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Aging can be conceptualized as the progressive disequilibrium between stochastic damage
accumulation and resiliencemechanisms that continuously repair that damage, which even-
tually cause the development of chronic disease, frailty, and death. The immune system is at
the forefront of these resilience mechanisms. Indeed, aging is associated with persistent
activation of the immune system, witnessed by a high circulating level of inflammatory
markers and activation of immune cells in the circulation and in tissue, a condition called
“inflammaging.” Like aging, inflammaging is associated with increased risk of many age-
related pathologies and disabilities, as well as frailty and death. Herein we discuss recent
advances in the understanding of the mechanisms leading to inflammaging and the intrinsic
dysregulation of the immune function that occurs with aging. We focus on the underlying
mechanisms of chronic inflammation, in particular the role of NF-κB and recent studies
targeting proinflammatory mediators. We further explore the dysregulation of the immune
response with age and immunosenescence as an important mechanistic immune response
to acute stressors. We examine the role of the gastrointestinal microbiome, age-related dys-
biosis, and the integrated stress response in modulating the inflammatory “response”
to damage accumulation and stress. We conclude by focusing on the seminal question
of whether reducing inflammation is useful and the results of related clinical trials. In
summary, we propose that inflammation may be viewed both as a clinical biomarker of the
failure of resilience mechanisms and as a causal factor in the rising burden of disease and
disabilitieswith aging. The fact that inflammationcanbe reduced throughnonpharmacological
interventions such as diet and exercise suggests that a life course approach based on education
may be a successful strategy to increase the health span with few adverse consequences.
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AGING AND THE RISE OF INFLAMMATION

Aging—the complex array of phenotypic and
functional manifestations that eventually

lead to the death of the individual—occurs in
all living species with only a few rare exceptions.
Much has been written about the biological sig-
nificance of aging and why individual mortality
exists, with many theories coming back to the
idea that, for the good of the population, there
is an evolutionary advantage to “eliminate” aged
organisms, particularly when past reproductive
prime, because they consume significant re-
sources and present a burden on the community
(Cleveland and Jacobs 1999).At the beginning of
life, a magnificent, extremely robust, and redun-
dant program encoded by the genome aims to
create an organism that is fully functional and in
perfect homeostatic equilibrium within its envi-
ronment. This status of perfect molecular order
though cannot escape the second law of thermo-
dynamics. To counteract the trend toward a
higher level of entropy and facilitate a longer
life span, a cadre of compensatory mechanisms
have evolved that continuously surveil the integ-
rity and functionality of molecules, organelles,
cells, tissues, and organs, repairing or recycling
and replacing severely damaged structures when
needed (Alzeer 2022). These mechanisms are
initially so effective that the progression of en-
tropy is almost imperceptible. However, over
time, the efficiency of these resilience mecha-
nisms declines because their core molecular
components become damaged through entropy,
and because cumulative internal and external
stressors impose an increasing burden beyond
the level at which these systems can fully cope.
Intrinsic to this model, as organisms age, resil-
ience mechanisms shift from intermittent acti-
vation (e.g., during acute infection) to a chronic
state of activation that is more typical of chronic
disease. The immune system is a prototypical
example of a resilience system.

An optimally functioning immune system
protects against danger signals. Easily recogniz-
able environmental danger signals include infec-
tion by pathogenic viruses or bacteria. The im-
mune system is also a surveillance mechanism
that maintains tissue homeostasis by repairing

damage induced by extrinsic (UV radiation, ox-
ygen deprivation, etc.) and intrinsic (protein ag-
gregates, mitochondrial respiration, uric acid
crystals, etc.) sources. The cardinal components
of immunity are the inherent mechanisms that
accurately tune the response to the need. Exces-
sive and uncontrolled immunity leads to auto-
immunity and hyperinflammatory syndromes
(such as rheumatoid arthritis, intestinal bowel
disease, and acute phase responses), whereas
suboptimal responses result in immunedeficien-
cies. Because the immune system is at theheart of
all resilience mechanisms, it is not surprising
that activation of the immune system, as indicat-
ed by high circulating levels of inflammatory
markers and a state of active immune responses
inmultiple tissues, has been considered as one of
the “pillars” of aging, now known as “inflam-
maging” (Ferrucci and Fabbri 2018).

In this article, after introducing the evidence
that supports the concept of inflammaging, we
explore some of the mechanisms that may be at
the root of this chronic inflammatory state. Fig-
ure 1provides a comprehensive viewof themany
causes and consequences of inflammaging pro-
posed in the literature. However, rather than go-
ing through this long list, we will limit our dis-
cussion to a few topics that are receiving
considerable attention at present. We describe
instances where inflammation is mostly inter-
preted as a “response” to damage accumulation
or stress, focusing on the role of the microbiome
and the integrated stress response (ISR). We ap-
proach the literature on inflammaging from a
mechanistic perspective.Next,we explore the ex-
isting evidence that inflammaging is driven by
age-related intrinsic dysregulation. Finally, we
review the literature on the available evidence
that interventions aimed at reducing inflamma-
tionprevent or slowdown the adverse phenotyp-
ic and functional effects of aging.

INFLAMMAGING AND UNDERLYING
MECHANISMS

Several articles have described the characteristics
of inflammaging, initially fromtheprospectiveof
circulating biomarkers and more recently as the
infiltration and activation of immune cells in
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multiple tissues. Studies have found that circulat-
ing levels of interleukin 6 (IL)-6, tumor necrosis
factor (TNF)-α, IL-1, and other proinflammatory
markers increase with aging, even in individuals
who are deemed to be extremelyhealthy (Furman
et al. 2019). In addition, high levels of inflamma-
tory markers have been associated with, and in
some cases predictive of, a large variety of age-
related adverse health outcomes or conditions,
including major chronic diseases (e.g., diabetes,
atherosclerosis, dementia), viral infections
(COVID-19 and flu), disability, frailty, nursing
home admission, and death. Although a mecha-
nistic understanding of the connection between
inflammaging and adverse outcomes is still lack-
ing, many authors have hypothesized that these
pathologies are directly caused by the endocrine
andmetabolic effects of inflammatorymediators.
For example, the shift toward catabolism and in-
sulin resistance induced by inflammation may
play a role in sarcopenia and neurodegenerative
diseases. Nevertheless, other hypotheses should
be considered.

Chronic inflammation that does not resolve,
such as seen in inflammaging, could be a normal
response to a persistent proinflammatory stim-
ulus and most certainly involves a number of
contributory mechanisms. For instance, aging
is associated with changes in the gut micro-
biome due to the leakage of pathogen-associated

molecular patterns (PAMPs), which are recog-
nized by pattern-recognition receptors (PRRs)
and trigger innate immunity (Conway andDug-
gal 2021). Moreover, there is evidence that mi-
tochondrial function declines with aging, and it
has been recently recognized that mitochondrial
stress can trigger an inflammatory response
through the release of oxidated mitochondrial
DNA (mtDNA) and oxidated cardiolipin (also
called damage-associated molecular patterns
[DAMPs]), triggering the NLRP3 inflamma-
some, NF-κB, and the cGAS-STING pathway
(Walker et al. 2022). Of note, dysfunctional mi-
tochondria are physiologically removed by mi-
tophagy, and the persistence of damaged mito-
chondria with age is at least in part explained by
defective mitophagy (Kaushik et al. 2021). Fi-
nally, aging is associated with the accumulation
of senescent cells that assume a senescent-asso-
ciated inflammatory phenotype (SASP) and
produce a large variety of bioactive molecules,
including a collection of cytokines and chemo-
kines (Walker et al. 2022). As the integrity and
functionality of the immune system itself is pro-
gressively challenged by damage accumulation,
an important question is whether a primary de-
fect in the immune system contributes to the rise
of inflammaging. Despite the strong rationale,
the evidence for this hypothesis is still weak and
limited to animal models.

Figure 1. Inflammaging, homeostasis, and resilience mechanisms. The rate of aging and progressive systemic
entropy can be viewed as a continuing dynamic equilibrium between the forces of inflammaging and its con-
sequences and counteractive mechanisms to maintain homeostasis. Affecting these opposing influences on the
human body and the rate of biological aging are members of the gastrointestinal (GI) microbiome, including the
positive effects of commensals and anti-inflammatory metabolites on the one hand and pathobionts and proin-
flammatory metabolites on the other. Many causes of inflammaging have been proposed (large blue circle) and,
to name a few, include stress, injury, malnutrition, a sedentary state, intestinal dysbiosis, integrated stress
response (ISR) activation, hypoxia, mitochondrial dysfunction, obesity, metabolic syndrome, chronic inflam-
mation, the unfolded protein response, nutrient deprivation, cellular senescence, iron excess or deficiency,
impaired autophagy, genomic instability, dysregulated nutrient sensing, protein precipitation, chronic infections,
and dehydration. The possible consequences of inflammaging are numerous and are hypothesized to lead to age-
related disorders including neurodegenerative disease, cancer, atherosclerosis, and impaired tissue renewal.
Countering the effects of inflammaging are many proposed mechanisms and resilience strategies that maintain
homeostasis (large pink circle) and include autophagy, mitophagy, DNA repair, exercise, epigenetic adaptation,
ISR reprogramming, the heat shock response, diets such as the Mediterranean diet, tissue renewal, calorie
restriction, chaperone-mediated proteostasis, mitochondrial bioenergetics, and metabolic homeostasis. Inflam-
maging, pathobionts, and proinflammatory metabolites will favor increasing age and an aging body (small blue
circle), whereas homeostasis and resilience mechanisms and microbiome diversity, commensals, and anti-in-
flammatory metabolites may favor slower biological aging (small pink circle).
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The above age-related biological phenome-
na are far from being an exhaustive list of the
persistent outcomes that likely drive inflammag-
ing (see Fig. 1) yet highlight the important role
of chronic inflammation in aging. The described
outcomes also raise two opposite and complex
questions of (1) whether inflammaging is con-
tributing to pathology, or (2) whether inflam-
maging is a resilience mechanism itself and its
absence would lead to an even more severe ac-
cumulation of damage. Assuming the latter,
chronic inflammation would signify the pres-
ence of persistent, unresolved pathology and,
thus, it is not surprising that inflammaging is
associated with adverse health outcomes. From
a more general prospective, the emergence of
chronic inflammation with aging may designate
the time when resilience mechanisms no longer
match the rise in entropy and damage accumu-
lation, suggesting that in chronic disease and
frailty, inflammaging may be both a biomarker
of resilience exhaustion and a causal factor.

One of the most popular theories about the
origin of inflammaging is that the up-regulation
of inflammation is linked to the effect of aging on
endocrine regulation and metabolism. Support-
ing this concept are observations that chronic
inflammation is significantly more prevalent
and severe in older individuals with visceral obe-
sity,metabolic syndrome, type2diabetes, cardio-
vascular disease, and neurodegenerative disor-
ders (Furman et al. 2019; Bektas et al. 2020).
These conditions are caused by a combination
of geneticpredispositionand lifestyleorenviron-
mental stressors, such as pollution, smoking,
sedentary behavior, and an unhealthy diet, as
well as social and psychological stress, just to
name a few (Bektas et al. 2020). Mechanistically,
exogenous compounds, such as bacteria or viral
fragments and certain microbiota elements, act
as PAMPs, whereas endogenous processes gen-
erateDAMPs. PAMPs andDAMPs interactwith
sensors present on the cell surface or in the cyto-
plasm that in combination trigger inflammatory
responses and proinflammatory cytokine secre-
tion, which are hallmarks of inflammaging
(Franceschi et al. 2018). Indeed, studies have un-
derlined the role of immunobiography (the cu-
mulative history of exposure to certain microor-

ganisms (e.g., HIV and CMV) or antigens in
causing chronic inflammation via the modula-
tion of inflammatory responses (Franceschi et
al. 2017, 2018; Ferrucci and Fabbri 2018; Fulop
et al. 2018).

INFLAMMAGING AS A CAUSE OF
PATHOLOGY AND ACCELERATED AGING

The prediction of the inflammaging hypothesis
would be that suppression of age-associated
chronic inflammation will coordinately attenu-
atemultiple agingphenotypes and improveover-
all health and longevity. The immense implica-
tions for extending human health span via this
strategy motivates rigorous tests of the hypothe-
sis to identify nodes that can be therapeutically
manipulated to meet this goal. Causal connec-
tions between twoobservables can be established
by either activating or down-regulating one and
assessing the effects on the other. In the case of
inflammaging, this means (1) inducing chronic
inflammation and assaying the development of
aging phenotypes, or (2) attenuating chronic in-
flammation and exploring the health conse-
quences.Majorhurdles in experimentally testing
this are (1) molecular characteristics (known as
markers) of chronic inflammation, especially
those instrumental in causing aging phenotypes,
remain unclear, and (2) inducing inflammation
for a long period of time is probably harmful.
Thus, challengesto the inflammaginghypothesis
usually entail studying the effects of increasing
inflammation in animal models and reducing
inflammation in both animal and human exper-
iments. In this section, we highlight recent stud-
ies that exemplify both approaches.

Inducing Inflammation

One consistent theme in inflammation is the es-
sential role of the transcription factor NF-κB
(Taniguchi and Karin 2018). NF-κB, a hetero-
dimer comprised of p50 and p65 components,
is a well-known universal stress sensor, which
when activated by different types of stimuli up-
regulates the transcription of inflammatory cy-
tokines, chemokines, and adhesion molecules,
thereby causing inflammation. Additionally,
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NF-κB induces the expression of transcripts that
encode for proteins that regulate cell prolifera-
tion, apoptosis, morphogenesis, and differentia-
tion.Moreover,NF-κB is activated in response to
DNA damage (via ATM/ATR activation), mito-
chondrial dysfunction (via generation of reactive
oxygen species)orproinflammatorycytokines in
the milieu. Whether we consider the proinflam-
matory cytokines associated with human aging
(such as IL-1, IL-6 or TNF-α) or the proinflam-
matory components of the SASP (widely be-
lievedtobeamajorcauseof inflammaging), there
is the unifying theme that many of the genes in-
volved in theseoutcomesare regulatedbyNF-κB.
Thus, it isnot surprising thatNF-κBis implicated
in inflammaging and many of the hallmarks of
aging (Songkiatisak et al. 2022). However, it is
important to note that NF-κB responses are in-
ducer- and cell-specific and have a strong kinetic
dimension (SenandSmale 2010),whichmakes it
difficult to formulate a simple model for its con-
tribution to age-associated chronic inflamma-
tion. Two kinds of observations provide causal
connections between NF-κB and aging.

First, mice that lackNFKB1, the p50 compo-
nentofNF-κB,manifest several characteristics of
premature aging (Jurk et al. 2014). These include
high systemic IL-6 levels and immune cell infil-
tration in the liver. Regeneration capacity of both
liver and gut is also significantly reduced, and
telomere-dysfunctional senescent cells accumu-
late in various tissues. Furthermore, the frequen-
cy of senescent cells in the liver or intestinal
crypts correlates with mean and maximum life
span ofNFKB1 knockout animals. Although ac-
celerated aging in mice that lack an NF-κB com-
ponent may appear counter to the hypothesis
(i.e., that NF-κB supports a major protective re-
sponse), one plausible explanation is that p50
homodimers have been previously suggested to
dampen NF-κB-dependent responses. That is,
p50 homodimers act as functional repressors of
NF-κB-dependent gene expression in some cir-
cumstances (Cartwright et al. 2018). Thus, the
absence of p50 may accentuate NF-κB activity
resulting in chronic inflammation. A specific
role for inflammation in the aging phenotypes
ofNFKB1-deficientmice is supported by the ob-
servation that treatment with the nonsteroidal

anti-inflammatory ibuprofen ameliorates cogni-
tive defects in these animals (Fielder et al. 2020).
Interestingly, rapamycin treatment also im-
proved aging phenotypes in NFKB1-deficient
mice (Correia-Melo et al. 2019). Because low-
dose rapamycin has been hailed as one of the
most robust anti-aging treatments (Selvarani
et al. 2021), the positive effects in NFKB1-defi-
cient mice supports the idea that aging pheno-
types in this model recapitulate features of nor-
mal aging.

Second, down-modulation ofNF-κBactivity
via genetic deletion of one allele of RelA, the p65
component of NF-κB, has been shown to over-
come aging in mouse models (Tilstra et al. 2012;
García-García et al. 2021). These observations
were extended recently with the use of a selective
inhibitorofNF-κBactivation.Zhanget al. (2021)
showed that treatment of the Ercc1−/Δ mouse
model of accelerated aging (see more below)
with SR12343, an agent that blocks IKK/NF-κB
activation by disrupting the association between
IKKβ andNEMO, two keyNF-κB signaling pro-
teins, reduced aging phenotypes such as elevated
levels of senescent cells in tissues, expression of
p16, and muscle pathologies. Concurrently, NF-
κB activation, as measured by phosphorylation
of RelA and expression of NF-κB target genes
(e.g.,Tnfa,Cox2, andMcp1),was reduced follow-
ingSR12343administration.Thus, targetingNF-
κB activation has therapeutic potential in ame-
liorating certain aging phenotypes. However, a
caveat that must be considered is that NF-κB ac-
tivation serves important physiological func-
tions in most tissues via control of cell adhesion,
cell viability, and cell cycle, among many others.
The challengewill therefore be to find the “sweet
spot” whereby effects against persistent activa-
tion that lead to sustained expression of inflam-
matory markers during aging are maximized,
while minimally affecting acute activation in re-
sponse to environmental or pathogenic stress.

Attenuating Chronic Inflammation

The geroscience hypothesis posits that manipu-
lating underlying causes of aging has the poten-
tial to simultaneously alleviate multiple physio-
logical characteristics of aging. As discussed,
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inflammaging has emerged as one of the most
robust “underlying causes” of the phenotypes of
aging. Several ongoing clinical trials have there-
fore explored the use of rapamycin and metfor-
min, two compounds with immunosuppressive
activity, to alleviate inflammaging and, thereby,
age-associated comorbidities. The molecular
targets and benefits of these compounds have
been previously discussed and will not be fur-
ther considered here (Selvarani et al. 2021). In-
stead, we will focus on recent studies in which
select proinflammatory mediators were target-
ed, because specific mediators of inflammaging
are less likely to have broad spectrum effects.
Selective intervention may prove to be more ef-
fective, with fewer side effects, and more in line
with the coming era of individualized medicine.
Moreover, because inflammaging is a classic
example of pleiotropic antagonism, long-term
suppression of inflammatory responses may
have detrimental consequences that are yet to
be fully defined, again pointing to the need for
more directed therapies beyond generalized
anti-inflammatory treatments.

IL-6 and TNF-α are frequently associated
with inflammaging, and biologics against these
cytokineshaveproven tobeeffective in situations
ofacute inflammation, suchas inpsoriaticarthri-
tis (using anti-IL-6 receptor) and rheumatoid
arthritis (using therapies directed against TNF-
α). Several recent examples indicate that interfer-
ing with TNF-α function can also overcome cer-
tain aging phenotypes. Davison-Castillo et al.
(2019) showed that skewed hematopoiesis dur-
ing aging results in the generation of hyperactive
platelets thatmay contribute to increased throm-
botic risk. Defective platelet generation in old
mice was reduced by depleting TNF-α with
anti-TNF antibodies, reducing predisposition
to thrombosis. Perturbations of hematopoietic
stem cells (HSCs) also underlies myeloid-biased
hematopoiesis andan increased incidenceofmy-
eloid malignancies with age (Pang et al. 2017).
This adverse phenotypewas partially reversed by
suppressing TNF-α signaling (Davizon-Castillo
et al. 2019). At the functional level, in a mouse
model of pneumococcal infection, the suscepti-
bility of old mice to bacterial colonization was
circumvented by pharmacological reduction of

TNF-α or removal of a subset of proinflamma-
tory monocytes (Puchta et al. 2016). Finally, a
synthetic derivativeofmyosmine that suppresses
TNF-α production ameliorated several pheno-
types in aging mice, including muscle loss and
frailty (Sabini et al. 2023). In these examples,
neutralizing one inflammatory cytokine appears
to have substantial beneficial effects. This may
be because, unlike many other age-associated
proinflammatorymarkers, TNF-α is an activator
of NF-κB. Thus, its specific inhibition has the
potential to mitigate proinflammatory NF-κB-
dependent gene expression. One such NF-κB
target is the IL6 gene. Neutralizing IL-6/IL-6R
signaling has recently been shown to overcome
accelerated aging features in a mouse model of
Hutchinson–Gilfordprogeria syndrome (Squar-
zoni et al. 2021). IL-6 has also been implicated in
HSC dysfunction with age via the micro-RNA,
miR146a (Grants et al. 2020). Unlike TNF-α,
however, IL-6 cannot perpetuateNF-κB activity,
resulting in more restricted outcomes.

A somewhat new player in the inflammaging
cytokine milieu is IL-17, which is associated
with inflammatory immune diseases such as
rheumatoid arthritis, psoriasis, and multiple
sclerosis (Mills 2023). Solá et al. (2023) found
that IL-17 producing innate lymphoid cells and
a subset of T cells increase with age in mouse
skin and that neutralizing IL-17 delayed many
symptoms of skin aging. Increased IL-17 pro-
duction was also observed in human CD4+ T
cells from older compared to younger individu-
als. Expression of this inflammatory cytokine
was connected to defective autophagy and dis-
rupted the redox balance in old CD4+ T cells,
outcomes that were reversed by metformin
treatment ex vivo (Bharath et al. 2020). It is pos-
sible that IL-17 has not been featured promi-
nently as an inflammaging cytokine so far, be-
cause its production and function may be
localized in specific tissue environments.

Overall, a review of this literature suggests
that the chronic proinflammatory state observed
in many older persons is causally linked with
age-associated chronic disease and other aging
phenotypes and that inflammation is an impor-
tant target for interventions aimed at improving
health span and longevity.
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INFLAMMAGING AND
IMMUNOSENESCENCE

Dysregulation of immune responses during ag-
ing accentuates the deleterious rather than the
protective immune responses, a phenomenon
termed immunosenescence (Walford 1969;
Franceschi et al. 2000). The varied and complex
phenotypes associatedwith immunosenescence,
presumably due to the involvement of multiple
cell types and their interactions with various tis-
sues (Fig. 2), is distinct from the phenomenon of
cellular senescence (Sharma 2021; Lee et al.
2022). Because both inflammaging and immuni-
ty have essential inflammatory components, it is
sometimes considered paradoxical that func-
tional immunity declines with age as chronic
low-grade inflammation increases. The key dis-
tinction is that optimal immunity requires regu-
lated control of inflammation, both increased
and decreased depending on need, a balance
that is upset during aging. Accordingly, elderly
people are more susceptible to infectious dis-
eases, more prone to autoimmune diseases and
cancer, and less responsive to vaccination (Go-
ronzy and Weyand 2012, 2013). These facts, as
well as the negative consequences of rampant
anduncontrolled inflammation, have beenhigh-
lighted during the COVID-19 pandemic (De-
maret et al. 2021; Levin et al. 2021).

Immunity is broadly subclassified into innate
or adaptive responses. Innate immunity is medi-
atedbymanydifferentcell types, includingmono-
cytes/macrophages, granulocytes, natural killer
(NK) cells, and innate lymphoid cells. These cells
are first responders to danger signals and elimi-
nate pathogens bymechanisms such as phagocy-
tosis, NETosis, and the production of toxic reac-
tiveoxygenspecies (Ogawaet al. 2008; Simell et al.
2011; Brubaker et al. 2013; Hazeldine et al. 2014).
They are also classic inflammatory cells in that
they produce chemokines and cytokines that re-
sult in systemic inflammation. Although slower
than innate responses, adaptive immunity fea-
tures the generation of memory in B and T lym-
phocytes and natural killer T (NKT) cells. These
so-called memory cells carry receptors that are
selected for during an immune response to target
anddestroyspecificpathogens.Adaptive immune

memory permits more rapid and effective re-
sponses to reinfection with the same (or closely
related) pathogens and is the basis of all vaccina-
tions. CD4+ T cells are required to generate opti-
mal B-cell responses and, along with NKT cells,
produce inflammatory cytokines, such as TNF-α,
IFN-γ, and IL-17, which have been implicated in
rheumatoid arthritis and psoriasis (Chemin et al.
2019; Povoleri et al. 2020; Nussbaum et al. 2021;
Hu et al. 2022). Finally, CD8+ T cells kill cells that
have been infected with intracellular pathogens
such as viruses. Recently a form of memory has
beenidentifiedininnatecellsaswellandisreferred
to as trained immunity (Netea et al. 2011; Brueg-
geman et al. 2022). This form of memory is rela-
tively short-lived and not pathogen specific.

Virtually all aspects of immunity are affected
with age (reviewed recently and comprehensive-
ly in Goronzy and Weyand 2013; Nikolich-Žu-
gich 2018; Nikolich-Zugich et al. 2020; Santoro
et al. 2021; Shive and Pandiyan 2022; Teissier
et al. 2022; Fulop et al. 2023). Key new develop-
ments are summarized in Table 1. The complex-
ities of age-associated immunosenescence can
be divided into three elements.

First, immune cell populations change with
age. For adaptive immune cells, this change en-
tails a decreased proportion of naïve (antigen
inexperienced) cells andan increasedproportion
of memory cells (resulting from prior infections
and vaccinations) in both B and T lymphocyte
compartments (Listì et al. 2006; Britanova et al.
2014). The impact of trained immunity on age-
associated immune dysregulation remains to be
determined. Additionally, the aging immune
system features the emergence of cells that are
barely detectable in early life. Prominent among
suchcells are theexhaustedTcells,markedby the
absence of the cell-surface marker CD28. Ex-
hausted T cells do not participate in effective im-
mune responses and may constitute one major
cause of reduced immunity with age (Boucher
et al. 1998; Weng et al. 2009). These cells exhibit
features of classic cellular senescence and may,
thus, contribute to inflammaging via proinflam-
matory cytokine and chemokine expression (Lee
and Lee 2016; Coleman et al. 2021). Moreover,
recent single-cell RNA sequencing studies iden-
tified aging-related increased proportions of cy-
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totoxic and regulatory subsets of CD4+ T cells
with marked pro- and anti-inflammatory pat-
terns of gene expression (Elyahu et al. 2019; Ha-
shimoto et al. 2019; Cano-Gamez et al. 2020;
Mogilenko et al. 2022). In the B-cell compart-
ment, a subset of cells, named age-associated B
cells (ABCs), increases with age in mice (Hao
et al. 2011; Cortegano et al. 2017). ABCs were
independently defined by different cell-surface
markers by Hao et al. (2011) and Rubtsov et al.
(2011) andarecommonlyassociatedwithmicro-
bial immune responses and B-cell memory
(Chang et al. 2017; Knox et al. 2017). These cells
express the transcription factor T-bet, require
Toll-like receptor (TLR)7 and 9 signaling for
their generation (Naradikian et al. 2016), and
are metabolically active (Frasca et al. 2021).
CD11c+ B cells have also been reported in hu-
mans, where they are primarily associated with
autoimmune diseases like systemic lupus erythe-
matosus and rheumatoid arthritis (Rubtsov et al.
2011;Wang et al. 2018).Another subset of B cells
in old mice are exhausted memory B cells (Ehr-
hardt et al. 2008; Rubtsova et al. 2015).ABCs and
exhausted memory B cells share some cell-sur-

face characteristics, such as low levels of CD21
and CD23markers, but further relationships re-
main tobedefined.WhetherandhowABCscon-
tribute to age-associated decline in humoral re-
sponses is an active area of investigation. Thus,
aging is associatedwith theemergenceofnewcell
subpopulations that alter immune homeostasis
towardproinflammatoryphenotypes that canre-
duce effective immunity while exaggerating in-
flammaging.

Second, properties of immune cells change
with age. One such change is in the antigen
receptor repertoires of naive B and T cells. Re-
duced diversity of antigen recognition specifici-
ties with age has been proposed to contribute to
reduced adaptive immunity during aging (Gib-
son et al. 2009; Tabibian-Keissar et al. 2016),
presumably because the “right” pathogen-spe-
cific receptor is not present to trigger effective
immunity. However, considerable antigen re-
ceptor diversity remains even in older individu-
als (Verma et al. 2012; Joseph et al. 2022), sug-
gesting that other features must contribute to
the overall decrease in immune responses as
well. For example, age-associated changes in cel-

Figure 2. Effects of aging on innate and adaptive immunity—“multiple shades of immunosenescence.” Immu-
nosenescence with age is rooted in both innate and adaptive arms of immunity and its extent dictates the health
status of a host. Immunosenescence inmajor innate immune cells is featured by either loss of normal function or
by hyperresponsiveness. Reduction in functionality and associatedmechanisms are denoted by downward facing
red arrows, whereas up-regulated features are indicated by upward green arrows. Contradicting reports are
represented by gradient-filled arrows, whereas still not reported events have “?” symbols. Innate immune cells
reduce phagocytotic and chemotactic properties, which can be mediated by reduction in expression of Fcγ
receptors or other chemokine receptors, respectively. In granulocytes, reactive oxygen species (ROS) levels are
dysregulated, which leads to delayed pathogen clearance and wound healing, fostering chronic inflammation.
Monocytes having interferon α-receptor1 (IFNAR1) are markedly increased in the lungs, whereas, systemically,
classical monocytes (which are more responsive to lipopolysaccharide [LPS]) are reduced. NF-κB signaling
dysregulation is a major culprit in age-related monocyte dysregulation (see text for p50 knockout studies). These
cells further participate in generating major senescent-associated inflammatory phenotype (SASP) factors.
Meanwhile, the emerging concept of “trained immunity” has not yet been linked with immunosenescence or
aging. Adaptive immunity is globally characterized by a reduction in naive lymphocytes and up-regulation of
memory and exhausted cells. These, in part, can be explained by selective Toll-like receptor (TLR) signaling in B
cells and reduced expression of costimulatory CD28 on T cells. The antigen receptor repertoire is significantly
hindered in lymphocytes. Transcription factor T-bet in B cells are overexpressed, whereas the T-cell factor 1
(TCF1) is down-regulated, leading to a loss in their optimal functionality. The inflammatory environment of
interleukin (IL)-17 and tumor necrosis factor (TNF)-α reduces the activation threshold of T cells and leads them
to be unnecessarily hyperactive with age, which can create an autoimmunity-like situation. Ultimately, interplay
of these immunosenescence properties make the host susceptible to infections, cytokine-storm (after uncon-
trolled infections), poor outcome of vaccinations in the elderly, and increased susceptibility toward cancers and
autoimmunity. Furthermore, immunosenescence can cause organ damage and accelerate aging of various
organs. (Figure created using BioRender.com.)
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lular responses to antigen receptor stimulation
may reduce the extent of clonal expansion (by
cell division) of antigen-specific cells required
for effective immunity or alter qualitatively the
patterns of gene expression in activated lym-
phocytes. The latter mechanism has been re-
cently proposed to contribute to inflammaging
via increased expression of inflammatory cyto-
kines by cells in older individuals (Bharath et al.
2020).

Third, the impact of age-associated immune
dysregulation on the health span of the elderly
must consider interactions between immunity
and other physiological changes that occur with
age. Studies that investigated relationships be-
tween immune characteristics and physiological
parameters, such as frailty and multimorbidity,
havefoundlimitedcorrelationwithclassic inflam-
magingmarkers (e.g., C-reactive protein, TNF-α,
and IL-6) (Marcos-Pérez et al. 2018; Alberro et al.
2021). Instead, more recent investigations have
moved towardmultiomics approaches to identify
biomarker panels that summarize changes in im-
mune function with aging and, independent of
chronological age, predict health outcomes. Al-
pert and colleagues (2019) used multiomic tech-
nologies on immune cells of 135 healthy adult
individuals of different ages sampled longitudi-
nally over a 9-yr period to generate an immune
aging (IMM-AGE) score,whichproduced amore
accurate estimate of one’s immune status than
chronological age. The same groupmore recently
conducted a comprehensive analysis of 50 circu-
lating immune proteins to develop an inflamma-
tory clockof aging (iAge) that predictsmultimor-
bidity. In this study, the authors quantified serum
cytokine, chemokine, and growth factor levels in
over a thousand donors between ages 8 and 96
yr. Using a neural network–based deep learning
model, the investigators were able to reliably pre-
dictage-associateddeteriorationof immunefunc-
tion (Furman et al. 2017; Sayed et al. 2021).More-
over, iAge, which tracks age-associated frailty and
multimorbidity in humans, identified the inter-
feron-inducedchemokineCXCL9as aprominent
inflammatory componentcontributing to cardio-
vascular aging.

It is important to point out that immune dys-
function and immunosenescence arewidely con-

sideredastwocomponentsofthesameage-related
phenomenon (i.e., inflammaging) and that some
talk about immunosenescence and inflammaging
as the same dimension. Because inflammaging
was originally defined by high circulating levels
of proinflammatory cytokines, in this discussion
we will define inflammaging as chronic immune
activation, whereas we reserve the term immuno-
senescencetothecadreofmechanismsthatreduce
the immune response toacute stressors. Fromthis
perspective, clear-cut evidence of a connection
between immunosenescence and inflammaging
is lacking. It is possible that inflammaging pro-
motes immunosenescence or, in other words,
that immune dysregulation and inflammaging
are mutually reinforcing forces that drive many
agingphenotypes.Thebestevidencethatdefective
immune cells can lead to an aging-like proinflam-
matory state comes from the studies of Yousefza-
deh et al. (2021). These authors engineered a he-
matopoietic-specific deletion inmice of the Ercc1
gene, which encodes a protein involved in DNA
repair. Mutant animals exhibited many symp-
toms of age-associated immune dysfunction, in-
cluding increased proportions of senescent im-
mune cells, increased levels of SASP markers,
and compromised cellular and humoral function,
thus resembling normal aged mice. Importantly,
prominent aging phenotypes were also evident in
tissueswhereErcc1was intact, suchasthe liverand
kidney, and cytokine levels were elevated in the
serum. These observations strongly support the
notion that selective and persistent activation of
inflammatory responses in immune cells (i.e., im-
mune dysfunction) is sufficient to drive inflam-
maging and systemic aging features in mice. An
important implication of these studies is that re-
ducing immunosenescence, and thereby inflam-
maging, may have beneficial effects in the elderly
beyond immune-specific outcomes, such as im-
proved vaccine efficacy and protection against in-
fectious disease.

The converse issue is equally important, that
is, does inflammaging induce immunedysregula-
tion? This is more difficult to address because of
the complexity in disentangling inflammaging
from immunosenescence. One mechanism by
which inflammaging can affect immunity is by
changing the milieu in which immune responses
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take place, the most obvious effects being con-
ferred by cytokines and chemokines that are hall-
marksof inflammaging.Forexample,CD4+T-cell
responses inanIL-6-richenvironmentskeweffec-
tor phenotypes toward proinflammatory IL-17-
producing cells (Ghoreschi et al. 2010). This
mechanism may underlie increased IL-17 pro-
ductionbyCD4+T cells fromolderhumans. Sim-
ilarly, IL-17 andTNF-αhave been shown to lower
the threshold forCD4+T cell activation (Banerjee
et al. 2005; Ben-Sasson et al. 2009, 2011) thatmay
predispose theemergenceof self-reactive cells and
increased autoimmunity during aging. Such cells
are constrained in a noninflammatory youthful
environment by mechanisms of immune toler-
ance. The resulting picture is one whereby multi-
ple features of inflammaging and immune senes-
cence establish positive feedback effects that
increase steadily with age.

INFLAMMAGING AND THE INTEGRATED
STRESS RESPONSE

Several lines of evidence suggest that inflammag-
ing is directly connected to the biological mech-
anisms of aging and results from the accumula-
tion of molecular damage that is not fully offset
by resilience strategies. Such damage accumula-
tion could therefore be considered a proxy mea-
sure of accelerated aging (Fig. 1). López-Otin
et al. (2013) andKennedy et al. (2014) have iden-
tified biologicalmechanisms of aging that can be
traced inmultiple organisms, including humans.
These so-called “hallmarks” encompass biologi-
cal processes such as proteostasis (i.e., protein
homeostasis), adaptation to stress, nutrient sens-
ing, genome maintenance, mitochondrial func-
tion, cellular senescence, metabolism, and in-
flammation. There is substantial evidence of a
bidirectional relationshipbetween inflammation
and thesemechanisms, meaning that the under-
lying processes can be adversely affected by in-
flammation, whereas defects in these processes
can trigger an inflammatory response, potential-
ly creating a vicious cycle that can contribute to
acceleratedaging.Fromanevolutionaryperspec-
tive, we can hypothesize that preservation of ef-
fective proteostasis, which encompasses the
maintenance of both the level and functionality

of the proteome, is essential to survival. In fact,
virtually any type of biochemical pathway or
stress response requires the integrity of proteins.
Althoughwe cover next the intimate relationship
between proteostatic mechanisms, particularly
the ISR, and inflammaging, details regarding
the connection between the other mechanisms
of aging and inflammation has been extensively
reviewed elsewhere (Bektas et al. 2018; Ferrucci
and Fabbri 2018; Franceschi et al. 2018; Furman
et al. 2019).

The regulation of proteostasis involves evo-
lutionarily conservedmechanisms that are inter-
connected and include the unfolded protein
response (UPR) that senses and responds tomis-
folded protein accumulation in the endoplasmic
reticulum (ER), the heat shock response (HSR)
that regulates protein folding and degradation
capacity, and the ISR that reprograms tran-
scription and translation in response to stress
(see Fig. 3). Broadly speaking, the ISR enables
cells to pause protein synthesis to allow for suffi-
cient time to deal with the accumulation of mis-
folded proteins, all while preserving the trans-
lation of proteins that play critical roles in
promoting homeostasis, including cytokines
and other proinflammatory mediators. Known
stressors that trigger the ISR and its associated
signaling stress-kinases (indicatedhere in paren-
theses) include the accumulation of misfolded
proteins in the ER (PERK), amino acid depriva-
tion (GCN2), iron deficiency andmitochondrial
stress (HRI), or viral infection (PKR), although
this list may very well grow as our knowledge of
the complex mechanisms expands (Derisbourg
et al. 2021a). Depending on the intensity and
duration of the stress, ISR signaling enables the
cell to either favor a return to homeostasis or
apoptotic cell death. An important mediator of
the stress-specific cellular response is ATF4,
which becomes up-regulated following activa-
tion of the stress kinases and consequent phos-
phorylation of eukaryotic initiation factor 2α
(eIF2α). ATF4 is a transcription factor that reg-
ulates the expression of genes specifically in-
volved in survival responses, inducing the
up-regulation of autophagy, the DNA-damage
response, and inhibition of mTORC1 (Ameri
and Harris 2008). However, if the stress is too
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intense or prolonged, exceeding the tolerance
threshold of the cell, there is a shift toward apo-
ptosis. The regulatory mechanisms that eventu-
ally shift the response toward cell death are not
understood, butpresumably involve a reaction to
excessive damage accumulation. The intricate
control of the ISRnetwork through sophisticated
transcriptional regulation is, inmanyways, rem-
iniscent of a subroutine in software program-
ming and shows how a cell can mechanistically
deal with stress and/or a crisis triggered by aging
and inflammaging.

The link between ISR and inflammaging is
supported by observations that dysregulation of
the ISR is observed inmany inflammaging-relat-
ed disorders, including cancer, neurodegenera-
tive disease, and metabolic syndrome (Ameri
and Harris 2008). There is also emerging evi-
dence that the ISR is up-regulated with aging
and is involved in age-related diseases such as
diabetes and cancer. Mechanistically, it is cur-
rently believed that the ISR activates the NF-κB
transcriptional regulator (see further informa-
tion in the next section) by slowing down the
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Aging and Inflammation

Cite this article as Cold Spring Harb Perspect Med 2024;14:a041197 15

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

 on July 2, 2024 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


translation of its short-lived protein inhibitor
IκB (Tam et al. 2012). This model is consistent
with the observation that ISR activation leads to
secretion of inflammatory cytokines, such as IL-
1β and IL-6, factors that are directly related to
NF-κB activity. Thus, inhibition of the ISR is a
candidate mechanism for reducing inflamma-
tion. ISR inhibition has in fact been shown to
extend survival in nematodes (Derisbourg et al.
2021b) and enhance cognitive function in aged
mice (Krukowski et al. 2020), suggesting phar-
macological modulation of the ISR may be a fu-
ture therapeutic strategy for age-related chronic
diseases characterized by inflammaging (Deris-
bourg et al. 2021a).

AGE-RELATED DYSBIOSIS AND
INFLAMMAGING

Beyond the so-far-discussed intrinsic andextrin-
sic triggers of inflammaging, the gutmicrobiome
and dysbiosis are newly emerging sources for
age-associated chronic inflammation. There is
evidence that changes in the gut microbiome
and repeated chronic infections that become
more prevalentwith agingmay contribute to sys-
temic inflammation and activate the compo-
nents of the ISR, especially in the most severe
circumstances. For example, recent data suggest
that Shigella flexneri, which primarily infects the
gastrointestinal tract and,more relevant to aging,
Porphyromonas gingivalis, the “keystone patho-
gen” of chronic oral inflammatory gum peri-
odontitis, activate the ISR (Knowles et al. 2021).
In a recent review, Ghosh et al. (2022) describe
evidence indicating that the microbiome affects
the host’s metabolic, immune, and neurological
functions in a reciprocalmanner, aswell asmod-
ifies the riskof diseases in general and age-related
diseases in particular, many of which are linked
to inflammation and inflammaging.

The diversityof thehuman gutmicrobiome is
vast, with almost 2000 bacterial species (Almeida
et al. 2019). Observational studies suggest that the
degree of “diversity” is the most important char-
acteristic of a “healthymicrobiome,” as problems
occur when one bacterial species becomes domi-
nant. Comparative analysis of microbiome pro-
files shows that some taxa of bacterial species are

more prevalent in centenarians across variousna-
tionalitiesandgeographiesandrevealsthata lower
number of symbionts, such as the Faecalibacte-
riumspecies,areassociatedwithhealth inyounger
individuals.Moreover, there is ahighernumberof
gut microbiota genes associated with xenobiotic
degradation in long-livedolder individuals (Ram-
pelli et al. 2020). Other age-related changes in the
microbiome include the loss of dominant com-
mensal taxa (such as the health-associated genus
Bifidobacterium) and an increase in other com-
mensals, such as pathobionts Streptococcus and
Enterobacteriaceae, which are associated with an
age-related decline in health (Jeffery et al. 2016;
Ghosh et al. 2020a). Studies examining cohorts of
individuals, such as those enrolled in Ireland-
based ELDERMET, have found similar changes
that are characterized by loss of commensals and
a gain of pathobionts, such as Enterobacteriaceae
family members and disease-associated Clostrid-
ium species (Ghosh et al. 2022). Moreover, in ex-
amining 25 studies that investigated gut micro-
biome alterations in older individuals, Ghosh
etal. (2022) identifiedathirdgroupofcommensal
microbial markers (i.e., Akkermansia, Barnesiel-
laceae, Butyricimonas, Butyrivibrio, Christense-
nellaceae, Odoribacter, and Oscillospira), which
increase with age but decrease in various age-re-
lated conditions. As such, these species appear to
represent candidate biomarkers of healthy aging
or physiological decline. For example, a decrease
in Akkermansia has been associated with cogni-
tive decline (Manderino et al. 2017),multiple age-
related diseases/comorbidities (Singh et al. 2019),
mortality among centenarians (Luan et al. 2020),
and progeria (Bárcena et al. 2019). Akkermansia
promotes the growth of butyrate producers (by
producing acetate), which in turn decreases the
loss of the colonic bilayer and hence reduce in-
flammation (Ghosh et al. 2022). Akkermansia
alsoreducestheactivationof innateB1acells (pre-
venting insulin resistance) (Bodogai et al. 2018),
prevents cellular senescence (Shin et al. 2021),
ameliorates progeroid symptoms (Bárcena et al.
2019), and reduces the risk of cardiometabolic
disease in humans who are overweight or obese
(Depommier et al. 2019), all factors known to in-
crease inflammation. Furthermore,with regard to
inflammation, a decrease inmicrobiome produc-
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ers (such as Blautia, Coprococcus, Dorea, Eubac-
terium, Faecalibacterium, and Roseburia) of core
short-chain fatty acids, which are known anti-in-
flammatory metabolites (Couto et al. 2020), has
been associated with frailty (Ghosh et al. 2020a)
and Alzheimer’s disease (Haran et al. 2019). Of
note, many of the unhealthy age-associated path-
obionts mentioned result in metabolites that are
connected to inflammation and oxidative stress,
including trimethylamine (Lin et al. 2020), para-
cresol(Ghoshetal.2022),andLPS(Awoyemietal.
2018).

In addition to the beneficial effects of some
microbial species against inflammation, evi-
dence supports the premise that themicrobiome
can be an important contributor to inflammag-
ing. Thevaranjan et al. (2017) performed a set of
experiments in mice to identify connections be-
tween themicrobiomeprofile andage-associated
inflammatory changes. They found that mice
maintained under germ-free conditions did not
showanage-related increase inproinflammatory
cytokine levels. However, co-housing germ-free
mice with non-sterilely raised old mice but not
young mice, increased proinflammatory cyto-
kine levels. In TNF-α-deficient animals, age-as-
sociated microbiota changes were not observed,
and the mutant mice were protected from age-
associated inflammation. Finally, the investiga-
tors showed that age-associated microbiota
changes in normal mice could be reversed by
anti-TNF-α therapy by reducing TNF-α levels.
Together, these findings suggest that inflamma-
tion is caused by both alterations in the micro-
biota and downstream consequences of the mi-
crobiota changes (Thevaranjan et al. 2017).

Last, lifestyle interventions such as theMed-
iterraneandiet (Ghosh et al. 2020b), a diet rich in
blueberries (Ntemiri et al. 2020), andmanyother
diets including those that incorporate various
prebiotic and microbial supplements, have been
found to reduce inflammatory biomarkers or in-
crease anti-inflammatory biomarkers. Such evi-
dence indicates that modulation of the micro-
biome through dietary strategies may be one
way to reduce inflammation and hence stave off
physiological decline associated with aging
(Ghosh et al. 2022). The connections between
the microbiome and inflammation described

above have motivated clinical trials to manipu-
late the microbiome in older individuals to re-
duce inflammation. Examples include prebiotic
administration to affect specific microbiota that
influence inflammation, such as short-chain fat-
ty acid producers (Chung et al. 2020), and direct
microbial supplementation that targets gut in-
flammation in age-related conditions such as
Alzheimer’s disease (Leblhuber et al. 2018). In
the future, microbiome manipulation focusing
on inflammation may also include fecal micro-
biota transplantation (FMT), which to date has
been primarily limited to clinical trials treating
chronicClostridioidesdifficile infection(Agrawal
et al. 2016;Friedman-Kornet al. 2018).However,
promising experiments in mice have demon-
strated that FMT from young into old animals
reversedage-associated inflammation in the cen-
tralnervous systemand retina (Parkeret al. 2022)
and also improved, in the old mice, peripheral
and brain immunity and cognitive behavior im-
pairments (Boehme et al. 2021).

IS REDUCING INFLAMMATION USEFUL?

Overwhelming observational evidence indicates
that inflammation is a risk factor for chronic
diseases, multimorbidity, disability, frailty, and
mortality, prudently favoring inflammation sup-
pression as a first choice of intervention to com-
bataging.Surprisingly,whetherblocking inflam-
mation prevents a decline or improves physical
function in older individuals has not been defin-
itively established, with a few exceptions that we
review later in this section (Ferrucci and Fabbri
2018). From the data presented earlier in this
work, it is reasonable to hypothesize that if in-
flammation is effectively targeted through inter-
ventions that selectively offset the deleterious ef-
fects of an inflammatory environment while
retaining its critical role in the defense, repair,
and regeneration of damaged macromolecules
and cells, it would result in the expansion of
health span and preservation of functional status
in old age. Many different pharmacological and
nonpharmacological strategies are currently
available to reduce inflammation besides ste-
roids. These include, salicylates (such as aspirin),
propionic acid derivatives (such as Naproxen),
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acetic acid derivatives (such as Indomethacin),
enolic acid (Oxicam) derivative (such as Piroxi-
cam), anthranilic acid derivatives (such as Mef-
enamic), and selectiveCOX-2 inhibitors (suchas
Celecoxib). Other drug classes have claimed to
effectively reduce inflammation, including Lo-
sartan and Omega 3 fatty acids (in the form of
fish oil). More recently, several monoclonal an-
tibodies have been released that selectively block
inflammatory mediators (cytokines) and che-
mokines and/or their receptors. Finally, new
molecules that selectively block the NLRP3 in-
flammasome have been produced but will not be
addressed here because of the lack of solid sup-
porting data in animal models or humans.

In a prospective cohort comprised of 14,315
men (mean age 71 yr) who participated in the
Physicians’ Health Study I, a randomized con-
trolled trial of aspirin (1982–1988) was conduct-
ed, with extended posttrial follow-up. Individuals
whowere regularly taking aspirin (at least 60 d/yr
on average) were more likely than those that were
not toself-reportpreservedmobility (Orkabyetal.
2022). In theASPREE (aspirin in reducing events
in the elderly) trial of 100 mg of aspirin daily ver-
sus placebo, 19,114 healthy adults aged 70+ yr
(65+ yr if U.S. minority) in Australia and the
United States were recruited. Over a median of
4.7 yr, incident disability in activities of daily liv-
ing was similar in those receiving aspirin (776/
9525) relative to placebo (787/9589). However,
persistent disability in activities of daily living
tended to be lower (nonsignificantly) in the aspi-
rin group (Woods et al. 2021). The promising re-
sults of these studies is tempered by other studies
that failed to demonstrate any effects of chronic
aspirin administration on physical or cognitive
functions and by a recent report from the
ASPREE trial showing that the risk of a serious
fall was significantly greater in the aspirin group
(Barker et al. 2022). The ENERGIZE pilot ran-
domizedcontrolled trial failed todemonstrateany
positive effect of Losartan and fish oil on plasma
IL-6 and mobility in older persons (Pahor et al.
2020).

The Canakinumab Anti-Inflammatory
Thrombosis Outcome Study (CANTOS) trial
remains the strongest evidence that reducing in-
flammation prevents a “hard”medical outcome,

such as incident cardiovascular events (Ridker
et al. 2017a). The CANTOS found that blocking
IL-1 with the monoclonal antibody canakinu-
mab significantly reduced cardiovascular events
in individuals with established atherosclerotic
disease who had already survived a myocardial
infarction and had residual inflammatory risk.
Interestingly, the protection was higher among
those, who after receipt of the first dose, exhib-
ited a decline in IL-6 and C-reactive protein.
When reanalyzing the CANTOS database, can-
akinumab was also found to reduce the rate or
incidence of lung cancer (Ridker et al. 2017b),
anemia (Vallurupalli et al. 2020), hip or knee
replacement (Schieker et al. 2020), and hospital-
izations for heart failure (Everett et al. 2019), as
well as to positively impact insulin resistance
(Everett et al. 2018). These data strongly suggest
that blockage of inflammation positively affects
multiple chronic disease–associated health out-
comes. By extension, we can hypothesize that
this same approach would have beneficial effects
on multiple health outcomes.

TNF-α triggers NF-κB, which, as discussed
earlier, operates as a gate to many proinflamma-
tory cytokines and inflammatory signals. There
is therefore strong rationale to hypothesize that
blocking TNF-α, especially in frail older persons
whocharacteristicallyhaveaninflammatorycom-
ponent,will improvehealthoutcomes andmuscle
functionmobility in particular. Inmice, pharma-
cological TNF-α blockade, with weekly subcuta-
neous injection of etanercept from16 to 28 mo of
age, prevented atrophy and loss of type II fibers
and led to significant improvements in muscle
function and life span (Sciorati et al. 2020). Other
compounds that selectively block major inflam-
matory mediators, such as tocilizumab, sarilu-
mab, and siltuximab, which interfere with IL-6
signaling; anakinra and rilonacept, which block
IL-1 signaling; and infliximab and certolizumab
pegol, which disrupt TNF-α signaling, to name a
few, have also been tested extensively in overt in-
flammatory disease, such as rheumatoid arthritis
or giant cell arteritis, with positive results thus far.
Unfortunately, to date, none of these candidate
therapeutics have been tested for their ability to
prevent age-associated multimorbidity or risk of
physical and cognitive disability.
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It is important to recognize that “treating”
inflammation is intrinsically complex, especially
in “healthy” individuals. This is a particular con-
cern if inflammation isblockedat acentral hubof
one of the different defensive mechanisms, a
strategy employed by many of the agents used
nowadays that were designed to fight overt in-
flammatory conditions. Because of such com-
plexity, scientists have looked at nonpharmaco-
logical interventionsto reduce inflammationand
prevent relatedadversehealthoutcomes.There is
some, albeit not overwhelming, evidence that
physical activity and exercise can reduce inflam-
mation (de Lemos Muller et al. 2019). In a ran-
domized controlled trial in older persons, exer-
cise reduced inflammation in adipose tissue as
measured by the expression of proinflammatory
cytokines, especially when paired with mega-3
supplementation (Čížková et al. 2020). A num-
ber of observational studies and intervention
trials havealso shown that adherence to theMed-
iterraneandiet prevents chronicdisease develop-
ment (Salas-Salvadó et al. 2018). Indeed, dietary
regimens based on the Mediterranean diet im-
prove proinflammatory status and prevent mo-
bility loss, cognitive decline, and frailty in older
persons, the most severe and most dreaded con-
sequences of aging (Milaneschi et al. 2011; Tana-
ka et al. 2018; Wang et al. 2018; Capurso et al.
2019; Tsigalou et al. 2020).

Looking to the future, more research on the
specific causes and mechanisms that trigger in-
flammaging, as well as the defining features of
inflammaging, will certainly provide clues about
the most effective targets. Hopefully, such in-
sights will direct us to new therapeutic mecha-
nisms that are less prone to unwanted side-ef-
fects. For example, enhancing mitophagy via
administrationofUrolithinAoreliminating sen-
escent cells through new senolytic drugs are
emerging, promising approaches currently being
tested in human trials.
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