
Chapter 11
Anti-inflammatory Foods in Ageing
and Longevity

Ceren Gezer

Abstract Inflammageing underlies ageing- and age-related chronic diseases, while
age-related chronic diseases also underpin inflammageing and ageing. The featured
inflammageingmechanisms are the inflammasome;DNAdamage including telomere
shortening; accumulated cellular senescence; immunosenesence; increased synthesis
of proinflammatory miRNAs through activation of pathways such as NF-κB, mTOR,
and sirtuins; dysbiosis of the gut microbiota; and meta-inflammation. It is observed
that fruits, vegetables, olive oil, fish oil, whole grains, legumes, nuts, flavonoid-rich
green tea, carotenoids, omega-3 fatty acids, fibre, and pre- and pro-biotics can inhibit
these mechanisms and promote the prevention of chronic diseases such as diabetes,
cardiovascular diseases, cancer, andneurodegenerative diseases that underpin inflam-
mageing and ageing. However, the studies are mostly in vitro and in vivo animal
model studies. Thus, there is a need for more prospective and clinical studies on anti-
inflammatory foods in ageing and longevity. Moreover, it is important to consider
that explaining the relation between diet, low-grade chronic inflammation, and ageing
not only depends on a single food component in the concept of anti-inflammatory
food, but also dietary pattern. Even though there are scarce human studies on bene-
fits of these potential anti-inflammatory effects in ageing and longevity, adopting
a Mediterranean dietary pattern and recommended consumption amounts can be
suggested.

Keywords Ageing · Food · Inflammation · Longevity · Phytochemical ·
Mediterranean diet

11.1 Introduction

Inflammation is a response of tissue to infection agents such as pathogens and toxins
in the immune system. In acute inflammation, the aim is to provide physiological
homeostasis to destroy pathogens and induce repair mechanisms of tissue. During
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this process of acute inflammation, heat, swelling, redness, and pain are distinguished
(Fougère et al. 2017). Different from this acute response is chronic inflammation,
which is a low-grade, sustained, and systemic response of tissue that causes degener-
ation via inflammatory markers such as inflammatory cytokines (interleukin (IL)-6,
IL-1, and tumour necrosis factor (TNF)-α), chemokines (monocyte chemoattractant
protein-1 (MCP-1)), cell adhesion molecules (VCAM-1, ICAM-1), and acute phase
proteins (C-reactive protein).

Ageing, diet, smoking, etc., have been identified as chronic pro-inflammatory
factors. It has been shown that chronic inflammation underlies ageing- and age-
related diseases such as cancer, diabetes, obesity, and atherosclerosis (Guarner and
Rubio-Ruiz 2015). Thus, ageing is characterized by increased levels of inflammatory
markers, and this age-related inflammation is termed inflammageing (Sanada et al.
2018; Calder et al. 2017).

There aremanymechanisms that have a role in inflammageing. Some of themech-
anisms related to inflammageing are oxidative stress, glycation, immunosenesence,
mitochondrial dysfunction, chronic infections, epigenetic and hormonal changes, and
diet (Fougère et al. 2017; Ekmekcioğlu 2020). The balance between these inflam-
mageing sources and sources of anti-inflammageing factors such as healthy nutrition
is important to restrain age-related diseases. With respect to diet, dietary pattern is
assumed that have positive effects on chronic inflammation in age-related diseases
(Monti et al. 2017).

It has been shown that the food contents of fibre, flavonoids, carotenoids, and
omega-3 fatty acids have anti-inflammatory effects, while simple carbohydrates,
and saturated and trans fatty acids have pro-inflammatory effects (Galland 2010).
Thus, foods rich in anti-inflammatory components (whole grains, fruits, vegetables,
legumes, nuts, and tea) can be called anti-inflammatory foods. The Mediterranean
Diet is a dietary pattern composed of a high amount of the anti-inflammatory foods
and a low amount of foods poor in these pro-inflammatory components. This diet is
related to lower chronic inflammation (Calder et al. 2011). Therefore, explaining the
relation between diet, low-grade chronic inflammation, and ageing not only depends
on single food content in the concept of anti-inflammatory food, but also dietary
pattern. In this chapter, the aim is to underline featured foods with anti-inflammatory
effects in ageing and longevity.

11.2 Anti-inflammatory Dietary Pattern, Ageing,
and Longevity

Inflammation has been assessedwith inflammatory cytokines, chemokines, cell adhe-
sion molecules, and acute phase proteins as biomarkers. As an acute inflammation
response in infection, microbial cell membranes and nucleic acid are recognized by
pathogen-associated molecular patterns (PAMPs) such as toll-like receptors (TLRs)
and retinoic acid-inducible gene-1-like receptors (RLRs). As a chronic inflammation
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response in inflammatory diseases, substances called danger-associated molecular
patterns (DAMPs) are secreted. However, it is indicated that sometimes, it is very
hard to differentiate these responses as either acute or chronic (Kourtgen and Bauer
2018).

Even though there are various biomarkers to assess acute and chronic inflamma-
tion, only a few of them are acceptable in clinical and epidemiological studies that
are related to diseases and diet as a factor relevant to chronic inflammation. In this
context, the mostly assessed pro-inflammatory cytokines are TNF-α, IL-1, and IL-6,
and the anti-inflammatory cytokines are IL-4, IL-10, IL-13, and transforming growth
factor (TGF)-β. Actually, there is not a certain line to define the cytokines as pro- and
anti- inflammatory, and its depends on the local environment of released cytokines,
cytokine receptor density, synergistic and competing factors, and tissue response.
However, most commonly, TNF-α, IL-1, and IL-6 are found as pro-inflammatory.

Besides cytokines, other commonly assessed biomarkers are chemokines, and
MCP-1/CCL2 is the most featured one. It is responsible for modulating migration
and infiltration of monocytes and macrophages. Cell adhesion molecules are respon-
sible for modulating migration of leucocytes, and VCAM-1 is one of the key types.
Both MCP-1 and VCAM-1 have key roles in the basic inflammation process in
endothelial cells. Also, acute-phase proteins are commonly assessed for inflamma-
tion, and lipopolysaccharide-binding protein (LBP), fibrinogen, serum amyloid A,
ceruloplasmin, and CRP are the most used ones. CRP is used to evaluate the level
of infection and the development and risk of chronic inflammatory diseases such
as cancer (Wu and Schauss 2012; Casas et al. 2014). According to meta-analysis
results, healthy dietary patterns are negatively associated with CRP levels in adults
(Neale et al. 2016).

Overall, concerning dietary pattern or food components, the most used key
biomarkers are included in a posteriori methods in research. While these a posteriori
results are important to assess the relation between diet and inflammation, a priori
methods using diet scores are also important (Calder et al. 2011). There are some
indices that are used to evaluate dietary patterns and the risk of chronic diseases,
such as the Healthy Eating Index, Dietary Approaches to Stop Hypertension Index,
Diet Inflammatory Index, andMediterranean Diet Scores (Calle and Andersen 2019;
Marcason 2010). It has been indicated that the Diet Inflammatory Index is more
advantageous than other indices to determine risk of inflammatory diseases related
to diet (Wirth et al. 2016). On the other hand, Mediterranean Diet Scores have also
been indicated as good indices to observe relations with inflammatory biomarkers to
evaluate inflammatory disease risk (Casas et al. 2014).

In general, the studies on inflammatory biomarkers and dietary patterns are obser-
vational, and the common points of these different indices are that they are mostly
based on fruits and vegetables (Barbaresko et al. 2013). The results mostly depend
on observational short-term studies, and dietary patterns are more effective to eval-
uate diet-related inflammatory biomarkers and predict disease risk from a broader
perspective (Corley et al. 2015). There are many cofactors that effect inflammatory
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biomarkers, and it is hard to identify mechanisms of dietary patterns and inflamma-
tion. Studies on inflammation and dietary patterns point out foods and food compo-
nents that are potentially anti-inflammatory (Calle and Andersen 2019). Therefore,
to understand the anti-inflammatory mechanisms of diet, intervention studies based
on specific food are important. Thus, in a holistic view dietary pattern, food and food
components are combined with each other, and all of them are related to ageing and
lifespan. This chapter focuses on food components and inflammatory pathways to
explain effects on ageing and lifespan.

11.3 Anti-inflammatory Foods, Ageing, and Longevity

Since older people have increased levels of cytokines and chemokines, it can be said
that systemic low-grade chronic inflammation mostly rises with age. This inflam-
mation type involves most of the tissues (such as adipose and muscle tissues),
organs (such as the brain and liver), systems (such as the immune system), and
ecosystems (such as the gut microbiota). The circadian rhythm, chronic stress, xeno-
biotics, diet, dysbiosis, obesity, chronic infections, and physical inactivity trigger
systemic low-grade chronic inflammation. Eventually, chronic low-grade inflamma-
tion causes tissue damage and hence metabolic syndrome, type 2 diabetes, cardio-
vascular diseases, cancer, neurogenerative diseases, sarcopenia, osteoporosis, and
immunosenesence (Monti et al. 2017; Furman et al. 2019). Thus, inflammageing
underlies ageing- and age-related chronic diseases,while age-related chronic diseases
underpin inflammageing and ageing (Franceschi et al. 2018).

There are several molecular mechanisms related to inflammageing: (i) oxida-
tive stress, dysfunction of mitochondria, and endoplasmic reticulum stress cause
increased production of DAMPs that activate inflammasome and NF-κB. (ii)
DNA damage, including telomere shortening, occurs through oxidative stress and
other factors and triggers secretion of pro-inflammatory compounds. (iii) Cellular
senescence increases with age, accumulated senescence cells acquire senescence-
associated secretory phenotype (SASP), and senescent cells drag along neighbour
cells to senescence through SASP. (iv) In immunosenesence, age-related changes
occur in innate and adaptive immune cells, which is also accepted as a characteristic
of inflammageing as chronic activation of the innate immune system. (v) Age-related
increase production of galactosylated immunoglobulin (Ig-G-GO) occurs, and (vi)
there is increased synthesis of proinflammatory miRNAs through activation of path-
ways such as NF-κB, mTOR, sirtuins, and TGF-β pathways. (vii) There is also
dysbiosis of the gut microbiota, and viii) meta-inflammation mediated by excess
nutrients (particularly glucose and fatty acids) and energy trigger stress in pancreas,
liver, muscle, and adipose tissue, resulting with secretion of cytokines, chemokines,
and adipokines (Cevenini et al. 2013; Monti et al. 2017; Calder et al. 2017). Overall,
the immune system, adipose tissue, liver, muscle, and gut microbiota contribute
to inflammageing and meta-inflammation (circulating molecular mediator) and thus



11 Anti-inflammatory Foods in Ageing and Longevity 203

multi-system inflammation (cardiovascular diseases, obesity, type 2 diabetes, cancer,
neurodegenerative diseases, etc.) (Cevenini et al. 2013; Monti et al. 2017).

A healthy dietary pattern such as the Mediterranean diet can prevent and mitigate
inflammatory diseases by anti-inflammatory effects. This diet is characterized by
high consumption of fruits, vegetables, whole grains, legumes, nuts, olive oil, and
fish oil, so the intake of bioactive components such as phytochemicals, vitamins, and
fatty acids is high (Estruch 2010). These components play a potential a key role in
suppression of molecular mechanisms of inflammageing.

11.3.1 Fruits and Vegetables

Fruits and vegetables are indispensable parts of a healthy dietary pattern since not
only are they rich in micronutrients, but they are also rich in various phytochemi-
cals, such as phenolics and carotenoids. Each fruit and vegetable differs in phenolic
composition, so consuming various types of fruits and vegetables is important while
aiming to reach suggested healthy consumption amounts. Flavonoids are the most
common phenolic compounds found in fruits and vegetables that and are relevant to
inflammation (Zhang et al. 2015; Oz and Kafkas 2017).

Nuclear factor (NF)-κβ and activator protein-1 (AP-1) are commonly used molec-
ular targets to assess inflammation and in phytochemical treatment studies. NF-κβ

has a pivotal role in inflammatory response. The phosphorylation status of these
factors is regulated by mitogen-activated protein kinase (MAPK) cascades. MAPK
involves subgroups such as p38, extracellular signal-regulated kinase (ERK), and
C-jun N-terminal kinase (JNK) signalling pathways and activates NF-κβ and AP-1
as an inflammatory response. In addition, lipopolysaccharide (LPS) is a PAMP that
binds to TLR4 and hence activates NF-κβ and AP-1 mediated by MAPKs. Also, it
is known that TNF-α, IL-6, and CRP activate NF-κβ. NF-κβ is also responsible for
the expression of enzymes such as cyclooxygenase (COX)-2 and the inducible nitric
oxide synthase (iNOS), as well as chemokines and adhesion molecules (Chung et al.
2021).

Resveratrol is the most common stilbene compound abundantly found in grapes,
berries, peanuts, and wine. Resveratrol exhibits anti-inflammatory effects via
suppression of NF-κB, JAK-STAT, and AP-1 signalling pathways, which cause the
production of inflammatory mediators such as IL-1β, TNF-α, IL-6, IL-8, and NO
in vitro and in vivo. Also, resveratrol suppresses COX and lipoxygenase (LOX)
enzyme activities in the synthesis of leucotriens, eicosonoids such as thromboxanes,
and prostanoids such as prostaglandins (Csiszar 2011;Ma et al. 2015; de SáCoutinho
et al. 2018; Banez et al. 2020). In addition, in association with these mechanisms,
resveratrol exerts neuro- and cardioprotection effects, prevents cancer, and amelio-
rates the ageing process. These effects of resveratrol are supported in clinical trials,
but there is a need for more studies (Banez et al. 2020).
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Flavones, flavonols, and flavanones are the three flavonoid subgroups. Apigenin
and luteolin are the most common flavones. Apigenin occurs in apple, orange, grape-
fruit, chamomile, celery, parsley, and onion. Apigenin inhibits activation of NF-κB,
which is a transcription factor that has a crucial role in iNOS and COX-2 expres-
sion and mitigates IL-1β, TNF-α, IL-6, and inflammatory cell infiltration in vitro
and in vivo (Ai et al. 2017; Dang et al. 2018; Xie et al. 2019). It is suggested that
a diet rich in apigenin attenuates LPS-induced inflammation via regulation of gene
expression in vivo by inhibiting IL-1β production via caspase-1 activation, inhibiting
IL-1β and IL-6 production via inhibition of ERK1/2, and inhibiting TNF-α-induced
activation of NF-kB (Wang et al. 2014; Zhang et al. 2014; Arango et al. 2015).

Apigenin also reduces LPS-induced inflammation in vitro by suppressing NO
and prostaglandin production by inhibiting iNOS and COX-2, respectively, as well
as caspase-3 activity, which is a central modulator of apoptosis. Thus, apigenin
can reduce the risk of chronic diseases such as diabetes, cardiovascular diseases,
cancer, and Alzheimer’s disease (Duarte et al. 2013; Choi et al. 2014). In addition,
both apigenin and luteolin inhibit TNFα-induced expression of CCL2/MCP-1 and
CXCL1/KC (Funakoshi-Tago et al. 2011). Luteolin occurs in many vegetables, such
as artichoke, broccoli, pepper, thyme, turnip, cucumber, and celery. Luteolin inhibits
IL-1β and TNF-α expression by regulating transcription factors such as STAT3, NF-
κB, and AP-1 in vitro and in vivo. Therefore, it has been suggested that luteolin may
reduce risk of inflammatory diseases such as neurodegenerative diseases and cancer
(Nabavi et al. 2015; Hayasaka et al. 2018; Aziz et al. 2018).

Quercetin is the most common flavonol and is found in apples, onions, berries,
and capers. It decreases CRP, SAA, fibrinogen, TNF-α, IL-1β, IL-6, and NO in vitro
and in vivo. Quercetin inhibits TNF-α by inactivation of ERK, c-Jun, and NF-κB, as
well as the activation of peroxisome proliferator-activated receptor gamma (PPARγ)
(Kleemann et al. 2011; Li et al. 2016).Also, quercetin inhibitsCOX-2 activity (Lesjak
et al. 2018). Thus, similar to apigenin and luteolin, quercetin may also reduce the
risk of chronic inflammatory diseases.

Hesperidin and naringenin are the most common flavonones and are abundantly
found in citrus fruits (Yi et al. 2017). It is indicated that hesperidin inhibits NF-
κB and thus iNOS and COX-2 activities in vitro and in vivo (Parhiz et al. 2015;
Tejada et al. 2018). In addition, hesperidin suppresses the production of IL-2, IL-4,
IL-10, NF-κB/p65, COX-2, IL-1β, TNF-α, MMP-3, and MMP-9, while it stimulates
production of IL-10 in chondrocytes and chondroitinmesenchymal stem cells in vitro
(Xiao et al. 2018a, b; Tsai et al. 2019). Another flavanone, naringenin, either activates
SIRT1 enzyme and prevents senescence in vitro or reduces TNF-α and IL-6 in vivo
in myocardial cells and tissues (Testai et al. 2020). Therefore, flavonones can prevent
cardiovascular diseases, diabetes, and cancer (Yi et al. 2017).

Anthocyanins are another subgroup of flavonoids and are mostly found in berries,
where they result in unique colours. The abundant types of anthocyanins are
cyanidin, pelargonidin, peonidin, delphinidin, petunidin, and malvidin. Similar to
other flavonoids, anthocyanins also exhibit anti-inflammatory effects by reducing
iNOSandCOX-2 activity, aswell asmodulateNF-κβ andMAPKsignalling cascades,
thus reducing TNF-α, IL-1β, IL-6, andNO production in vitro and in vivo (Vendrame
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and Klimis-Zacas 2015). Despite this, there is a need for more evidence on those
mechanisms of action of anthocyanins to support their use in epidemiological and
clinical trials (Joseph et al. 2014). Furthermore, it has been indicated that antho-
cyanins can also modulate the gut microbiota, and all of the other mechanisms of
action provide protection from chronic inflammatory diseases (Morais et al. 2016;
Ma et al. 2018). Overall, flavonoids have anti-inflammatory effects and play a role
in preventing chronic diseases, such as cardiovascular diseases and cancer (Griffithd
et al. 2016).

Lycopene, β-carotene, and lutein are carotenoids that are more commonly present
in foods.Lycopenemainly occurs in tomatoes and tomatoproducts. Lycopene inhibits
LPS-induced NO, IL-6, TNF-α, and secretory phospholipase A2 production by
suppressing ERK, p38MAPK, NF-κB, and high-mobility group box 1 (HMGB1)
activation in vitro and in vivo (Feng et al. 2010; Lee et al. 2012; Marcotorchino
et al. 2012; He et al. 2015). Lycopene also inhibits LPS-induced COX-2 and iNOS
activities in human keratinocyte cells (Kim et al. 2014). Lycopene also suppresses
high-fat-diet-induced inflammation via reduction of NF-κB/p65 (Fenni et al. 2017).
Lycopene reduces SAA levels in overweight individuals (McEneny et al. 2013),
and lycopene and lutein together attenuate VCAM-1, ICAM-1, and TNF-α-induced
leukocyte adhesion and the NF-κB signalling pathway in human endothelial cells
(Armoza et al. 2013).

Lutein is mainly found in corn and tangerines and attenuates IL-6 production and
COX-2 activity. It also suppresses AP-1 activation by the inhibition of JNK/p38 in
human keratinocyte cells (Arscott 2013; Oh et al. 2013). Lutein also suppresses NF-
κB activation by inhibition of JNK/p38 and Akt in LPS-activated BV-2 microglia
cells (Wu et al. 2015). In addition, lutein inhibits NF-κB and COX-2 activation and
reduces IL-1β production in retinal ischemic/hypoxic injury in vitro and in vivo (Li
et al. 2012). Lutein suppresses activation of NF-κB, inhibits COX-2 activity, and
decreases IL-6, TNF-α, and IL-1β in primary chondrocyte cells (Qiao et al. 2018).
Thus, lutein can reduce the risk of inflammatory diseases such as osteoarthritis,
age-related macular degeneration, cardiovascular diseases, and neurodegenerative
diseases (Kijlstra et al. 2012). β-carotene present in carrots (Arscott 2013).

LPS-inducedNF-κB, JAK2/STAT3, and JNK/p38MAPK activation is suppressed
by β-carotene in macrophages (Li et al. 2018). β-carotene inhibits virus-induced NO,
IL-1b, IL-6, and MCP-1 production and NF-κB, JNK/p38, and ERK activation in
macrophages (Lin et al. 2012). Both β-carotene and lycopene reduce the inflam-
matory response in vitro (Di Tomo et al. 2012; Kawata et al. 2018). To sum up,
even though there are contrary results about the mechanisms of action related to
anti-inflammatory effects of carotenoids, they can lower the risk of cardiovascular
diseases, type 2 diabetes, dementia, and cancer (Ciccone et al. 2013; Kaulmann and
Bohn 2014; Honarvar et al. 2017).

In a comprehensive manner, phytochemicals in fruits and vegetables ameliorate
the inflammatory response in the short and long term (Joseph et al. 2016). These
effects on inflammageing mainly occur by mitigating NF-κB. Also, phytochemicals
attenuate cellular senescence and immunosenesence in immune cells (Sharma and
Padwad 2020). Studies have been mostly in vitro and in vivo animal studies, and
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there is a need for epidemiological and clinical studies to support these effects in
humans and improving dietary recommendations.

11.3.2 Olive Oil

Olive oil is one of the crucial components of the Mediterranean diet responsible
for positive health effects (Virruso et al. 2014). Olive oil is obtained solely from
the olive tree fruit (Olea europaea L.). A number of processes are used, and virgin
olive oil is obtained exclusively by specific mechanical processes that do not alter
the oil. The virgin olive oils are classified as extra virgin olive oil (EVOO), virgin,
and lampante according to the degree of acidity. All of these virgin oils mainly
contain monounsaturated fatty acids, particularly oleic acid, as well as tocopherols,
tocotrienols, b-carotene, phytosterols, flavonoids, and phenolic compounds, such
as oleuropein, hydroxytyrosol, and oleocanthal (Ghanbari et al. 2012; Souza et al.
2017).

It has been suggested that phenolic compounds found in olive oil, such as
hydroxytyrosol, tyrosol, and oleocanthal, canmitigate NF-kB and relevant signalling
cascades, suppress eicosonoid synthesis, and enzyme activities in vitro and in vivo
(Souza et al. 2017). A systematic review andmeta-analysis of randomized controlled
trials on regular dietary intake of olive oil indicated that olive oil is associated with
decreased levels of CRP, IL-6, and TNF-α (Fernandes et al. 2020). Oleic acid is
abundantly found in olive oil, but it has higher concentrations in seed oils such as
sunflower, rapeseed, and soybean oil. However, olive oil contains specific pheno-
lics that are not present in seed oils. The specific phenolic compounds have anti-
inflammatory effects in vitro and in vivo, hence reducing the risk of chronic disease
development (Cicarelle et al. 2012).

It has been indicated that EVOO and its phenolic compounds inhibit NF-kB
and STATs and modulate JAK/STATs, ERK/MAPKs, JNK, and AKT pathways in
immune-mediated inflammatory diseases such as rheumatoid arthritis, inflammatory
bowel disease, multiple sclerosis, and psoriasis (Santangelo et al. 2017). In addi-
tion, EVOO reduces NO and PGE2 by suppression of iNOS and COX-2 expression.
It also inhibits MAPK and NF-kB and thus TNFα and IL-6 production in LPS or
IFNγ-stimulated murine macrophages (Cárdeno et al. 2014a, b). Moreover, the olive
oil polyphenol hydroxytyrosol reduces PGE2 due to inhibition of COX-2 activity in
human monocytes (Rosignoli et al. 2013). Hydroxytyrosol also inhibits NF-kB and
thus TNF-α (Killeen et al. 2014).

Another olive oil polyphenol oleocanthal inhibits COX-1, COX-2, and iNOS
activities, as well as tau-tau interaction in neuron cells (Lucas et al. 2011; Cicerale
et al. 2012). Thus, according to these in vitro an in vivo study results, virgin olive
oils can prevent cardiovascular disease, cancer, diabetes, degenerative joint diseases,
and neurodegenerative diseases, which is basically related to their hydroxytyrosol
and oleocanthal content. However, clinical trials are scarce (Parkinson and Cicerale
2016).
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11.3.3 Fish Oil

α-linolenic acid is a short-chain plant form of omega-3 fatty acid, and eicosapen-
taenoic acid (EPA) and docosahexaenoic (DHA) are long-chain fatty acids (FAs)
that are the marine forms of omega-3 fatty acids. These fatty acids occur in sea
foods in lean and oily fish. Some sea foods, oily fish, and livers of some lean fish
include much more marine omega-3 fatty acids (Calder 2010). Omega-3 fatty acids
inhibit pro-inflammatory leucocyte chemotaxis, adhesion molecule expression, and
leucocyte-endothelial adhesive interactions. In particular, EPAupregulates 3 series of
prostoglandins and leukotriens that are low-proinflammatory compounds compared
to 2 series of prostoglandins and 4 series of leucotriens upregulated by AA (Calder
2012).

Obesity is seen as an inflammatory disease due to TNF-α and IL-6 increasing and
adiponectin decreasing in adipocytes. In addition, CRP increases from hepatocytes
mediated by IL-6 (Ellulu et al. 2015). Omaga-3 PUFAs suppress NF-kB and thus
CRP and IL-6 production. Also, omega-3 FAs up-regulate PPARγ, which induces fat
cell differentiation and maturation. Therefore, omega-3 FAs promote adipogenesis
and a healthy expansion of adipose tissue, while omega-6 FAs have reverse effects
on expansion of adipose tissue.

The free fatty acid receptor (FFAR) family has a role in both energy homeostasis
and the inflammatory response in different cell types. Macrophage infiltration into
adipose tissue is decreased via omega-3 PUFAs, which activate FFAR4/G protein-
coupled receptor 120 (Jayarathne et al. 2017; Albracht-Schulte et al. 2018). In addi-
tion, resolving D series and resolving E series are synthesized from DHA and EPA,
respectively, which have anti-inflammatory effects due to inhibiting inflammatory
cytokine synthesis and clearance of inflammatory cells related to cardiovascular
health (Oppedisano et al. 2020).

Many of these effects are related to changes in fatty acid composition of cell
membranes. The changes can modify membrane fluidity and cell signalling, evoke
gene expression changes, and change the pattern of lipid mediator production. For
instance, richness in n − 6 fatty acid AA composition of cell membranes leads to
an inflammatory response (Calder 2012). Thus, the omega-6/omega-3 balance is
important for inflammatory processes and thus health maintenance.

It has been indicated that if the omega-6/omega-3 ratio is 3–5:1, mortality is
decreased (Candela et al. 2011). In addition, it has been observed that omega-3 FAs
attenuates cellular senescence of immune cells via telomere shortening and inhibition
of SASP. Also, it ameliorates harmful effects of the cellular and humoral immune
response during immunosenesence (Sharma and Padwad 2020).

Overall, in clinical studies, dietary omega-3 fatty acids have been related to lower
inflammatory biomarkers such as CRP, TNF-α, IL-6, and IL-1, as well as endothelial
activation in cardiovascular disease, diabetes, chronic renal disease, Alzheimer’s
disease, sepsis, acute pancreatitis, and cancer (Rangel-Huerta et al. 2012; Mocellin
et al. 2016; Layè et al. 2017; Natto et al. 2019). In addition, marine n − 3 fatty acids
were tested in animal models of rheumatoid arthritis (RA), inflammatory bowel
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disease (IBD) and asthma. They showed positive effects in clinical trials on RA, but
not in IBD and asthma (Calder 2015; Akbar et al. 2017).

11.3.4 Whole Grains

The most consumed whole grain foods are whole wheat, whole oats, whole barley,
whole rye and their flours, bulgur, brown rice, amaranth, sorghum, and their prod-
ucts such as bread, granola, etc. It is reported that whole grains lower CRP levels
in epidemiological studies (Lefevre and Jonnalagadda 2012). Moreover, two meta-
analyses of randomized control trials reported that whole grain consumption is nega-
tively related to high-sensitivity-CRP (hs-CRP), CRP, TNF-α, IL-6, and IL-1β levels
(Xu et al. 2018; Hajihashemi and Haghighatdoost 2018).

In this context, two main components of whole grains are featured: dietary fibre
and phytochemicals since there is robust scientific evidence about them. However,
they have primary effects on consumer acceptability related to qualities such as
colour, texture of the whole-grain product, and their synergistic effects (Awika
et al. 2018). Furthermore, the anti-inflammatory mechanisms of action depend on
β-glukan (a dietary fibre), as well as alkylresorcinols and avenanthramides (phyto-
chemicals). These show anti-inflammatory effects by modulating the gut microbiota.
Whileβ-glukan is fermented into short-chain fatty acids, alkylresorcinols and avenan-
thramides are fermented into phenolic acids such as cinnamic acid, cafeic acid, and
ferulic acid by the gut microbiota. These microbial-derived metabolites inhibit LPS,
IFN-γ, and reactive oxygen species-induced NF-κB expression and hence attenuate
TNF-α, IL-1β, IL-6, and CRP (Sang et al. 2020). Thus, bioactive components of
whole grains have anti-inflammatory activities that could reduce the risk of chronic
diseases such as diabetes, cardiovascular disease, cancer, and dementia (Lee et al.
2015).

11.3.5 Legumes

Soybeans, kidney beans, lentils, and cowpeas are common legumes, which are
rich in fibre and protein (Rebello et al. 2014). Legumes contain various bioac-
tive compounds, such as phenolics, peptides, and saponins, which exhibit anti-
inflammatory effects (Serventi and Dsouza 2020). Legume seed hulls are rich in
phenolics, and it is indicated that lentil hulls inhibit 15-LOX, COX-1, and COX-
2 activities (Boudjo et al. 2013). Legume proteins, particularly soybean and bean
proteins, are digested into bioactive peptides that can modify NO, PGE2 (and thus
iNOS), and COX- 2 activities, as well as cytokines and chemokines in vitro and
in vivo (Reyes-Díaz et al. 2019). It is also observed that legume saponins, particu-
larly soy saponins, attenuate NO, TNF-α, PGE2, and MCP-1, suppress iNOS and
COX-2 activities, and mitigate NF-κB activation (Zhu et al. 2018).
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A meta-analysis of randomized clinical trials demonstrated that decreased CRP
and hs-CRP levels are associated with non-soy legume consumption, although more
clinical studies are needed to clarified the effects of non-soy legume consumption on
inflammatory markers (Salehi-Abargouei et al. 2015). To conclude, legumes contain
various bioactive compounds that display anti-inflammatory effects, thus suggesting
they could prevent inflammatory diseases. However, there is a need for more studies
on the anti-inflammatory impact of legumes (not only clinical but also animal and
molecular study models).

11.3.6 Nuts

The common tree nuts are almonds, Brazil nuts, cashews, hazelnuts, pecans, pista-
chios, andwalnuts. Almonds, hazelnuts, pine nuts, pistachios, andwalnuts aremostly
involved in the Mediterranean diet. They are rich in unsaturated fatty acids, protein,
fibre, tocopherols, phytosterols, and polyphenols (Ros 2015). The phytochemical
content of tree nuts can vary considerably by nut type, and they have been associated
with anti-inflammatory impact (Bolling et al. 2011). It has been demonstrated that
increased nut consumption is related to decreased inflammatory disease mortality
(Gopinath et al. 2011). In addition, an epidemiologic study, the National Health
and Nutrition Examination Survey (NHANES), found that increased nut and seed
consumption is related to increased telomere length, thus decreasing aging and cell
senescence (Tucker 2017).

On the other hand, a meta-analysis of randomized controlled trials suggests that
nut consumption significantly decreases leptin while having no significant effect on
CRP, IL6, adiponectin, IL10, and TNF-a (Mazidi et al. 2016). Similarly, another
meta-analysis of randomized controlled trials also suggests that nut consumption
significantly reduced ICAM-1 levels but had no effect on other inflammatorymarkers
such as CRP, IL-6 TNF-α, E-selectin, and VCAM-1 (Xiao et al. 2018a, b). Another
meta-analysis of randomized controlled trials suggests favourable effects of nut
consumption on flow-mediated dilation as a measure of endothelial function (Neale
et al. 2017). The results of these three meta-analyses about non-significant changes
in inflammatory biomarkers consider that there is a need for more randomized
controlled trials on the relationship of nut consumption and inflammation.

11.3.7 Green Tea

Green tea has anti-inflammatory effects from the main bioactive component, cate-
chins, which are in the flavonoid subgroup of flavan-3-ols. The four main catechins
in green tea are (-)-epicatechin (EC), (-)-epigallocatechin (EGC), (-)-epicatechin-
3-gallate (ECG), and (-)-epigallocatechin-3-gallate (EGCG). The most abundant
catechin is EGCG (59%), followed by EGC (≈19%), ECG (≈14%), and EC (≈6%).
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Green tea catechins exert anti-inflammatory effects by increased IL-10 and
decreased IL-1β, TNF-α, IL-6, IL-8, interferon gamma (INF-γ), CRP, matrix metal-
loproteinases (MMPs), ICAM-1, VCAM-1, and E-selection in vitro and in vivo
(Reyaert 2017). In addition, green tea catechins also inhibit COX-2 expression.
EGCG is the most effective green tea catechin and suppresses NF-κB/p38 expression
aswell (Riegsecker et al. 2013; Ohishi et al. 2016; Fechtner et al. 2017). High glucose
increases VCAM-1 expression and thus induces inflammation, but EGCG mitigates
PKC and NF-κB signalling in human umbilical-vein endothelial cells (Yang et al.
2013). EGCG also attenuates PCB-126-induced endothelial cell inflammation via
suppression of NF-κB/p65, IL-6, CRP, ICAM-1, VCAM-1, and IL-1α/β production
(Liu et al. 2016).

Similarly, EGCG suppresses infrasound-induced increases in NF-κB/p65 and
inhibits IL-1β, IL-6, IL-18, and TNF-α in microglia (Cai et al. 2014). Moreover,
EGCG attenuates TNF-a, MCP-1, ICAM-1, NO, VEGF, and MMP-2 production
and NF-kB and MAPK signalling pathways in LPS-stimulated in L02 hepatocytes
(Liu et al. 2014). Furthermore, it affects the accumulation of senescent cells related
to ageing and age-related diseases. Activation of SIRT3 delays senescence and
SASP-induced inflammation. EGCG possesses anti-inflammatory effects by acti-
vating SIRT3 and reducing IL-6 in 3T3-L1 preadipocytes (Lilja et al. 2020). It has
been reported that EGCG’s anti-inflammatory effects mostly depend on in vitro and
in vivo animal studies (Lu and Yen 2015). However, green tea can demonstrate the
prevention of RA, osteoarthritis, cardiovascular diseases, cancer, neurodegenerative
disease, and metabolic syndrome in association with the main component, EGCG
(Afzal et al. 2015).

11.3.8 Prebiotics and Probiotics

Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria are the most abundant
phyla of gut microbiota in humans. Gram-positive probiotic bacteria, lactic acid
bacteria, and Bifidobacteria are in Firmicutes and Actinobacteria, respectively. In
contrast, the phyla Bacteroidetes and Proteobacteria include Gram-negative bacteria
that have LPS induce pro-inflammatory macrophage activity and hence cause infec-
tion or diseases under certain conditions (Wang et al. 2020). Dysbiosis is generally
related to impairment of the gut barrier function, so LPS moves through leaky tight
junctions into circulation. Also, LPS activates NF-κβ and AP-1 due to binding to
TLR4. As a result of dysbiosis, types of secondary bile acids that are converted from
primary bile acids in gut are also changed. Therefore, the pro-inflammatory farnesoid
X receptor (FXR) signalling pathway is activated in enterocytes and adipocytes.

In addition, it has been suggested that IL-6, TNF-α, andCRP levels are linkedwith
specific gut microbial species (Bander et al. 2020). A meta-analysis of randomized
clinical trials demonstrated that CRP and NO levels are lowered by probiotic supple-
mentation (Tabrizi et al. 2019). Another meta-analysis of randomized clinical trials
indicated that hs-CRP, TNF-a, IL-6, IL-12, and IL-4 levels decrease as a result of
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probiotic supplementation (Milajerdi et al. 2020). Moreover, it has been reported that
probiotics ameliorate the immune response during immunosenesence and mitigate
cellular senescence in immune cells (Sharma and Padwad 2020).

Acetate, propionate, and butyrate are short-chain fatty acids that are known as
products of the gut microbiota. Dietary fibre and resistant starches are prebiotics
fermented by gut microbiota. Primarily, butyrate is the most effective SCFA asso-
ciated with the inflammatory process. There are several anti-inflammatory mech-
anisms of action of butyrate. Firstly, butyrate minimizes transfer of LPS from the
gut to circulation. Secondly, it binds to G-protein-coupled receptor 43 (GPR43), an
SCFA receptor that regulates inflammatory signals and is expressed in macrophages.
Thirdly, butyrate inhibits NF-kB, IFN-γ, and PPAR-γ (Lescheid 2014; Wang et al.
2020).

It is suggested that butyrate is mainly a product of Ruminococcaceae, Eubac-
terium, Clostridia, and Firmicutes (Ohira et al. 2017). It has been observed that
altered gut microbiota (in other words, dysbiosis) is related to systemic inflamma-
tion and thus diabetes, obesity, cardiovascular diseases, cancer, and inflammatory
bowel diseases (Boulangé et al. 2016; Lescheid, 2014; Wang et al. 2020). Prebiotics
and probiotics ameliorate or prevent these diseases via the mechanisms of action
mentioned. However, standardization of themethodology and biomarkers are needed
to clarify the link between prebiotics, probiotics, the gut microbiota, inflammation,
and morbidity.

11.4 Conclusion

In conclusion, fruits, vegetables, olive oil, fish oil, whole grains, legumes, nuts,
flavonoid-rich green tea, carotenoids, omega-3 fatty acids, and fibre demonstrate
anti-inflammatory effects. Basically, they inhibit TNF-α, IL-1, and IL-6 production
by suppressing NF-κB, and they inhibit iNOS and COX activity. Also, they exhibit
anti-inflammatory effects via modification of the gut microbiota, reduced acceler-
ated senescence of cells, and reduced immunosenesence. According to these mech-
anisms, these foods promote the prevention of chronic diseases such as diabetes,
cardiovascular diseases, cancer, and neurodegenerative diseases, which underpin
inflammageing and ageing.However, the studies havemostly been in vitro and animal
model studies. Thus, there is a need for more prospective and clinical studies on anti-
inflammatory food components and food. Moreover, it is important to consider the
dietary pattern to evaluate anti-inflammatory effects of foods from a wider perspec-
tive. Even though there are scarce human studies on benefits of these potential
anti-inflammatory effects in ageing and longevity, adopting a Mediterranean dietary
pattern and recommended consumption amounts can be suggested.
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