate their effectiveness. Studies in mice
demonstrate that oxLDL can directly activate macrophages,
and the increased, less-regulated uptake of oxLDL can further
lead to a phase transition of cholesterol from the soluble to its
crystalline form (Sheedy et al., 2013; Stewart et al., 2010; Tall
and Yvan-Charvet, 2015). Free cholesterol, i.e., cholesterol that
is not submerged within lipid membranes or stored in an esterified form in lipid droplets, is poorly soluble in aqueous solutions.
Cholesterol crystals are detected in atherosclerotic lesions
where they are both found extracellularly and inside macrophages. Of note, studies in mice have demonstrated that
cholesterol crystals, taken up by phagocytosis, lead to phagolysosomal disruption and subsequent translocation of phagolysosomal proteolytic content (i.e., cathepsins and potassium
ion efflux) into the cytosol. Lysosomal damage induces NLRP3
inflammasome activation by yet-to-be-defined mechanisms,
which results in the production of interleukin-1b (IL-1b) and pro€ki et al., 2010).
motes inflammation (Duewell et al., 2010; Rajama
Similarly, excess cholesterol delivered via oxLDL to macrophages was shown to induce cholesterol crystal formation in
lysosomes, which triggers lysosomal damage and, subsequently, causes NLRP3 activation (Sheedy et al., 2013; Stewart
et al., 2010). Cholesterol crystals can also activate NLRP3 in human macrophages (Duewell et al., 2010; Sheedy et al., 2013;
Stewart et al., 2010) (Figure 1A).
In atherosclerotic plaques, macrophages can take up the
exceeding amounts of oxLDL and further incorporate excessive
amounts of cholesterol via efferocytosis (the process of eating
dying cells). This process can lead to the production of inflammatory cytokines via the NLRP3 inflammasome in macrophages that
undergo pyroptosis. However, not all cells that come into contact
with oxidized LDL or cholesterol crystals will activate the NLRP3
inflammasome and die a pyroptotic cell death. On the contrary,
in macrophages, where the capacity to metabolize cholesterol engorged via oxidized LDL or taken up as cholesterol crystals is not
exceeded, anti-inflammatory effects can be mediated. This alternative outcome of excess cholesterol uptake is mediated by the
induction of the transcription factor family of liver-X-receptors
(LXR), which senses cholesterol metabolites such as oxysterols.
Excess free cholesterol can either be esterified with fatty acids
leading to lipid droplet formation, or it can be metabolized into
25- or 27-hydroxycholesterols (natural LXR ligands). In turn, LXR
activation leads to the induction of genes essential for cholesterol
796 Immunity 51, November 19, 2019

efflux and can repress proinflammtory gene induction (Reboldi
et al., 2014) (Figure 1B). It is thought that these seemingly opposite
functions of excess cholesterol trigger the respective pathways in
a manner dependent on the cholesterol dose.
Another lipid class that affects immune cell homeostasis are
saturated and non-saturated fatty acids (FAs), which are obtained
either exogenously via dietary intake or through hepatic or adipose tissue triacyl glyceride metabolism. FAs affect immune cell
homeostasis and function via their metabolism or engagement
with specific receptors. Animal-derived fats are particularly rich
in saturated fatty acids (SFAs) such as palmitic or stearic acid.
Studies in mice have revealed that high concentrations of SFAs
elicit cytotoxic effects (Listenberger et al., 2003) and induce endoplasmic reticulum (ER) stress that is sensed (Erbay et al., 2009) by
macrophages via different mechanisms. Similar to cholesterol, dietary palmitate can activate the murine NLRP3 inflammasome, yet
this activation proceeds in a different manner: high amounts of
palmitic acid inhibit the adenosine monophosphate-activated
protein kinase (AMPK) and lead to the generation of mitochondrial
reactive oxygen species, which potentially triggers NLRP3 activation (Wen et al., 2011). It was first hypothesized that SFAs may
directly trigger Toll-like receptor-4 (TLR4) activation. In line with
this, TLR4-deficiency protects mice against FA-induced inflammation (Ding et al., 2012; Shi et al., 2006) and atherosclerosis
upon the feeding of high SFA diet. Recent evidence, however,
argues against a direct function of TLR4 as an FA receptor.
Instead, it is believed that TLR4 functions in priming murine macrophages to respond to SFAs via alterations in cellular metabolism
(ER-stress induced JNK activation), gene expression, and lipid
metabolic pathways downstream of TLR signaling, and, subsequently, alterations in membrane-lipid composition. Diet-induced
changes in microbiota composition and microbial metabolite production, altered intestinal permeability, and efflux of toxic metabolites into the periphery induce ‘‘metabolic endotoxemia,’’ which
potentially triggers TLR4 activation. Conclusively, SFAs provide
a second hit of activation that is dependent upon prior TLR4 activation. (Lancaster et al., 2018).
Animal studies have shown that besides lipids, components
and derivatives from red meat, eggs, and dairy products are
involved in the development of CVDs, linking the consumption
of these animal products to an increased risk of disease (Koeth
et al., 2019; Koeth et al., 2013). Dietary L-carnitine and phosphatidylcholine are converted into atherosclerosis- and thrombosispromoting metabolic product trimethylamine N-oxide (TMAO)
via a gut microbiota-dependent two-step process that includes
microbial fermentation in an anaerobic environment and enzymatic oxidation via hepatic flavin monooxygenase (FMO) (Koeth
et al., 2019). TMAO is involved in the induction of inflammatory
macrophage foam cells and platelet hyperresponsiveness,
contributing to increased CVD risk. Foam cells are fat-laden
macrophages containing LDL cholesterol. Foam cell formation
is triggered by a number of factors including the uncontrolled uptake of modified LDL cholesterol, the subsequent upregulation of
cholesterol esterification, and the impairment of mechanisms
associated with cholesterol release. The formation of foam cells
is strongly linked to the development of CVDs.
Hence, the WD contains both direct triggers of inflammatory responses and induces indirect triggers that are produced via alterations in the gut microbiome. Undoubtedly, many more bioactive
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Figure 1. Pro- and Anti-inflammatory
Effects of Excess Cholesterol Uptake in
Macrophages

A
oxLDL
Cholesterol

CD36
SR-A1
SB-1B

IL-1β
IL-18

Cholesterol
crystals

Cholesterol
crystals

ptosis
Pyroptosis

Lysomal
damage

NLRP3
inflammasome

Macrophages take up oxidized LDL particles via
scavenger receptors CD36, SR-A1, or SB-1B or
phagocytose cholesterol crystals.
(A) If the capacity to metabolize the excess
amount of free cholesterol is exceeded, cholesterol crystals in lysosomes can cause lysosomal damage, which activates the NLRP3 inflammasome and pyroptotic cell death.
(B) Excess cholesterol can also be esterified and
stored as cholesteryl-esters in lipid droplets,
which represent a cholesterol storage form.
Cholesterol oxidation leads to oxysterols, such as
25- and 27-hydroxycholesterol, that trigger LXR
transcription factors. LXR positively regulates
genes involved in cholesterol efflux, such as cholesteryl-ester hydrolase (CEH) or cholesterol
transporters (ABCA1, ABCG1). Furthermore, LXR
transcription factors suppress a range of proinflammatory genes.

Mediterranean diet, for example, is based
on the consumption of high amounts of
vegetables, fruits, cereals, legumes,
nuts, fish, and the use of olive oil as the
central culinary fat (Mozaffarian, 2016;
Rodrı́guez-Monforte et al., 2015; Torres
et al., 2015). Several human trials have
B
shown that a Mediterranean dietary
Cholesterol
pattern is associated with reduced metacrystals
oxLDL
bolic and cardiovascular risk (SchwingCholesterol
shackl and Hoffmann, 2014a), and the
supplementation of a diet with extraCholesterylCD36
ester
SR-A1
virgin olive oil or nuts with consultations
SB-1B
on how to adhere to the Mediterranean
Free
diet can reduce the occurrence of cardiocholesterol
CEH Cholesterol
vascular events, including myocardial
mobilization
infarction or stroke, by up to 30% (EsABCA1
truch et al., 2018). Of interest, the conProCholesterol
Cholesterol
ABCG1
sumption of a Mediterranean diet also
inflammation
efflux genes
f
efflux
negatively correlates with serum markers
p65
of inflammation (Schwingshackl and
NF-κB
LXR
Hoffmann, 2014a).
οxysterols
Unsaturated fatty acids are important
constituents of Mediterranean diets
LXR
and are related to an anti-inflammatory
phenotype. These molecules are classified based on the position of the
first unsaturated bond from the end of
the carbon chain (omega-3, omega-6,
and omega-9). Mammals can produce
substances linked to WDs are expected to exist and will be unrav- omega-9 FAs but depend on the acquisition of omega-3 and
eled in future studies. The WD likely contains more molecules that omega-6 FAs from dietary sources (Rodrı́guez-Monforte et al.,
can directly be sensed by receptors that trigger immune re- 2015). Oleic acid, a monounsaturated omega-9 FA, represents
sponses, and we are just at the beginning to understand the contri- the most abundant form in olive oil. While anti-inflammatory, cardio-protective effects of olive oil exist, a postulated comparable
bution of the various molecules to immune cell functionality.
effect of monounsaturated fatty acids (MUFA) remains a matter
Beneficial Diets Affect Immune Homeostasis
of debate (Schwingshackl and Hoffmann, 2014b). Other secondAs opposed to WDs, traditional dietary patterns contain more ary molecules, such as polyphenols, were also postulated in
substantial quantities of natural, unprocessed ingredients. The human studies to account for the protective effects of olive oil
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on metabolic disease. Yet, oleic acid lowers blood pressure but
does not affect inflammatory markers (Schwingshackl et al.,
2011). Nevertheless, in vitro studies have found that MUFAs
dampen the deleterious effects of SFAs by promoting their incorporation into triacyl glycerides (Listenberger et al., 2003; Peng
et al., 2011) or their degradation via b-oxidation (Henique et al.,
2010). Additionally, oleate diminishes palmitate-induced ER
stress and apoptosis in THP-1 cells and human macrophages
(Ishiyama et al., 2011), potentially limiting palmitate-induced
inflammation in the context of metabolic diseases. Replacing
SFAs with MUFAs in a high-fat diet mouse model decreased
NLRP3 inflammasome activation; however, this leaves open
whether the effects were explicitly MUFA-dependent or due to
the decrease of SFA in the diet (Finucane et al., 2015). While
the role of MUFAs on metabolic disease and immune activation
remains unclear, omega-3 FAs (long-chain FAs) found in fish,
nuts, or seed oils, have beneficial effects on metabolic disease
in both mice and human subjects. Comprising a-linolenic acid
(ALA), docosahexaenoic acid (DHA), and eicosapentaenoic
acid (EPA), these FAs exert a multitude of advantageous effects.
Omega-3 FAs regulate hormone secretion by the digestive tract
through binding to the G-protein coupled receptor 120
(GPR120). GLP-1 produced from the gut upon GPR120 activation assists in insulin release from the pancreas (Hirasawa
et al., 2005) and decreases secretion of gastric ghrelin, a hormone involved in the regulation of appetite and energy balance
(Lu et al., 2012). Omega-3 FAs are thus crucial in the control of
hormone production in response to food intake. Moreover,
omega-3 FAs are anti-inflammatory via GPR120-dependent
and -independent mechanisms. GPR120 activation on murine
macrophages inhibits TLR2, TLR4, and tumor necrosis factor receptor (TNFR) signaling, and thus omega-3 FAs can directly
regulate inflammatory responses (Oh et al., 2010). Furthermore,
EPA and DHA are substrates for resolvin, maresin, and protectin
biosynthesis, all of which represent potent anti-inflammatory
molecules with key functions in the termination of inflammatory
reactions (Serhan and Levy, 2018). Additionally, results from a
mouse model for obesity have demonstrated that dietary administration of fish oil containing n-3 polyunsaturated fatty acids
(PUFAs) elevates splenic IL-10 regulatory B cell numbers and
immunoglobulin M (IgM) production while reducing autoantibody
formation (Teague et al., 2013).
Another component in beneficial diets are fibers, which are
abundant in vegetables, fruits, legumes, and whole grains.
Fibers represented in food lower its glycemic index by slowing
down the carbohydrate uptake and impede absorption of dietary
lipids and cholesterol (Aleixandre and Miguel, 2016). Certain nondigestible fibers are fermented to short-chain FAs (SCFAs), the
most prominent ones being acetate, propionate, and butyrate.
SCFAs act locally on the gut but can also enter the circulation,
thereby affecting metabolic organs as well as the brain by
engaging GPR41, GPR43, and GPR109a or by inhibiting histone
deacetylases (HDACs) (Martin et al., 2018). Besides their beneficial effects on metabolism and energy homeostasis, SCFAs
modulate immune responses via several mechanisms. While activation of GPRs 41, 43, and 109a expressed on murine intestinal
epithelial cells by SCFAs promotes inflammation (Kim et al.,
2013; Macia et al., 2015), it inhibits cytokine secretion from primary human dendritic cells (DCs) (Nastasi et al., 2015) as well
798 Immunity 51, November 19, 2019

as from murine lamina propria macrophages via HDAC inhibition
(Chang et al., 2014). Moreover, SCFA signaling via intestinal murine DCs can inhibit differentiation of T helper 1 (Th1) cells while
promoting differentiation of naive T cells into regulatory T (Treg)
cells (Gurav et al., 2015). Similarly, SCFAs promote Treg cell differentiation and maintain intestinal B cell homeostasis (Smith
et al., 2013). Moreover, butyrate plays a vital role in controlling
the transcriptional activation of inflammatory genes through its
inhibitory effect on HDACs in myeloid cell subsets isolated from
both mice and human subjects (Schulthess et al., 2019)
(Table 2). Additionally, diabetic mice on a diet rich in acetate
show decreased numbers of IL-12 producing splenic B cells,
which have autoreactive potential (Mariño et al., 2017). Together,
these studies illustrate that diets can directly and indirectly (via the
gut microbiome) provide rich sources of biologically active substances with local and systemic effects on immune function. It
is further conceivable that diet- or microbiome-derived substances can act as inhibitors of inflammatory pathways and
thereby exert beneficial effects.
Responses toward Dietary Changes Impact the Gut
Microbiome
The intestinal tract is a complex system that requires continuous
barrier and regulatory mechanisms to preserve symbiontic hostmicrobial interactions, tissue and immune homeostasis, and overall human physiology. Diverse intestinal epithelial cell subsets
(IECs)—including Paneth cells, goblet cells, enterocytes, enteroendocrine cells, and intestinal stem cells—together with immune
and stromal cells, form a dynamic physical and biochemical barrier. IECs sense and respond to microbial stimuli, and during this
process, ICEs need to differentiate between signals derived from
commensal and pathogenic microorganisms. The inflammasome
NLRP6 contributes to intestinal barrier integrity, because its activation promotes IL-18 release, which in turn induces mucus and
antimicrobial peptide release into the lumen of the gut. In addition,
IgA-secreting B cells regulate microbial populations, which is
important for maintaining local tissue homeostasis (Blander
et al., 2017). Signaling of commensal bacteria via IECs induces
the development of tolerogenic CD103+ DCs and CX3CR1+ resident macrophages, regulatory T cells, and type 3 innate lymphoid
cells (ILC3s) (Blander et al., 2017). Overall, the cross-talk between
commensal bacteria, IECs, and the different immune cell subsets
warrants a tolerogenic environment within the intestine and suppresses inflammatory responses.
The human gut microbiome is identified by three main enterotypes: Bacteroides, Prevotella, and Ruminococcus. Yet, the
overall microbial composition constantly changes in response
to environmental factors, and thus the host microbiota can affect
host physiology (Arumugam et al., 2011). The gut microbiome is
shaped by numerous factors including diets, medical interventions, socio-economic conditions, gender, age, body weight,
medical history, sleep, stress exposure, smoking, and alcohol
consumption. A dysbalanced gut microbiome can cause
disturbed barrier integrity and the induction of systemic inflammatory processes (Arumugam et al., 2011).
Among the various factors that can regulate gut microbiota
(an ecological community of commensal, symbiotic, and pathogenic microorganisms), food intake and dietary habits can
have the most prominent influence on microbial richness and
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Table 2. Food components and Inflammation: Evidence from Human Clinical and Intervention Trials
Study Group

Intervention

Outcome

References

Glucose-tolerant and
glucose-intolerant
individuals

Diet supplementation with sucrose, honey,
or high fructose corn syrup, 2 weeks

Increased CRP levels in individuals with
impaired glucose tolerance in response to
supplementation of any not observed in
glucose tolerant individuals

Raatz et al. 2015

Healthy young men

Supplementation of glucose and fructose
containing drinks, 3 weeks

Increased CRP levels

Aeberli et al. 2011

Healthy volunteers

High-fructose or high-glucose diet,
4 weeks

No changes in serum MCP-1 and CRP

Silbernagel et al.
2014

Overweight adults

Diet high or low in glycemic index, after
8 weeks; weight loss diet, 4 weeks

Reduction in CRP by low-GI diet

Gögebakan et al.
2011

Insulin-sensitive and
insulin-resistant
individuals

High-cholesterol diet

Increased SAA and CRP levels in insulinsensitive, but not insulin-resistant
individuals

Tannock et al. 2005

Metabolic syndrome
patients

Egg versus cholesterol-free egg substitute
supplementation

Reduction of TNF and SAA after egg
substituted diet, compared with a
cholesterol-free egg substitute

Blesso et al. 2013

Metabolic syndrome
patients

High-SFA meal

Increased postprandial endotoxemia after
high-SFA meal

López-Moreno
et al. 2017

Healthy adults

High-SFA meal

Increased postprandial endotoxemia after
high-SFA meal

Lyte et al. 2016

Healthy adults

Lauric- and myristic-acid-rich diet and
palmitate-rich diet, 5 weeks

No effect on TNF, IL-1b, IL-6, CRP, IFN-g,
and IL-8 by two different SFA-rich diets

Voon et al. 2011

Metabolic syndrome risk
patients

SFA-rich diet, 8 weeks

Increased expression of inflammatory
genes in adipose tissue after SFA-high diet

van Dijk et al. 2009

Healthy men

SFA-rich meal

Increase in postprandial CRP, IL-6, and TNF
after SFA-rich meal, increase in
postprandial CRP and IL-6 also after
control meal

Poppitt et al. 2008

Healthy, lean, and obese
adults

High palmitate diet, 3 weeks

Increased LPS induced IL-1b, IL-10, and IL18 secretion by PBMCs

Kien et al. 2015

Healthy subjects

Daily doses of n-3 FA, 12 weeks

No correlation between CRP levels and n-3
PUFA content in granulocytes or platelets

Madsen et al. 2003

Dyslipidemic patients

Linseed oil supplementation

Decreases in CRP, SAA, and IL-6

Rallidis et al. 2003

Obese subjects

Flaxseed flour supplementation

Decreases CRP and SAA in morbidly obese

Faintuch et al. 2007

Hyper triglycidemic men

Docosahexaenoic acid

Decreases in CRP, IL-6, and GM-CSF after
91 days, not after 45 days of
supplementation

Kelley et al. 2009

Metabolic syndrome
patients

Fish oil supplementation, 6 months

Decreases in CRP

Ebrahimi et al. 2009

Glucose

Cholesterol

Saturated Fatty Acids

Omega-3 Fatty Acids

Healthy individuals

Fish oil supplementation, 12 weeks

Does not affect 19 inflammatory markers

Pot et al. 2009

Obese adolescents

Eicosapentaenoic acid, docosahexaenoic
acid and gammalinolenic acid
supplementation

Decreases TNF, IL-6, and IL-1b

Dangardt et al. 2010

Overweight, otherwise
healthy individuals

Eicosapentaenoic acid & docosahexaenoic
acid supplementation

Modest decrease in TNF and IL-6

Kiecolt-Glaser
et al. 2012

Type 2 diabetic patients

n-3 FA supplementation

Reduction in TNF and IL2, no change
in CRP

Malekshahi
Moghadam
et al. 2012

Healthy individuals

Eicosapentaenoic acid and
docosahexaenoic acid

No decrease in IL6 and CRP or ex vivo
cytokine production in whole blood

Muldoon et al. 2016
(Continued on next page)
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Table 2.

Continued

Study Group

Intervention

Outcome

References

Type 2 diabetic patients

Eicosapentaenoic acid and
docosahexaenoic acid

Decreased MCP1 levels

Mazaherioun et al.
2017

Type 2 diabetic women

Inulin supplementation

Decreases in TNF, CRP, and endotoxemia

Dehghan et al. 2014

Type 2 diabetic women

Dextrin supplementation

Decreases in IL-6, TNF-a, and endotoxemia

Aliasgharzadeh
et al. 2015

Overweight and obese
patients

Oligofructose supplementation

Decreases in endotoxemia but not
inflammatory markers

Parnell et al. 2017

Obese prediabetic
subjects

Alacto-oligosaccharide supplementation,
12 weeks

No changes in endotoxemia or markers of
inflammation

Canfora et al. 2017

Overweight and obese
subjects

Rice bran and rice husk supplementation,
12 weeks

Decreases in IL-6 and CRP in obese
patients

Edrisi et al. 2018

Fiber

Polyphenols: Olive Oil-Derived Polyphenols
Metabolic syndrome
patients

Phenol-rich virgin olive oil versus phenollow olive oil

Reduced postprandial inflammatory gene
expression in peripheral blood
mononuclear cells

Camargo et al. 2010

Healthy volunteers

Phenol-rich virgin olive oil versus phenollow olive oil, 3 months

Decreased serum levels of IFN-g, CRP, and
lipid mediators

Konstantinidou
et al. 2010

Obese subjects

Resveratrol, 30 days

Decreased IL-6 and TNFa in obese patients,
no effect on several other inflammatory
markers

Timmers et al. 2011

Overweight and slightly
obese subjects

Resveratrol, 4 weeks

No effect on CRP, IL-6, TNFa, sICAM
(soluble intercellular adhesion molecule-1),
and sVCAM (soluble vascular cell adhesion
molecule-1)

van der Made
et al. 2015

Obese subjects

Resveratrol supplement prior to highfat meal

No effect on post prandial C-reactive
protein, IL-6, IL-8, MCP-1, sVCAM,
and sICAM

Vors et al. 2018

Green tea and green tea extract

Reduction in SAA levels in obese
subjects, no effect on several other
inflammatory markers

Basu et al. 2011

Pu’er tea extract, 3 months

Increased IL-10, decreased CRP,
TNF-a, and IL-6

Chu et al. 2011

Pomegranate extract, 30 days

Decrease in CRP and IL-6 levels

Hosseini et al. 2016b

Polyphenols: Resveratrol

Polyphenols: Green Tea
Obese subjects with
metabolic syndrome
Polyphenols: Pu’er Tea
Metabolic syndrome
patients
Polyphenols: Fruits
Obese and overweight
patients

composition. For example, WD feeding in mice leads to dramatic
dysbiosis (a term for a microbial imbalance or maladaptive on or
inside the body, such as impaired microbiota; dysbiosis in the
gastrointestinal tract is typically the result of dietary changes,
medications or high amounts of stress), which is defined by
outgrowth of pathobionts and reduction or complete loss of
commensal bacteria (mainly the a-diversity, which describes
the local diversity of commensal bacteria). Consequently, the
dysbiotic microbiota influences the host’s immune system via
several mechanisms—including modified signaling via the
NLRP6 inflammasome and TLRs, accompanied with reduced
AMP and mucus release into the lumen, the degradation of
secretory IgAs, and selective loss of IL-10-producing Tregs
(Tanoue and Honda, 2012). These factors, in turn, lead to
disturbed barrier integrity and loss of the intestinal immune cell
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homeostasis, which is associated with the development of metabolic diseases as well as autoimmunity and allergy sensitization
(Buc, 2013; Wright et al., 2011).
Moreover, the reduction of mucosal tolerance favors immune-mediated inflammatory diseases like inflammatory
bowel diseases (IBDs). The influence of diet has been studied
in a number of epidemiological, observational studies (Limdi,
2018). The increased intake of meat and animal fats (i.e., SFA
and omega-6 FA) and the lower consumption of vegetables
and fruits are associated with alterations in the gut microbiome,
mucosal inflammation, and the increased risk for IBD development. IBD patients present an imbalanced immune response
with high expression of inflammatory markers, resulting in
enhanced and uncontrolled mucosal immune responses (Seiderer et al., 2008). Mouse experiments revealed that
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supplementation with vitamins A or D, fibers, or indoles ameliorates intestinal inflammation, in that it modulates CD4+ Th cell
phenotype and restores the pool of SCFA-producing bacteria
(Fletcher et al., 2019).
WDs can also be a major contributor to the development of
asthma, which is characterized by chronic mucosal inflammation
of the airways. Murine models have shown that feeding of gut commensals lead to reduced allergy symptoms as well as the development of chronic asthma by inducing Treg cells, which migrate
to the lung and induce immune tolerance (Statovci et al., 2017).
Beyaz and colleagues have demonstrated that the WD not
only affects microbial colonization and intestinal immune homeostasis, but also impacts intestinal stem cell (ISC) and
progenitor cell growth (Beyaz et al., 2016). WD-induced ISC uncoupling from the Paneth cell niche and uncontrolled expansion
in a PPAR-d and b-catenin signaling leads to dysregulation of
genes involved in early intestinal tumorigenesis.
In addition, hyperglycemia disrupts intestinal barrier permeability via a GLUT2-dependent transcriptional reprogramming
of intestinal epithelial cells and loss of tight junction integrity.
Consequently, this enables an influx of microbial metabolites
and induces metabolic endotoxemia (Thaiss et al., 2018).
Of note, age-associated microbial dysbiosis also promotes
intestinal permeability, systemic inflammation, and macrophage
dysfunction (Thevaranjan et al., 2017). Interestingly, under germfree conditions, mice do not reveal an age-related increase in
inflammatory mediators (IL-6 and TNF), and macrophages maintain their anti-microbial functionality. TNF is one of the main inflammatory drivers, as TNF-deficient mice are protected from
age-associated systemic inflammation.
Alterations in a common core microbiome are associated with
obesity and the development of metabolic diseases. Of note,
WD-fed gnotobiotic (germ-free) mice show reduced inflammation,
weight gain, and adiposity unless re-colonized with commensal
bacteria from conventional animals, which reflects the strong
impact of the microbiome in metabolic disease development
(Caesar et al., 2015). In addition, consumption of WDs is associated with undesirable chromatin modifications. Krautkramer and
colleagues have recently demonstrated in different mouse models
that food supplementation with SCFAs is sufficient to recapitulate
chromatin modifications involved in energy metabolism and immune homeostasis (Krautkramer et al., 2016).
Of note, Thaiss and colleagues recently identified a microbiome’s signature (‘‘memory-like behavior’’) that remains after
effective fasting periods of obese mice and accounts for faster
weight regain and metabolic aberrations upon re-exposure to
obesity-promoting conditions (Thaiss et al., 2016). Post-dieting microbiome signature was associated with increased degradation of
flavonoids and reduced energy expenditure in adipose tissue.
However, flavonoid restoration ameliorated energy metabolism
and weight regain.
Together, the gut microbiome is the interface between host’s
nutritional and inflammatory environments. Westernized diets
qualitatively and quantitatively modify the gut microbial
ecosystem, which detrimentally affects the host’s immune system, and contributes to the development of chronic inflammatory diseases. Gut microbial’s composition is not only influenced
by environmental factors, but also by the innate immune system
that an individual is born with. Finally, bacterial metabolites could

prospectively be used as biomarkers of pathophysiological features of metabolic diseases.
Interorgan Crosstalk Regulates Systemic Responses
toward Dietary Changes
Diet-induced dysbiosis can affect the body’s metabolism, systemic inflammation, and tissue functionality, which together
can impact multiple metabolic organs (i.e., adipose tissue, liver,
pancreatic islands, and muscle) and the brain. For example,
disturbed gut homeostasis influences blood glucose, lowers
the amounts of gut hormones (the incretins glucagon-like peptide 1 [GLP-1] and peptide YY [PYY]), favors circulating lipopolysaccharide (LPS) and microbial metabolites, and produces a
state of systemic inflammation (Brial et al., 2018). Systemic responses toward dietary changes are summarized in the following
sections.
Adipose Tissue
The adipose tissue is the primary metabolic organ for energy storage in the form of triacyl glycerides. In the case of energy demand,
adipocytes release FAs to fuel metabolism of peripheral organs in
the fasted state. Conversely, to accommodate excess nutrients,
adipocytes proliferate and increase in size during the development of obesity (Sun et al., 2011). However, the uptake capacity
of adipocytes is limited, and, if energy storage in form of triacyl
glycerides is excessive, adipose tissues can die and induce a
loss of homeostasis. Hallmarks of adipose tissue dys-homeostasis include the local development of insulin resistance and
impaired glucose uptake, a switch from lipogenesis to lipolysis,
increased FA secretion, and the emergence of inflammation (Guilherme et al., 2008). Both the resulting ectopic lipid accumulation
and the build-up of triacyl glycerides and biosynthetic
intermediates can have deleterious effects on organs other than
adipose tissue and, ultimately, contribute to the progression of
T2DM and metabolic diseases (Unger and Orci, 2001). Mouse
studies have demonstrated that the inflammatory milieu in the
adipose tissue can also affect the resident immune cell repertoire.
Under homeostatic conditions, adipose tissue-resident macrophages (ATMs) regulate adipocyte function. Otherwise, they
ensure controlled release of FAs into the circulation during periods
of extensive lipolysis (Kosteli et al., 2010). Together with ILC2s and
Treg cells, ATMs maintain an anti-inflammatory environment in the
healthy state (Feuerer et al., 2009; Molofsky et al., 2013). During
chronic inflammation, murine CCR2+ monocytes enter adipose
tissue in an MCP-1 chemokine-dependent manner (Weisberg
et al., 2006). Together, the recruited monocytes that differentiate
into macrophages and the tissue-resident macrophages become
activated and secrete mediators like TNF, IL-1b, and IL-6—
thereby triggering a local immune response that directly blunts insulin receptor signaling, leading to insulin resistance (Chawla
et al., 2011; Lackey and Olefsky, 2016). B cells contribute to inflammatory reactions in the white adipose tissue by secreting
autoreactive pathogenic IgG antibodies and inflammatory cytokines, which induce macrophage and CD4+ Th cell polarization
(switching from Treg cells into Th17) and CD8+ T cell cytotoxicity
(DeFuria et al., 2013). Moreover, obese humans have reduced
amounts of IL-10-producing regulatory B cells in subcutaneous
adipose tissue (Kosaraju et al., 2017).
Multiple triggers can mediate adipose tissue inflammation,
including adipocyte-derived stress signals, FAs, and microbial
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products derived from dysbiosis and increased gut permeability.
Spillover of FAs and inflammatory cytokines into the circulation
contributes to systemic oxidative stress and the development
of metabolic diseases. The released inflammatory cytokines
induce an upregulation of nicotine-amide-adenine diphosphate
oxidase enzyme (NADPH), nitric oxide synthase (NOS) and myeloperoxidase (MPO). This contributes to lipid peroxidation, DNA,
and protein damage and can result in insulin resistance, dysfunction of pancreatic b-cells, increased plasma glucose concentrations, and associated micro- and macrovascular complications
of T2DM (Lazo de la Vega-Monroy et al., 2013).
Liver
The liver directly connects to the gut via the portal vein system.
Liver resident immune cells integrate the manifold information
derived from the gut, and dysbiosis can hence affect their function and polarization. Two types of macrophages are present in
the liver: tissue-resident liver Kupffer cells (KCs) and tissue-infiltrating monocyte-derived hepatic macrophages (Morinaga et al.,
2015). Liver KCs originate from the yolk sac and emerge in the
fetal liver during embryogenesis, where they continuously selfrenew and differentiate into liver-resident KCs (Gomez Perdiguero et al., 2015). Liver KCs continually surveil the local tissue
environment and have notable functions in limiting inflammation.
For example, KCs phagocytose and eliminate bacteria that cross
the gut barrier, and KCs produce anti-inflammatory cytokines
under homeostatic conditions. Furthermore, KCs have trophic
functions, as they contribute to the maintenance of insulin sensitivity, control of lipolysis, and influence energy expenditure.
Impaired barrier integrity, as well as hyperlipidemia or hypercholesterolemia—both hallmarks of a western-style diet—can
induce an enhanced flux of microbial-derived innate immune activators and modified dietary lipids via the portal vein to the liver.
This dysfunction results in KC activation and the release of pro-inflammatory factors. As a consequence, an inflammatory response
is set in motion leading to the recruitment of bone marrow-derived
CCR2+ inflammatory monocytes, neutrophils, and cells of the
adaptive immune system. The activation of the attracted immune
cell subsets thereby can further spread inflammation, which can
disturb liver function via activation of stellate cells, increased
collagen release, and formation of hepatic fibrosis (Koyama and
Brenner, 2017; Talukdar et al., 2012). Furthermore, studies in
mice have identified that hepatic inflammatory signaling induces
the production and systemic release of acute phase proteins,
including C-reactive protein (CRP), serum amyloid A (SAA), and
S100A8/A9, which in turn have pleiotropic systemic effects
including the differentiation of hematopoietic myeloid progenitors.
Hence, diet and dysbiosis can have both local and systemic effects on inflammation. Indeed, diet-induced chronic hepatic
inflammation, associated with the development of NAFLD and
NASH, further affects whole-body metabolism (such as insulin
resistance), systemic inflammation, and it enhances the susceptibility to sepsis, a morbidity factor in obese patients (Henkel et al.,
2017; Rivera et al., 2010). Obesity-induced hepatic steatosis can
also increase the flux of adipocyte-derived FA synthase (Fas) and
dietary lipids, which activates hepatic lipogenesis and inhibits FA
oxidation (Meex and Watt, 2017). Of note, experiments in mice
discovered that TNF potentiates these effects and enhances hepatocyte lipogenic activity and ceramide biosynthesis, which establishes a positive feed-forward loop fostering insulin resistance
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(Lee et al., 2018). Moreover, the WD changes systemic ceramide
and sphingolipid metabolism with elevated concentrations of
circulating lactosylceramide. Notably, these metabolic changes
can further induce neutrophil infiltration into the dermis, associated with increased skin inflammation related to obesity (Bedja
et al., 2018). Further animal experiments showed a role for the
TNF-induced kinases IkB kinase (IKKb), c-Jun N-terminal kinase
(JNK), and the atypical protein kinase C (aPKC), which upon deletion, improved hepatic inflammation and insulin resistance (Sabio
et al., 2009).
Hence, under homeostatic conditions, tissue-resident KCs
avoid the spreading of commensals, and KCs are essential for
normal tissue function. However, under the detrimental influence
of inflammatory WDs, KCs contribute to systemic inflammation
and liver disease development.
Central Nervous System
Beyond the regulation of metabolism, energy balance, and immune processes, the gut microbiome, whose complexity, if
modified by WDs, controls appetite and food-reward signaling
in the central nervous system (CNS), traits essential for overall
tissue homeostasis. Bioactive metabolites (e.g., SCFAs,
g-GABA [g-gamma-aminobutyric acid], and 5-HT [serotonin]),
whose concentrations are impacted by WDs, are fermented by
commensal bacteria, and these substances act on the CNS
through direct and indirect signaling pathways. Receptor-mediated metabolite sensing by intestinal enteroendocrine cells leads
to the production and release of gut hormones, such as GLP-1,
PYY, cholecystokinin (CCK), leptin, and ghrelin. These and other
hormones directly function via the vagus nerve to the nucleus
tractus solitaries (NTS) in the brain, or indirectly through systemic
immune-neuroendocrine mechanisms. Disturbed local immunemetabolic processes in the gut, provoked by WD-induced dysbiosis, have been shown to detrimentally alter appetite control
and food reward signaling in the CNS (Clemmensen et al.,
2017; Torres-Fuentes et al., 2017).
Furthermore, the CNS actively interacts with the peripheral immune system and is itself exposed to aberrant inflammation
associated with metabolic diseases. Studies in mice have identified that inflammatory processes are associated with disturbed
brain functions, thus leading to cognitive decline and reduced
spatial memory shown to trigger anxiety and depression. Additionally, inflammation is associated with dysregulated energy
metabolism (Graham et al., 2016; Guillemot-Legris and Muccioli,
2017; Sarfert et al., 2019). Moreover, in mice, the central sympathetic nervous system (SNS) can control the differentiation of
inflammatory myeloid cells from myeloid progenitors under disease conditions (Vasamsetti et al., 2018).
Another connection between the CNS and the immune system
is the spleen. For example, spleens of type 1 and type 2 diabetic
mice, which have a state of hyperglycemia, display elevated
numbers of highly proliferating granulocyte monocyte precursors (GMPs) as well as increased numbers of inflammatory
myeloid cells in spleen and blood. Additionally, spleens of these
mice have an elevated sympathetic neuronal tone, which results
in elevated catecholamine production not only by the SNS, but
also by splenic tyrosine hydroxylase (TH)-expressing leukocytes
that are involved in neuro-immune communication. Catecholamine signaling and subsequent differentiation of GMPs functions via b2-adrenergic receptor signaling and results in splenic
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myelopoiesis (Vasamsetti et al., 2018). Moreover, WD-fed Ldlr /
mice show increased blood-brain barrier (BBB) transport,
associated with activated microglia and neuroinflammation.
The increased glucose uptake over the BBB subsequently alters
the tricarboxylic acid cycle (TCA) cycle in the brain along with an
accumulation of b-oxidation intermediates, amino acids, and
pro-inflammatory lipid mediators, which overall disturbs brain
metabolism and cognitive function (Rutkowsky et al., 2018).
Recent studies have illustrated the impact of an altered gut environment in the onset and progression of multiple sclerosis (MS)
(Berer et al., 2017; Cekanaviciute et al., 2017). Diet-induced microbial dysbiosis, BBB disruption, and transfer of pathogenic bacterial cell-wall components (e.g., peptidoglycan) into the brain can
induce microglia activation, a reduction in Treg cell numbers, and
a prominent infiltration of Th17 cells into the CNS (Hirschberg
et al., 2019). Antibiotic treatment or use of germ-free mice before
induction of experimental autoimmune encephalomyelitis (EAE)
impaired EAE development in mice due to increased numbers
of Treg cells and regulatory B cells in the mesenteric and cervical
lymph nodes and an overall anti-inflammatory environment
(Hirschberg et al., 2019). Dietary interventions with SCFAs, lowfat diets, zinc aspartate, and vitamins D and A have been efficacious in reducing EAE symptoms by dampening T and B cell
responsiveness (Hirschberg et al., 2019).
Conclusively, dietary-induced inflammation via effects on microbiome diversity provokes a multifaceted interorgan crosstalk,
where inflammation in one organ can boost inflammatory responses in another organ. The identification of diet-induced
triggers of inflammation is of translational relevance, as serum
metabolome analysis can capture clinically relevant phenotypes
of obesity, metabolic syndrome, autoimmune disorders, allergy
sensitization, and certain types of cancer. Overall, serum metabolomics potentially support the identification of disease-associated signatures and should therefore be tested in larger patient
cohorts.
Trained Immunity in Sterile Inflammation
Upon innate immune cell activation by microbial-derived triggers
or sterile danger signals, a rapid transcriptional, metabolic, and
epigenetic reprogramming occurs. This form of signalinginduced functional reprogramming allows innate immune cells
to respond to future challenges in an altered fashion. This adaptive function of innate immune cells is known as ‘‘innate immune
memory’’ or ‘‘trained immunity’’ and has evolved to tune and
adjust innate immune responses toward microbial challenges
(Gourbal et al., 2018; Netea et al., 2016). While trained immunity
has clear benefits for the defense against pathogens, maladaptive trained immunity could also contribute to inflammatory
pathologies. Indeed, sterile inflammatory triggers, such as lipid
metabolites (e.g., oxLDL), high amounts of glucose, glycation
end products, FAs, or microbiome-associated metabolites can
induce trained immunity, suggesting that enhanced innate immune responses in inflammatory diseases could contribute to
the overall pathogenesis of disease (Bekkering et al., 2014).
Indeed, experimental evidence in mice has emerged that sterile
inflammatory conditions can induce potentially harmful, trained
immunity responses. For example, diet-induced obesity induces
qualitative and quantitative changes in myeloid progenitors
associated with myelopoiesis, increased influx of CCR2+ mono-

cytes into visceral adipose tissue, generation of CD11c+ adipose
tissue macrophages, and the induction of insulin resistance
(Singer et al., 2014). Moreover, IL-1b secretion by murine
ATMs induces myeloid progenitor expansion and migration of
immune cells into adipose tissues in a TLR4- and NLRP3-dependent manner, which establishes a positive feed-forward loop
(Nagareddy et al., 2014). Mechanistically, IL-1b interacts with
the IL-1R expressed on myeloid progenitor cells and induces
their proliferation.
Little attention has been paid to the degree to which obese human subjects are impacted by obesity-induced metabolic and
inflammatory alterations upon weight loss. It is notable that,
whereas weight loss improves systemic glucose homeostasis
primarily through reduction of hepatic inflammation and better
insulin sensitivity, cardiovascular mortality remains unchanged
(Wing et al., 2013). Furthermore, the complex metabolic and inflammatory alterations within the adipose tissue are only partially
reversed upon weight loss and weight maintenance on a low-fat
diet, pointing toward the development of an obesogenic memory
(Schmitz et al., 2016). However, as of yet, a potential epigenetic
rewiring of innate immune cells in these conditions has not been
assessed.
Hypercholesterolemia and hyperglycemia can both induce hematopoietic stem cell (HSC) and myeloid progenitor expansion,
promote myelopoiesis, and increase influx of CCR2+ inflammatory monocytes into atherosclerotic lesions in mice as well as
in humans (Nagareddy et al., 2013; Seijkens et al., 2014; Swirski
et al., 2007; van Kampen et al., 2014). Notably, cholesterol overload and defective efflux pathways within murine bone marrow
HSCs and myeloid progenitors are involved in myeloid reprogramming, and increased cholesterol storage in the HSC plasma
membrane leads to increased expression of the proliferationpromoting receptors for IL-3, IL-5, and GM-CSF (Murphy et al.,
2011; Westerterp et al., 2012; Yvan-Charvet et al., 2010). Moreover, a mouse study has demonstrated that under hyperglycemic conditions, increased peripheral neutrophil production of
the alarmins S100A8/A9 and its subsequent interaction with
the receptor for advanced glycation end products (RAGE) on
myeloid progenitor cells induces enhanced myelopoiesis (Nagareddy et al., 2013). Hence, metabolite derangements can
have indirect effects on the de novo generation of immune cells.
Another trigger of sterile inflammation is WD feeding itself,
which can evoke epigenetic reprogramming in murine HSCs
and myeloid progenitor subsets (Seijkens et al., 2014; van
Kampen et al., 2014). Curiously, in a mouse model of obesity, adipocytes accumulate within the bone marrow during diet feeding
because the differentiation and expansion of an adipogenic lineage from hematopoietic stem cells is promoted. Bone marrow
adipogenic cells can further reduce the hematopoietic reconstitution and inhibit fracture repair and bone healing over prolonged
periods (Ambrosi and Schulz, 2017). These findings propose a
causal relationship between hypercholesterolemia or hyperglycemia and epigenetic modulations in HSCs and myeloid progenitors as well as increased susceptibility to atherosclerosis.
However, these studies have not assessed whether these modifications are transient and whether they can be reversed upon
dietary changes. Indeed, short-term hyperglycemic spikes can
execute long-lasting effects associated with epigenetic rewiring
on murine vascular cells (El-Osta, 2012). In line with this are
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observations that a high-glucose environment within the bone
marrow niche leads to stable intrinsic pro-inflammatory alterations in mouse HSCs (Bannon et al., 2013).
Trained immunity can also be relevant for the development of
chronic inflammatory diseases associated with, for example, a
non-resolving inflammatory environment in the atherosclerotic
plaque. Indeed, WDs can evoke a low chronic inflammatory
state, leading to innate immune cell reprogramming early during
atherogenesis. In a murine model of atherosclerosis, WD
induced systemic inflammation with long-lasting alterations of
myeloid cell responses toward different innate immune stimuli
(Christ et al., 2018). Of note, WD triggered NLRP3 inflammasome
activation, which was involved in transcriptional rewiring and
innate immune training on the level of myeloid progenitors in
the bone marrow (Figure 2) (Christ et al., 2018).
Generally, the molecular mechanisms that establish trained
immunity in the context of WDs are not well understood. Most
mechanistic insights were gained from studies investigating induction of trained immunity by BCG and b-glucans in human
monocytes (Gourbal et al., 2018; Netea et al., 2016). The factors
that myeloid progenitors are exposed to by consumption of WDs
are manifold and difficult to dissect. Yet, on a cellular level,
similar mechanisms may be at play, as observed in vitro: trained
immunity in human monocytes is conferred by several intertwined layers of transcriptomic, epigenomic, and metabolic adaptations in response to the primary stimulus. For instance,
genes of the mTOR pathway are transcriptionally upregulated
in response to training stimuli, and their expression is maintained
for prolonged times. These features are epigenetically reflected
by increased levels of histone acetylation at the respective
gene loci. In contrast, training stimuli also lead to secretion of
cytokines such as IL-6, which is accompanied by increased histone acetylation and trimethylation of lysine 4 on histone H3
(H3K4me3) at gene promoters. While expression and histone
acetylation decline over time, H3K4me3 marks that are established by the training stimulus remain stable over days.
H3K4me3 itself is not associated with active gene transcription,
yet it serves as a permissive chromatin mark to keep gene loci in
an open poised state. Concurrent changes in metabolism similarly serve to directly stabilize the trained phenotype, but also
to convey enhanced inflammatory potential. As such, synthesis
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Figure 2. Western Diet and Obesity Can
Induce Trained Immunity.
(A) Inflammatory conditions, such as WD-consumption, infections, or obesity, lead to systemic
inflammation. Consequently, increased IL-1b
amounts can evoke immunological reprogramming of myeloid precursors in the bone marrow.
These changes promote an increased proliferation
of hematopoietic myeloid precursors.
(B) Inflammatory processes further trigger the
production of myeloid cells, which have an
enhanced inflammatory potential. In a process
called trained immunity, an activating stimulus can
promote transcriptomic, epigenomic, and metabolomic remodeling of myeloid precursor cell,
leading to myeloid precursor proliferation and
skewing of myeloid lineage cells. These changes
can result in a long-term chronic inflammatory
state, tissue inflammation, and the development of
chronic inflammatory pathologies.

of fumarate maintains H3K4me3 marks by inhibiting histone demethylases while commitment to glycolysis enables trained cells
to respond more dynamically upon restimulation.
In a human system of trained immunity, modified LDLs
(including oxLDL and acetylated LDL) can induce innate immune
training in in vitro cultured human monocytes (Bekkering et al.,
2014). Mechanistically, oxLDL-induced monocyte-innate immune training was dependent on TLR2, TLR4, extracellular regulated kinase, and phosphoinositide 3 kinase activation. These
functional changes were associated with changes in histone
modifications, thus suggesting that sterile triggers of inflammation result in epigenetic reprogramming of human monocytes.
Alternatively, or additionally, metabolic reprogramming can be
mechanistically involved in this process as metabolic signals
are also able to induce trained immunity (Bekkering et al.,
2018). A dysbalanced intracellular cholesterol biosynthesis
with an accumulation of mevalonate can furthermore induce
cellular reprogramming via the activation of the insulin growth
factor 1 receptor (IGF1-R), mTOR signaling, and subsequent
epigenetic modifications in inflammatory pathways. These results were supported by data from patients with hyper IgD syndrome (HIDS), who are mevalonate kinase-deficient and thus
accumulate mevalonate in their cells. Circulating monocytes isolated from HIDS patients have a constitutive-trained immunity
phenotype (Bekkering et al., 2018).
The accumulation of somatic DNA mutations is a hallmark of
aging, though its relevance in metabolic diseases associated
with dietary modulations is mostly unexplored. Indeed, somatic
mutations are commonly found in the aging human population,
with an average of five coding gene mutations within each
HSC above the age of 50 (Fuster and Walsh, 2018). This process
of somatic mutation-driven clonal hematopoiesis (CH) sometimes leads to the expansion of a few clones and the collapse
of HSC diversity due to somatic mutations in hematopoiesis regulators. Notably, most somatic mutations associated with CH
have been described in three genes: DNA methyltransferase
3a (DNMTA3A), tet methylcytosine dioxygenase 2 (TET2), and
additional sex combs like 1 (ASXL1), which encode for epigenetic regulators that have been implicated in the risk of hematologic malignancies but also in increased CVD risk (Jaiswal et al.,
2017a; Jaiswal et al., 2017b). Patients with CH of indeterminate
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potential (CHIP carriers) have 1.9 times greater risk to develop
coronary heart disease and four times higher chance to develop
myocardial infarction in comparison with non-CHIP carriers.
Potentially, these clones could favor HSC differentiation into
the myeloid lineage with an inflammatory phenotype. It is still a
matter of debate, how WD consumption triggers CH (through
potentially direct or indirect mechanisms). Most likely, WDinduced dysbiosis leads to systemic metabolic changes
and disturbed immune-metabolic homeostasis, which is reflected in somatic DNA as well as in epigenetic and transcriptional modifications in hematopoietic stem cells. Hence,
sustained (epi-)genetic modifications potentially evoke the
development of certain clones and the collapse of HSC diversity.
Interestingly, loss of function in TET2 aggravates atherosclerosis
development with increased systemic NLRP3-dependent
inflammation in mice (Fuster et al., 2017).
Further mechanistic untangling of the interrelation between
sterile inflammatory responses, trained immunity, and CHIP will
be of interest in the future, as this area of research will likely provide additional avenues for therapies.
Translational and Therapeutic Opportunities
It is becoming increasingly evident that the molecular basis of
associations between diets and immunity are pharmacological
interactions between molecules found in the diet or those generated by the microbiome and receptors expressed on host cells.
In other words, the diet can be broken down in numerous pharmacologically active substances, and the sum of the interactions
with host receptors can maintain homeostasis or induce chronic
inflammation. For example, numerous plants, consumed as nutraceuticals (dietary supplements and food additives), contain
antioxidants, fibers, phytochemicals, vitamins, and minerals.
Nutraceuticals exert health-beneficial effects by their lipidlowering, anti-inflammatory, anti-obesogenic, and cardio- and
cancer-protective properties through modulation of metabolic
and epigenetic pathways (Szarc vel Szic et al., 2015). Celastrol,
a pentacyclictriterpenoid compound with anti-oxidant and antiinflammatory effects, can increase leptin sensitivity and reduce
body weight up to 45%, relative to vehicle controls. Chitosan,
a food fiber found in mushrooms as well as in crustaceans, reduces blood lipid and cholesterol concentrations by binding to
dietary fats, thus inhibiting their absorption. Phytochemicals
including polyphenols and dietary fibers can bind to bile acids,
thus leading to decreased circulating lipid and cholesterol concentrations. Phytochemicals protect pancreatic b cells from
oxidative stress and can further inhibit the release of the pro-inflammatory cytokines IL-6, TNF, and IL-1b (Martel et al., 2017).
Aside from their immunomodulatory properties, SCFAs are
known to beneficially contribute to energy metabolism (Canfora
et al., 2015). SCFA signaling through GPCRs induces the release
of gut-related hormones (GLP-1, PYY, and CKK), which can
beneficially affect body weight, glucose homeostasis, insulin
sensitivity, appetite regulation, mitochondrial function, and activation of hepatic and muscular AMPK signaling. Overall, nutraceuticals have documented biological functions on the immune
and hormonal systems, yet the effectiveness, mode of action,
and safety of nutraceuticals still remain a matter of debate (Blundell, 2010; Saper et al., 2004). A synergistic combination of
several plant remedies or pharmaceuticals may have superior

effects compared with a single treatment, dependent on the condition of the patient.
In addition to lifestyle changes that include adherence to a
healthier diet or regular physical exercise, pharmaceutical interventions can have an impact on disease prevention. For
example, cholesterol-lowering statin treatment remains an established approach for primary or secondary prevention of cardiovascular diseases within the last three decades (Shapiro
and Fazio, 2016). Therapeutic antibodies to proprotein convertase subtilisin/kexin type 9 (PCSK9), which can profoundly
decrease cholesterol concentrations via a different mechanism,
have been approved since 2015 for the treatment of hyperlipoproteinemia (Cohen, 2006; Petrides et al., 2013). However,
LDL-lowering treatment therapies only minimally reverse the
ongoing pro-inflammatory environment within the different
metabolic organs. The impact of inflammatory processes
accompanying the establishment and progression of metabolic
diseases has been demonstrated in several studies using
genetic gain- and loss-of-function animal models and by pharmacological intervention with anti-inflammatory agents. Administration of anti-IL-6 or anti-TNF antibodies are effective
treatment methods in rodent models of T2DM and rheumatoid
arthritis (Spiegelman and Hotamisligil, 1993), though clinical results in humans are less compelling (Bernstein et al., 2006; Dominguez et al., 2005; Wascher et al., 2011).
Another player in the context of sterile inflammation in
response to many medically relevant triggers is the NLRP3 inflammasome, which mediates IL-1b release. The results of the
Canakinumab Anti-inflammatory Thrombus Outcomes Study
(CANTOS) demonstrated the benefit of IL-1b blockade in humans at risk for cardiovascular events (Ridker et al., 2017). Of
note, canakinumab reduces the rate of recurrent cardiovascular
events independent of lowering cholesterol concentrations, suggesting that decreasing inflammation is a promising therapeutic
approach for the prevention and treatment of CVDs. The
CANTOS study further demonstrated that the patients with the
strongest CRP reduction after treatment showed the highest
benefit of therapy, allowing for patient selection in future trials.
Future challenges will be to determine which specific interventions could be developed to modulate diet-induced cellular
metabolic and epigenetic alterations (Szarc vel Szic et al.,
2015). Non-selective HDAC inhibitors, such as trichostatin A or
valproic acid, have been shown to effectively halt, or even
reverse, cardiovascular pathologies (Szarc vel Szic et al.,
2015). Targeting of the H3K27 demethylases Jmjd3, UTX, and
Uty with small molecule inhibitors decreases inflammatory responses in human primary macrophages (Kruidenier et al.,
2012). Otherwise, selective inhibition of HDAC3 or HDAC9 in
macrophages leads to a more stable atherosclerotic state with
reduced inflammation, a switch of macrophages toward an
anti-inflammatory ‘‘M2’’ phenotype, and improved cellular
cholesterol metabolism (Cao et al., 2014; Hoeksema et al.,
2014; Mullican et al., 2011). Additionally, bromodomain targeting
using the small molecule BET inhibitor JQ1 reduces inflammatory responses by attenuating the expression of the inflammatory genes IL-6, IL-1b, CCL2, and VCAM. Nevertheless, conflicting results surrounding the activity of histone modifiers including
DNMTs, HDACs, or HATs are likely due to their broad in vivo effects. Therefore, a better understanding of how pathways
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promote inflammation-related epigenetic modification and how
these are regulated over time and influence trained immunity,
for example would reveal specific epigenetic pathways worth
targeting.
Final Remarks
One of the great achievements of public health was implementing a variety of measures that led to a stark reduction of infectious diseases, and along with this, an enormous increase in
life expectancy. In the last few decades, however, more and
more populations are exposed to a Western lifestyle, associated
with the high consumption of calorically rich, processed foods,
that has led to a rise in mostly preventable diseases linked to a
chronic inflammatory state. In fact, with more than one-third of
the world’s adult population classified as overweight or obese,
we encounter a pandemic of lifestyle-associated diseases. The
first Western societies have reached a tipping point at which
the chronic immune activation that arises from Western lifestyles
takes a toll and shortens the lives of the next generations (Bhaskaran et al., 2018).
Urgent action needs to be taken to reverse this worrisome
trend. Nutraceutical intervention studies, such as PREDIMED
or the Indo-Mediterranean Diet study (Estruch et al., 2018; Singh
et al., 2002), have offered encouraging results demonstrating
that prevention of NCDs and lifestyle interventions are effective
and could be implemented. In addition, the better knowledge
of metabolic, genomic, and epigenetic processes underlying
diet-induced inflammatory processes may allow us to prospectively remodel or even reverse modified adverse immune functionality in future generations. While interventions that target intestinal dysbiosis, innate immune activation, trained immunity,
or epigenetics are all conceivable and probably even achievable
in the future, the largest effect on disease could be reached by
prevention. Adherence to a low-risk lifestyle (no smoking, regular
physical activity, moderate alcohol intake, and consumption of
high-quality food) can be very effective and potentially extend
life expectancy at age 50 (Li et al., 2018a). However, in societies
where the Western lifestyle is established in the culture, adherence to lifestyle changes proves to be exceedingly difficult.
Hence, in order to achieve a reduction of common risk factors
associated to prevalent diseases in Westernized societies, multimodal national strategies need to be developed with the aim to
prevent lifestyle-associated chronic metabolic diseases.
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Tschöp, M.H. (2017). Gut-Brain Cross-Talk in Metabolic Control. Cell 168,
758–774.
Cohen, J.S. (2006). Statin therapy after stroke or transient ischemic attack.
N. Engl. J. Med. 355, 2368, author reply 2370–2371.
Danaei, G., Singh, G.M., Paciorek, C.J., Lin, J.K., Cowan, M.J., Finucane,
M.M., Farzadfar, F., Stevens, G.A., Riley, L.M., Lu, Y., et al. (2013). The global
cardiovascular risk transition: associations of four metabolic risk factors with
national income, urbanization, and Western diet in 1980 and 2008. Circulation
127, 1493-1502, 1502e1491-1498.
Dangardt, F., Osika, W., Chen, Y., Nilsson, U., Gan, L.-M., Gronowitz, E.,
Strandvik, B., and Friberg, P. (2010). Omega-3 fatty acid supplementation improves vascular function and reduces inflammation in obese adolescents.
Atherosclerosis 212, 580–585.
DeFuria, J., Belkina, A.C., Jagannathan-Bogdan, M., Snyder-Cappione, J.,
Carr, J.D., Nersesova, Y.R., Markham, D., Strissel, K.J., Watkins, A.A., Zhu,
M., et al. (2013). B cells promote inflammation in obesity and type 2 diabetes

through regulation of T-cell function and an inflammatory cytokine profile.
Proc. Natl. Acad. Sci. USA 110, 5133–5138.
Dehghan, P., Gargari, B.P., Jafar-Abadi, M.A., and Aliasgharzadeh, A. (2014).
Inulin controls inflammation and metabolic endotoxemia in women with type 2
diabetes mellitus: a randomized-controlled clinical trial. Int. J. Food Sci. Nutr.
65, 117–123.
Ding, Y., Subramanian, S., Montes, V.N., Goodspeed, L., Wang, S., Han, C.,
Teresa, A.S., 3rd, Kim, J., O’Brien, K.D., and Chait, A. (2012). Toll-like receptor
4 deficiency decreases atherosclerosis but does not protect against inflammation in obese low-density lipoprotein receptor-deficient mice. Arterioscler.
Thromb. Vasc. Biol. 32, 1596–1604.
Dominguez, H., Storgaard, H., Rask-Madsen, C., Steffen Hermann, T., Ihlemann, N., Baunbjerg Nielsen, D., Spohr, C., Kober, L., Vaag, A., and Torp-Pedersen, C. (2005). Metabolic and vascular effects of tumor necrosis factor-alpha
blockade with etanercept in obese patients with type 2 diabetes. J. Vasc. Res.
42, 517–525.
Duewell, P., Kono, H., Rayner, K.J., Sirois, C.M., Vladimer, G., Bauernfeind,
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la Torre, de, R., Saez, G., Tormos, M.D.C., Toledo, E., Marti, A., Ruiz-Gutiérrez, V., et al. (2010). In vivo nutrigenomic effects of virgin olive oil polyphenols
within the frame of the Mediterranean diet: a randomized controlled trial.
Faseb J. 24, 2546–2557.

Hirasawa, A., Tsumaya, K., Awaji, T., Katsuma, S., Adachi, T., Yamada, M., Sugimoto, Y., Miyazaki, S., and Tsujimoto, G. (2005). Free fatty acids regulate gut
incretin glucagon-like peptide-1 secretion through GPR120. Nat. Med.
11, 90–94.

Kosaraju, R., Guesdon, W., Crouch, M.J., Teague, H.L., Sullivan, E.M., Karlsson, E.A., Schultz-Cherry, S., Gowdy, K., Bridges, L.C., Reese, L.R., et al.
(2017). B Cell Activity Is Impaired in Human and Mouse Obesity and Is Responsive to an Essential Fatty Acid upon Murine Influenza Infection. J. Immunol.
198, 4738–4752.

Hirschberg, S., Gisevius, B., Duscha, A., and Haghikia, A. (2019). Implications
of Diet and The Gut Microbiome in Neuroinflammatory and Neurodegenerative
Diseases. Int. J. Mol. Sci. 20, E3109.

Kosteli, A., Sugaru, E., Haemmerle, G., Martin, J.F., Lei, J., Zechner, R., and
Ferrante, A.W., Jr. (2010). Weight loss and lipolysis promote a dynamic immune response in murine adipose tissue. J. Clin. Invest. 120, 3466–3479.

Hoeksema, M.A., Gijbels, M.J., Van den Bossche, J., van der Velden, S., Sijm,
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