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Abstract Age-related chronic inflammation is characterized as the unresolved
low-grade inflammatory process underlying the ageing process and various
age-related diseases. In this chapter, we review the age-related changes in the
oxidative stress-sensitive pro-inflammatory NF-xB signaling pathways causally
linked with chronic inflammation during ageing based on senoinflammation schema.
We describe various age-related dysregulated pro- and anti-inflammatory cytokines,
chemokines, and senescence-associated secretory phenotype (SASP), and alterations
of inflammasome, specialized pro-resolving lipid mediators (SPM), and autophagy
as major players in the chronic inflammatory intracellular signaling network. A
better understanding of the molecular, cellular, and systemic mechanisms involved
in chronic inflammation in the ageing process would provide further insights into the
potential anti-inflammatory strategies.
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Introduction

The chronic inflammatory response is an essential immune defense function that has
evolved to promote survival under specific stressors. Acutely activated inflammation
is the first line of defense against harmful agents such as pathogens, toxins, and
allergens. Normal conditions enable the elimination of pathogens, infected cells, and
damaged tissue for full recovery through the tightly coordinated actions of various
defense components, including immune cell function and tissue remodeling pro-
cesses (Freire and Van Dyke 2013).

When the acute inflammatory response does not subside, the immune system
responds in a more complex, long-term manner. The chronic inflammatory response
is usually low in intensity and involves many proinflammatory cellular components,
including leukocytes enriched with macrophages and lymphocytes (Chen and Xu
2015). The ageing process and numerous age-related chronic diseases are charac-
terized by chronic inflammation due to changes in the cellular redox state and cell
death signaling pathways (Chung et al. 2000).

One of the well-known characteristics of age-related dysregulation of immune
response is low-grade systemic inflammatory activity. Cytokines and chemokines
are among the many dysregulated proinflammatory mediators that contribute to
prolonged chronic inflammation and immunosenescence. According to previous
studies, the expression of cytokines, such as interleukin-6 and tumor necrosis factor
(TNF)-a, increases substantially in aged tissues (Chung et al. 2006; Franceschi et al.
2000). Several studies have linked high levels of chemokines, C-reactive protein
(CRP), and prostanoid synthesis to age-related diseases and ageing development
(Wyczalkowska-Tomasik et al. 2016). We have previously reported that several
important intra- or intercellular signaling pathways are closely associated with
chronic inflammation and age-related inflammatory changes in cellular status during
ageing (Park et al. 2013; Kim et al. 2016).

In the literature on ageing, two major hypotheses exist regarding chronic inflam-
mation associated with ageing: inflammageing (Franceschi et al. 2000) and
senoinflammation (Chung et al. 2019). These two hypotheses are complementary,
as the widely observed inflammatory phenomenon with ageing is the major point of
the inflammageing hypothesis, whereas senoinflammation focuses on a broad spec-
trum of proinflammatory molecular, cellular, and systemic components that underlie
the chronic inflammatory process. Importantly, recent research on chronic inflam-
mation has produced more supportive experimental data for senoinflammatory
hypothesis, necessitating an in-depth discussion of molecular, cellular, and systemic
aspects of chronic inflammation, as described in this chapter.
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Key Factors Influencing Chronic Inflammation in Ageing

Pro- and Anti-inflammatory Cytokines and SASP

Inflammation is an essential aspect of the body’s immune response and defense. An
acute state of inflammation over a short period promotes immunity and protects the
host in various ways (Chung et al. 2019). Because of its potentially adverse effects,
inflammation is generally transient and tightly regulated. The development of
chronic diseases, such as cancer, dementia, and atherosclerosis, is an inevitable
consequence when inflammation is prolonged and unresolved, that is when it
becomes chronically dysregulated immune system (Chung et al. 2019). Therefore,
the disruption of the homeostatic inflammatory response is a significant risk factor
for ageing process. The influence of the major mediators of chronic inflammation
and immunosenescence, cytokines, and chemokines persists throughout this sce-
nario. Chronic inflammation has a much more complex and intricate connection to
ageing. M1-like macrophages have been found to release proinflammatory mole-
cules such as TNFa, IL-1p, and IL-12 as a result of prolonged overeating and
obesity, which have been linked to numerous metabolic disorders (Li et al. 2018).
Additionally, PPARa and SREBP-1c have been implicated in lipid accumulation
associated with proinflammatory IL-1p activation by inflammasomes (Chung et al.
2015). Moreover, chronic adipokine-mediated systemic inflammation is widely
recognized to be exacerbated by chronic inflammation in adipose tissues (Bluher
2016).

Senescence-associated secretory phenotype (SASP) has recently proved to be a
major proinflammatory contributor to numerous pathophysiological conditions
(Wiley and Campisi 2021). Senescent cells secrete extracellular modulators such
as cytokines, chemokines, proteases, growth factors, and bioactive lipids (Lopes-
Paciencia et al. 2019). As a result, macrophages are activated to eliminate senescent
cells that produce a senescence-associated (SA) secretome containing inflammatory
senescence-associated protein. However, aged macrophages may not properly elim-
inate senescent cells, leading to a chronic inflammatory state (Oishi and Manabe
2016).

The secretion of inflammatory mediators such as cytokines and chemokines is
dependent on the activation of redox-sensitive nuclear factor (NF-kB) (Chung et al.
2019). NF-xB is now regarded as one of the most important proinflammatory
transcription factors. NF-xB signaling during ageing has been shown to involve
cytokines (IL-1f, IL-2, and IL-6), chemokines (IL-8, RANTES, and T cells), and
adhesion molecules, all of which contribute to chronic diseases and symptoms
associated with ageing (Chung et al. 2006). Substantial evidence suggests that
NF-xB plays an important role in cancer progression and initiation (Xia et al.
2014). Many other proinflammatory mediators are also induced by NF-xB stimula-
tion, leading to major age-related chronic diseases (Wang et al. 2022; Esparza-Lopez
et al. 2019).
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NF-xB also interacts with various factors such as signal transduction factors and
transcriptional activators 3 (STAT3) and p53. These factors are implicated in
age-related chronic inflammatory diseases such as cancer and type 2 diabetes
mellitus (Fan et al. 2013; Lowe et al. 2014). Crosstalk has been reported between
upstream signaling components as well as at the transcriptional level. In addition to
GSK3, MAPK, and protein kinase B (PKB), kinases that regulate NF-kB transcrip-
tion can also regulate the activity of other cancer-related kinases (Park and Hong
2016). Numerous proinflammatory genes, metabolic signaling pathways, and SASP
have been identified to be systemically involved in inflammatory and metabolic
disorders (Wiley and Campisi 2021). A more detailed discussion on NF-xB is
presented below.

Anti-inflammatory cytokines also play essential roles in balancing the immune
response and preventing immune homeostasis from falling into proinflammatory
ageing and disease-induced states. These cytokines play a key role in alleviating
inflammation. By blocking or modulating IL-la, TNF, and other major
proinflammatory cytokines, they dampen and ultimately resolve the inflammation
response. In addition to soluble receptor antagonists, chemokines, microRNAs, and
siRNAs, specific cytokine receptors for IL-1, TNF-a, and IL-18 also inhibit
proinflammatory cytokines (Rea et al. 2018). The anti-inflammatory cytokines
interleukin 10 (IL-10) and IL-37, members of the IL-1 family, are crucial factors
in controlling inflammation, along with TGF-f released by monocytes and platelets.
Inflammatory pathways are reduced by the soluble receptors TNFR and IL-1 recep-
tor (IL-1R), which bind to cytokines and neutralize them (Levine 2008). Many other
anti-inflammatory mediators are observed, including stress hormones—primarily
corticosteroids and catecholamines—and negative regulators such as microRNAs
(MiR-146 and MiR-125) (Schulze et al. 2014; Lee et al. 2016). Previously reported
observations clearly demonstrate that proinflammatory and anti-inflammatory cyto-
kines and SASP modulate the outcome of chronic inflammation underlying the
ageing process and age-related disease pathogenesis.

Changes in Endogenous Anti-inflammatory Lipid Mediators
During Ageing

The complete resolution of an inflammatory response is essential for maintaining
cellular homeostasis, and inflammation resolution is a highly sophisticated process
that involves important anti-inflammatory mediators. Endogenous anti-
inflammatory mediators, including lipoxins, resolvins, and protectins, play key
roles in resolving inflammation (Basil and Levy 2016). These mediators are derived
from lipid precursors and produced by the enzymatic activity of lipoxygenases.
Among these mediators, lipoxins are the most well-characterized. Lipoxins and
their epimers are bioactive autacoid metabolites of arachidonic acid that are pro-
duced by several cell types. Initially, two lipoxins were identified: lipoxin A4
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(LXA4) and lipoxin B4 (LXB4), and further studies have identified epimers of these
two lipoxins. In addition, other lipid mediators including resolvins and protectins
were found to be derived from omega 3 fatty acids or other families of polyunsat-
urated fatty acids with functions and activities similar to those of lipoxins (Kohli and
Levy 2009). Because of their specific role in inflammation resolution, these anti-
inflammatory lipid mediators are often called specialized pro-resolving lipid medi-
ators (SPMs). In addition to the chemical properties of SPMs, their physiological
roles and mechanisms at the site of inflammation have been extensively studied
during the last decade (Basil and Levy 2016).

Accumulating evidence suggests that changes in lipid mediators are age-related.
Gangemi et al. (2005) first reported that ageing was associated with reduced LXA4
levels. They evaluated urinary arachidonic acid metabolites, including anti-
inflammatory LXA4 and proinflammatory cysteinyl leukotrienes in volunteers
aged 26 to over 100 years. A significant inverse correlation between age and
LXA4 levels was found, suggesting that reduced LXA4 levels over the course of
ageing may contribute to the development of disease. Another study conducted by
Dunn et al. (2015) showed a similar reduction in LXA4 levels in the ageing brain.
The same researchers assessed age-related changes in proinflammatory leukotriene
B4 (LTB4) and pro-resolving LXA4 levels in the brain. Age-dependent increases in
LTB4 levels and decreases in LXA4 levels have been detected during brain ageing.
Furthermore, these changes were exacerbated in the 3xTG Alzheimer mouse model.
Pamplona et al. (2021) showed interesting results in aged brains by showing that
neurons and microglia are responsible for LXA4 production in the brain, and ageing
reduces the brain and systemic LXA4 levels in mice. Also, LXA4 levels in cerebro-
spinal fluid decrease with age and dementia in humans.

Crucial Role of Oxidative Stress in Age-Related Chronic
Inflammation

Among the several well-known hypotheses of ageing, the most widely accepted
theory is that ageing is caused by oxidative stress (Yu 1996). The oxidative stress
hypothesis explains the characteristic changes during ageing as a net effect of redox
imbalances caused by the difference between oxidative stress and reactive antioxi-
dant forces (Kim et al. 2002). This redox imbalance is likely due to an increase in
ROS and reactive lipid aldehydes associated with a weakened antioxidant defense
system. The main contributors to the redox imbalance caused by age-related oxida-
tive stress are uncontrolled production of reactive species such as reactive oxygen
species (ROS), reactive nitrogen species, and reactive lipid species, in conjunction
with a weakened antioxidant defense capacity. A gradual increase in oxidative stress
due to impaired redox regulation during ageing may affect gene transcription and
signal transduction pathways.
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A seminal finding in oxidative stress and inflammatory processes is the profound
activation of NF-kB, a highly sensitive and critical proinflammatory mediator (Kim
et al. 2002). By activating proinflammatory cells and expressing various cytokines
and chemokines, NF-kB plays a crucial role in maintaining an immune response
while ageing. According to motif mapping of gene promoters, NF-kB is the tran-
scription factor most closely associated with ageing (Adler et al. 2007). Furthermore,
chronic activation of NF-kB has been demonstrated in various tissues, such as the
skin, kidneys, cardiac muscle, and brain (cerebellum and hypothalamus) (Helenius
et al. 1996; Korhonen et al. 1997; Zhang et al. 2013; Tilstra et al. 2012).

Molecular and Cellular Constituents
in Inflammation-Related Pathophysiological Conditions

NF-xB Involvement

The NF-kB signaling pathway is implicated in ageing, along with the insulin-like
growth factor-1 (IGF-1), mTOR, SIRT, and p53 pathways. Several lines of evidence
have shown that NF-kB activity increases with age. NF-kB/p65 DNA binding
increased in the skin, liver, kidney, muscle, and gastric mucosa of aged mice. In
addition, chronic NF-xB activation has been observed in various age-related dis-
eases, including muscular atrophy, atherosclerosis, osteoporosis, heart diseases, type
1 and type 2 diabetes, osteoarthritis, and neurodegenerative diseases, such as
Alzheimer’s disease and Parkinson’s disease (Chung et al. 2019).

Another line of evidence further demonstrated the tissue-specific role of NF-«xB in
ageing phenotypes. Cai et al. (2004) identified NF-xB activation through muscle-
specific transgenic expression of activated IKK beta. These mice exhibited profound
muscle wasting resembling clinical cachexia. Muscle loss occurred due to increased
protein breakdown through E3 ligase MuRF1 expression, and pharmacological or
genetic inhibition of the NF-xkB pathway reversed muscle atrophy. Similar results
were also obtained in the Duchenne muscular dystrophy model. Another study, by
Zhang and colleagues, showed that IKK-NF-xB signaling is involved in the hypo-
thalamic programming of systemic ageing (Zhang et al. 2013). They found ageing-
dependent hypothalamic NF-kB activation with an increase in the innate immune
pathway. NF-xB inhibition in genetically engineered mice increased lifespan with a
less age-related phenotype, suggesting that hypothalamus NF-xB activation has a
unique role in the development of systemic ageing. They further showed that
activation of NF-kB mediates gonadotropin-releasing hormone (GnRH) decline in
the aged hypothalamus, and GnRH treatment adjusts ageing-impaired neurogenesis
and decelerates ageing.
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Inflammasome in Chronic Inflammation

Recent studies have revealed that NACHT, LRR, and PYD domain-containing
protein 3 (NLRP3) inflammasome are major regulators of age-related inflammation
(Gritsenko et al. 2020). The inflammasome is activated by a wide range of extra and
intracellular stimuli include pathogen-associated molecular patterns and danger-
associated molecular patterns (Broz and Dixit 2016). Activation of NLRP3 proteins
further oligomerizes and recruits an adaptor protein known as ASC, which consists
of two death-fold domains, a pyrin domain (PYD) and a caspase recruitment domain
(CARD). These domains allow ASC to bridge the upstream inflammasome sensor
molecule with caspase 1. Activated caspase 1 further facilitates the release of
interleukin-1p (IL-1p) and IL-18 and induces inflammation and pyroptosis, which
is a lytic form of cell death. Inflammasome activation plays a crucial role in host
defense against pathogens; however, dysregulated inflammasomes are also linked to
the development of numerous age-related diseases.

Experimental data clearly demonstrated the role of inflammasome in ageing-
associated phenotypic changes. Youm et al. (2013) utilized Nlrp3 deficient mice to
observe age-related functional changes. NLRP3 inflammasome-deficient mice were
protected from age-related increases in innate immune activation, alterations in CNS
transcriptomes, and astrogliosis. They further demonstrated that increased IL-1
expression plays an essential role in regulating age-related CNS inflammation and
functional decline. They also demonstrated that the NLRP3 inflammasome promotes
ageing-related thymic demise and immunosenescence. Another study, by Camell
et al. (2019), revealed the role of the NLRP3-inflammasome in age-related adipose
tissue B-cell expansion. They identified unique resident aged adipose B cells that
impair the basal role of adipose tissue during ageing. The accumulation of unique B
cells and age-induced defects in lipolysis are dependent on the NLRP3
inflammasome and IL-1 signaling. The acetylation status of NLRP3 during ageing
was reported by He et al. (2020). These authors showed that NLRP3 is deacetylated
during the ageing process owing to decreased SIRT2 expression in macrophages.
Deacetylated NLRP3 facilitates hyperactivation of the NLRP3 inflammasome,
increasing inflammation during ageing. They provided evidence that the acetylation
switch of the inflammasome, regulated by SIRT2, is a physiological factor that
regulates age-associated chronic inflammation.

Role of Autophagy in Inflammation

Autophagy is an evolutionarily conserved process that occurs in all eukaryotic cells
from yeast to humans. The highly complex autophagy machinery and related
signaling pathways have been extensively studied over the last 30 years. The
primary function of autophagy is to degrade self-components; once activated,
autophagy involves the sequestration of cytosolic components, including damaged
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cell organelles, proteins, or other macromolecule nutrients, and provides energy to
maintain cell homeostasis. In ageing and age-related diseases, there are significant
reductions in these processes that lead to the accumulation of damaged molecules,
proteins, DNA, and lipids, leading to the loss of cellular integrity, as defective
autophagy has been implicated in various age-associated diseases (Aman et al.
2021).

Understanding the relationship between autophagy and inflammation provides
insights into ageing and age-related diseases. Reviewing studies that use animal
models and human samples support the important role of autophagy in maintaining
tissue homeostasis through inflammation suppression. Impaired autophagy often
results in increased inflammation and has been demonstrated as a major driver of
age-related tissue damage using evidence obtained from studies on the role of
autophagy in modulating the differentiation and metabolic state of inflammatory
cells (Aman et al. 2021). It has been shown that immune cell differentiation is
dependent on the balance between mTOR and AMPK signaling activation
(Riffelmacher et al. 2018). When mTOR is activated, autophagic flux decreases
and the cells exhibit proinflammatory phenotypes. In contrast, shifting the balance
toward AMPK signaling results in increased autophagic activity with differentiation
into non- or anti-inflammatory immune cells. Because overall autophagy responses
decrease during ageing, this may be an important mechanism for promoting
proinflammatory responses during ageing (Aman et al. 2021).

Senoinflammation Schema: Exacerbation by SASP
and Suppression by Calorie Restriction (CR)

Previous literature has extensively shown the role of low-grade inflammation in
ageing and age-related diseases. To clarify distinctions among widely used expla-
nations and concepts, a number of terms and perspectives have been proposed.
Chronic inflammation associated with ageing has been suggested to occur through
a variety of mechanisms, including molecular inflammation, micro-inflammation,
pan-inflammation, and gero-inflammation, which describe the actions of chronic
inflammation and proinflammatory mediators (Fulop et al. 2017; Chhetri et al.
2018). Despite these attempts, the precise age-related chronic inflammatory pro-
cesses remain poorly understood and under-characterized.

The senoinflammation (senescent chronic inflammation) schema presented herein
(see Fig. 3.1) was developed in 2019, based on available data showing the initiation
of the chronic inflammatory process triggered by oxidative stress-induced redox
imbalance, which is associated with ageing and numerous chronic diseases (Chung
et al. 2019). By understanding molecular, cellular, and systemic senoinflammation,
one could gain a better understanding of how chronic inflammation exacerbates the
age-related functional declines and metabolic alterations that occur.
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Fig. 3.1 Chronic inflammation as an underlying mechanism of ageing and ageing-related
diseases. CR: calorie restriction, SPM: specialized pro-resolving lipid mediators, SASP:
senescence-associated secretory phenotype

As described earlier, senescent cells secrete soluble mediators called SASP
(Coppe et al. 2010). Recent studies have shown that SASP is a significant patho-
physiological risk factor exacerbating the ageing process and metabolic diseases
(Chung et al. 2019). The SASP plays a multifaceted role as an active mediator in the
senoinflammatory process and metabolic changes associated with ageing (Shakeri
et al. 2018). Despite considerable progress in understanding the cellular mechanisms
of the SASP, its precise role and contribution to ageing and proinflammatory
molecular pathways require further exploration. Reports have shown that senolysis
(i.e., senescent cell removal) improves glucose metabolism and f-cell function while
reducing SASP and senescent biomarker expression in mice (Aguayo-Mazzucato
et al. 2019).

Senescence-associated secretory proinflammatory mediators and SASP are
released by senescent cells (Salminen et al. 2012). To remove senescent cells from
the secretome, macrophages are recruited by chemotactic factors (Childs et al. 2017).
However, the polarized M2 phenotype of senescent macrophages secretes
proinflammatory cytokines, exhibits impaired phagocytosis, and is characterized
by lower growth rates (Yarbro et al. 2020). In keratinocytes, melanocytes, mono-
cytes, fibroblasts, and epithelial cells, IL-1p, IL-6, and IL-8 are the most potent
proinflammatory cytokines secreted by SA-induced stress (Freund et al. 2010). Most
senescent cells contain elevated levels of matrix metalloproteases (MMPs), another
proinflammatory component of SASP. MMPs regulate the production of cytokines
and chemokines that are associated with inflammation (Coppe et al. 2010). Several
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recent studies have reported that PTBP1 and HSP90 regulate the SASP (Georgilis
et al. 2018; Fuhrmann-Stroissnigg et al. 2018). In summary, SASP and related
mediators impose a substantial impact on senoinflamatory process with ageing.

Caloric restriction (CR) has been demonstrated to be effective in combating the
ageing process and age-related diseases such as diabetes, obesity, cardiovascular
disease, rheumatoid arthritis, and Alzheimer’s disease (Chung et al. 2013). It is the
only known intervention of ageing that extends not only the mean lifespan but also
the maximum life span of experimental animals. Our lab reported the first experi-
mental evidence showing CR’s potent and broad anti-inflammatory action by
suppressing key proinflammatory NF-kB activation (Kim et al. 2002). Recent
work also showed CR’s powerful modulation of many proinflammatory factors,
including IL-1p, IL-6, TNF, and COX-2 (inducible nitric oxide synthase) (Allen
et al. 2019). After two monthly applications of 30% CR to obese mice, cytokines,
and chemokines such as IL-6, IL-2, ILIRa, MCP-1, and CXCL16, which are
important components of the SASP (Kurki et al. 2012). The expression of
proinflammatory and lipogenic genes, such as MCP-1, SREBPs, and peroxisome
proliferator-activated receptor (PPAR)-y, was significantly suppressed by even mild
CR in liver tissue (Park et al. 2017). As a result, CR has been shown to regulate the
symptomatic prevalence of senoinflammation, which progresses to pathological
conditions such as chronic inflammation, insulin resistance, and low energy metab-
olism resulting from chronic inflammation (Chung et al. 2019; Johansson et al.
2019).

Researchers have studied the effects of CR on inflammatory and metabolic
signaling pathways as well as the relationship between ageing and CR. According
to evidence from previous studies, CR modulates nuclear signaling pathways by
regulating NF-xB, SIRT, and other nuclear molecules, which results in reduced
senoinflammation during ageing. Such evidence strongly supports the notion that
CR’s unique anti-ageing action may be based on its diversified anti-inflammatory
capability.

Conclusion

Considering the available evidence and data on age-related chronic inflammation
through biochemical, molecular, and systems biology analyses, we concluded that
chronic inflammation is a major factor underlying ageing and age-related disease
processes. The proinflammatory cytokines and chemokines that comprise the SASP
increase stress on the intracellular signaling network, tissues, organs, and systems,
leading to various metabolic disorders and chronic inflammation. Alterations in
inflammasome, SPM, and autophagy trigger chronic inflammation, thus leading to
accelerated ageing and age-related chronic diseases. Therefore, a better understand-
ing of the molecular mechanisms involved in chronic inflammation may provide a
fundamental platform for developing effective interventions that delay
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ageing-related dysfunction and prevent age-related proinflammatory, i.e.,
senoinflammatory diseases.
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