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Inflamm-aging is widely considered a hallmark of aging, yet emerging evidence challenges its universality. Here,
we re-examine inflamm-aging through an eco-evolutionary lens, underlining its context dependence across
biological scales. Combining mechanistic, evolutionary, comparative, anthropological, genetic, and environ-
mental evidence, we show how fundamental inflammatory mechanisms are integrated and regulated in diverse
biological contexts, representing a suite of flexible stress responses. Drawing on studies from non-industrialized
populations, which suggest that inflamm-aging reflects mismatches between evolved human biology and
industrialized exposomes, we explore how population-specific evolutionary histories and environmental expo-
sures shape differential predispositions and trajectories of inflamm-aging. We propose that, to the extent that
inflammation represents this broad suite of stress responses, increases in at least some dimensions of inflam-
mation with age should be nearly universal, as other physiological processes break down and internal stresses
mount. However, the particular set of internal stressors that is triggered in a given species, environmental
context, or individual is likely more specific, implying that there is unlikely to be any universal signature of
inflamm-aging. The question of whether inflamm-aging is universal thus hinges on whether it is defined broadly
as any increase in activation of any inflammatory systems, or more narrowly as a particular suite, such as those
activated in industrialized populations with high levels of sedentary behavior and cardiometabolic diseases.
Inflamm-aging is ultimately a norm of reaction—an aging-related inflammatory profile whose phenotypic
expression varies with genotype and environment—and research should therefore focus on understanding how
ecological, evolutionary, and environmental factors modulate inflammation and its age-related trajectory.

system undergoes complex remodeling, characterized by both func-
tional alterations and adaptive changes, resulting in altered immune

1. Introduction

1.1. Definition and importance of inflamm-aging
Aging involves changes in various aspects of human biology,

including immune-related changes known as immunosenescence (Fiilop
et al., 2018; Lopez-Otin et al., 2013). As aging progresses, the immune
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responses and increased susceptibility to infections and chronic
non-communicable diseases (CNCDs). Importantly, a progressive
reshaping of the expression patterns of inflammatory mediators pro-
duced by immune cells establishes a non-resolving, chronic, low-grade,
systemic, sterile (without overt infection), inflammatory state referred
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to as “inflamm-aging” (Franceschi et al., 2000). Concurrently, senescent
cells that accumulate across tissues contribute to this phenomenon
through a steady trickle of pro-inflammatory mediators, especially as
immunosenescence increasingly impairs their clearance by immune
cells (Matacchione et al., 2022; Prata et al., 2018; Schloesser et al., 2023;
Ovadya et al., 2018; Schafer et al., 2020; Kale et al.,, 2020).
Inflamm-aging has been implicated in the loss of cognitive and physical
function and in the pathogenesis of many age-related CNCDs (Lencel and
Magne, 2011; Franceschi and Campisi, 2014). In very old individuals,
frailty has been strongly associated with elevated inflammatory medi-
ators (CRP, IL-6, TNF-a), while no significant associations were observed
with cellular aging (telomere length, oxidative stress, or DNA dam-
age/repair), underscoring the importance of systemic inflammation
(inflamm-aging) in late-life physiological decline (Collerton et al.,
2012). Inflamm-aging is thought to result from lifelong stress, notably
the cumulative lifetime exposure to antigenic load, driven by both
clinical and subclinical infections, as well as noninfectious antigen
exposure (Franceschi et al., 2000; De Martinis et al., 2005). As accu-
mulating evidence suggests a cause-effect relationship between
inflamm-aging and age-related tissue deterioration, Claudio Franceschi,
who coined inflamm-aging, underlined the importance of tissue-resident
macrophages in the production of inflammatory mediators, due to
increasing stimulation by damage-associated molecular patterns
(DAMPs) (oxidized, misfolded, glycated, or ubiquitinylated proteins,
extracellular ATP, mitochondrial DNA, ceramides, cardiolipin, formyl
peptides, etc.), a phenomenon he called “macroph-aging” (Franceschi
et al.,, 2000, 2017a). Age-related tissue deterioration is significantly
influenced by extracellular matrix (ECM) remodeling, marked by
changes in stiffness (through collagen cross-linking and glycation),
composition (e.g., collagen, elastin, proteoglycans), and signaling
(Statzer et al., 2023; Lampi and Reinhart-King, 2018). Critically, by
releasing proteases that degrade ECM into fragments, senescent cells
both promote tissue deterioration and fuel macroph-aging (Takaya
et al., 2022; Scheibner et al., 2006; Coppé et al., 2010).

1.2. Measurement of inflamm-aging

There is no consensus measurand for inflamm-aging—that is, no
agreed-upon specific biomarker or standardized metric that definitively
captures this process (illustrated in Fig. 1 in Subsection 2.1 below). In
most human epidemiological studies, inflamm-aging has been charac-
terized by elevated blood levels of pro-inflammatory mediators, such as
C-reactive protein (CRP), interleukin (IL)-6, IL-1p, IL-8, IL-15, tumor
necrosis factor (TNF)-a, C-X-C motif chemokine ligand (CXCL)9, and
colony-stimulating factor 1, as well as other inflammation-associated
markers like platelet-derived growth factor (PDGF) and vascular endo-
thelial growth factor (VEGF) family members (Alley et al., 2007;
Bruunsgaard et al., 2003; Harris et al., 1999; Puzianowska-Kuznicka
et al., 2016; Samson et al., 2022; Varadhan et al., 2014; Roubenoff et al.,
1998; Sayed et al., 2021; Hirata et al., 2020; Kalyakulina et al., 2023,
2024; Morrisette-Thomas et al., 2014). However, there is no definitive
list, and the markers used vary widely across studies. Certain studies
target proteins involved in intracellular signaling pathways. For
instance, the iAge metric, a multivariate inflammatory clock predicting
multimorbidity, is based on circulating cytokine levels; its relevance,
however, has been validated through phosphorylation levels of signal
transducer and activator of transcription (STAT) proteins (STAT1,
STATS3, and STATS5) in peripheral blood mononuclear cells stimulated
with interferon (IFN)-a, IL-6, IL-10, and IL-2 (Sayed et al., 2021). Other
studies have examined: the phosphorylation of the p65 subunit of nu-
clear factor-kB (NF-kB) in total monocytes and their subsets, either at
baseline or following exposure to lipopolysaccharide (LPS) or TNF-a
(Tavenier et al., 2020); basal phosphorylation of both the p65 subunit of
NF-kB and STAT proteins (STAT1, STAT3, and STAT5) in total periph-
eral blood mononuclear cells and in monocyte and lymphocyte subsets,
as well as in vitro toll-like receptor (TLR)4-stimulated monocytic
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production of IL-6 and TNF-a in response to LPS (Piber et al., 2019).
Similarly, in mice, inflamm-aging has been measured through the
phosphorylation of mechanistic target of rapamycin (mTOR) and of the
p65 subunit of NF-kB in colonic cells and peritoneal macrophages (Kim
et al., 2016); in Drosophila, through the cleavage and nuclear trans-
location of the NF-kB-like transcription factor Relish in the fat body
(Zhang et al., 2024) and in the brain (Kounatidis et al., 2017); in great
tits, through leukotriene B4 levels (Tesicky et al., 2021); and in mice,
rats, rhesus monkeys, and humans, in skeletal muscles, through the ratio
of phospho-active NF-kB to total NF-kB, cytokine transcripts (TNF-a,
IL-1B, IL-6, and IL-10), and levels of cyclooxygenase-2 (an enzyme
involved in the conversion of arachidonic acid to prostaglandin H2)
(Mercken et al., 2017).

1.3. Inflamm-aging as a universal hallmark of aging?

Because inflamm-aging has been documented in diverse spe-
cies—including rodents (Kim et al., 2016), dogs (Jiménez, 2023; Schmid
et al., 2024), monkeys (Mercken et al., 2017), birds (Téesicky et al.,
2021), fish (Moons et al., 2017; Morabito et al., 2023), and even flies
(Zhang et al., 2024; Kounatidis et al., 2017)—it is widely accepted in the
scientific community as part of the aging process, common to mammals
and possibly all bilaterians (e.g., Drosophila). As a result, it was incor-
porated into the “hallmarks of aging” framework (Lopez-Otin et al.,
2023), which is central in geroscience. Inflamm-aging is viewed as a
“hub” for aging, tightly interconnected with other hallmarks and
regarded as both a cause and an effect of age-related cellular changes
(Baechle et al., 2023). In this framework, accumulating cellular damage
from primary hallmarks (e.g., genomic instability, loss of proteostasis,
disabled macroautophagy) and the initially adaptive, but ultimately
detrimental, responses of antagonistic hallmarks (e.g., cellular senes-
cence, deregulated nutrient sensing) collectively drive the emergence of
integrative hallmarks, including inflamm-aging (Lopez-Otin et al.,
2013). By definition, a hallmark of aging must manifest during physio-
logical aging, worsen aging when experimentally intensified, and slow
aging when experimentally mitigated, thereby increasing lifespan
(Lopez-Otin et al., 2013). Thus, inflamm-aging is viewed as a universal,
inexorable process inherent to aging, one that could be slowed by an
optimal lifestyle or accelerated by a poor lifestyle. However, recent
studies suggest that inflamm-aging may be absent in certain Indigenous,
non-industrialized populations (NIPs) (Franck et al., 2025; Aronoff
et al., 2025), calling into question the notion that inflamm-aging is truly
universal, and forcing a re-examination of its fundamental nature and
boundaries.

This essay synthesizes evidence from immunology, evolutionary
biology, cellular and systems biology, and anthropology to delineate the
nature and scope of inflamm-aging. The argumentative line is as follows:
We first define inflammation and explore its evolutionary origins by
tracing ancestral cellular stress responses and the diversification of in-
flammatory signaling pathways (Section 2). Clarifying these evolu-
tionary roots helps us to understand why inflammatory responses are
inherently context-dependent, complicating the search for universal
measurands (Section 3). We then explore species-specific differences in
inflammatory signaling components, homeostatic regulation, and life-
history strategies (Section 4), questioning the universality of inflamm-
aging and discussing the challenge posed by the “public” nature of
inflamm-aging and the “private” nature of perturbations (Section 5).
Next, we shift our focus to within-species variability by examining how
the human exposome shapes inflamm-aging trajectories, highlighting
recent comparative studies between industrialized and non-
industrialized populations and their implications for interpreting
inflamm-aging (Section 6). We follow with a focused look at macro-
phages, showing how environmental pressures modulate macrophage
polarization and “macroph-aging” (Section 7). Finally, we propose that
inflamm-aging is best conceptualized as a norm of reaction shaped by
evolutionary mismatch, and highlight the difficulty of defining
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consistent measurands across diverse species and contexts (Section 8).
2. Evolutionary origins of inflammation

2.1. Conceptual framework: definitions and scope of inflammation

The immune system comprises a complex network of cells and
molecules, dispersed throughout the body, designed to recognize non-
self-elements and elicit protective responses. Inflammation, an evolu-
tionarily conserved mechanism, is at the core of this defense. It is
traditionally defined as the organism’s defense reaction to infection or
tissue injury; however, inflammation can also manifest in the absence of
these triggers, as observed in instances such as obesity (meta-inflam-
mation (Hotamisligil, 2006)), CNCDs, and aging (inflamm-aging), thus
highlighting that factors other than infections and injuries can elicit
inflammation. Ruslan Medzhitov conceptualized substantial and
continued perturbations of homeostasis in mammals, with a major
implication of macrophages, to be a root cause of CNCDs that invariably
are accompanied by inflammation (Kotas and Medzhitov, 2015;
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Chovatiya and Medzhitov, 2014). Biological systems actively maintain
certain variables near set-point values in the face of environmental or
internal perturbations through homeostatic circuits at the levels of the
cell, tissue, and organism (Chovatiya and Medzhitov, 2014). His
perspective suggests that inflammation arises when perturbations cause
deviations from homeostasis that exceed the capacity of homeostatic
mechanisms (Kotas and Medzhitov, 2015; Okabe and Medzhitov, 2016;
Medzhitov, 2021). Inflammation-inducing perturbations and their
detection mechanisms by the organism are diverse, but substantial ho-
meostatic deviation remains their common denominator (Fig. 1). Typi-
cally, the detection through pattern recognition receptors (PRRs) of both
pathogen-associated molecular patterns (PAMPs), anticipating a po-
tential infection, or DAMPs, monitoring the consequences of tissue
damage (which can be due to an infection or an injury) can induce an
inflammatory response (Meizlish et al., 2021). But beyond loss of
structural integrity (resulting from injuries or infections), which repre-
sent extreme perturbations, loss of tissue-specific functionalities such as
the disruption of mucociliary clearance in the respiratory tract by
airborne particulates (e.g., pollutants, pollen, chitin) (Kopp et al., 2023)
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Fig. 1. Conceptual diagram illustrating inflamm-aging/inflammation as a multi-scale process integrating cellular, tissue, and systemic levels. Inflammation-inducing
perturbations shape the aging/inflamm-aging trajectory throughout life. Most hallmarks of aging manifest at the cellular level, and while homeostasis is primarily
studied at the cellular and systemic levels, disruptions can occur at all three levels (cellular, tissue, organismal), with perturbations at one level often propagating to
the others. Perturbations initially activate intracellular inflammatory pathways, primarily NF-kB, leading stressed or damaged cells to release cytokines such as IL-6,
which subsequently propagate inflammation by activating secondary signaling cascades, notably the JAK-STAT pathway. The tissue level, in particular, plays a
crucial role in amplifying and sustaining these inflammatory signals, contributing to age-related tissue deterioration and macroph-aging. Inflamm-aging is primarily
assessed by measuring plasma levels of inflammatory mediators (e.g., IL-6, CRP) and the activation of intracellular pathways (NF-kB subunits and STAT proteins)

(created with https://BioRender.com).


https://BioRender.com

M. Franck et al.

or loss of regulation of physiological processes induced, for instance, by
cold exposure (Vasek et al., 2024), starvation (Kogel et al., 2021),
dehydration (Houser et al, 2021), or intense physical activity
(Kaufmann et al., 2021), can also induce different modalities of
inflammation. The inflammatory response is thus a tissue/system-wide
process aimed at restoring structural and functional homeostasis that
integrates stress cues, immune, metabolic, and neuroendocrine signals,
and orchestrates immune effector engagement, tissue remodeling,
metabolic adjustments, and behavioral responses (Medzhitov, 2021).

Systemic homeostasis relies on endocrine and autonomic sensors,
such as sensory neurons and endocrine cells, to regulate variables like
temperature, blood glucose and pH through hormonal and neural
feedback, while tissue-level homeostasis primarily depends on macro-
phages, which act as local sensors by monitoring ECM integrity (e.g.,
density, stiffness, cell composition, oxygen levels, osmolality) and ef-
fectors by removing apoptotic and senescent cells, and by orchestrating
ECM remodeling through context-specific transcriptional programs
(Kotas and Medzhitov, 2015; Chovatiya and Medzhitov, 2014; Okabe
and Medzhitov, 2016).

Macrophages are present in nearly all tissues in the organism (e.g.,
Kupffer cells, microglia, alveolar macrophages, Langerhans cells, Hof-
bauer cells, histiocytes) and undergo gene expression alterations in
response to various perturbations, adapting their production of inflam-
matory mediators (e.g., cytokines, chemokines, eicosanoids, growth
factors) (Mosser et al., 2021). They bridge homeostatic and inflamma-
tory processes through shared mechanisms: even under optimal condi-
tions, there are always byproducts (e.g., metabolic, structural
debris/DAMPs) that must be managed. The clearance of these byprod-
ucts is part of the homeostatic role of macrophages, but their overload
can trigger inflammation. For instance, apoptotic bodies are continu-
ously generated as part of normal tissue homeostasis and are removed by
macrophages through efferocytosis, which prevents secondary necrosis
and promotes the release of anti-inflammatory cytokines; however,
when clearance is impaired (either due to excessive apoptotic burden or
defects in macrophage function) the accumulation of apoptotic debris
triggers the release of pro-inflammatory cytokines (Gordon and Pliid-
demann, 2018). Thus, senescent cells actively inhibit macrophage
efferocytosis by upregulating the “do not eat me” signal CD47, which
prevents macrophages from clearing both senescent and neighboring
apoptotic corpses, thereby compromising tissue-level homeostasis
(Schloesser et al., 2023). This way, many “inflammatory” mediators
routinely participate in normal physiological processes without trig-
gering any overt inflammation (Maddipati, 2020); for instance, IL-22
promotes intestinal epithelial proliferation, Paneth cell differentiation,
and antimicrobial peptide secretion, thereby contributing to gut ho-
meostasis under physiological conditions (Klotskova et al., 2024).

Therefore, Medzhitov proposed that inflammation manifests along a
spectrum: at one end is the acute canonical inflammatory response,
characterized by the cardinal signs of inflammation in the context of
infection or injury. Further along the spectrum, cellular effectors and
molecular mediators of inflammation are also engaged in lower-grade
responses to factors such as temperature fluctuations, pregnancy,
lactation, major dietary shifts, or even emotional disturbances. At the
other end, they are engaged in normal homeostatic processes in the
absence of any perturbations (Medzhitov, 2021; Meizlish et al., 2021).
But how can the same mechanisms be engaged in responding to such
diverse perturbations? How did the inflammatory response become so
integrated? When we assess inflamm-aging across species, we risk
overlooking the main point by focusing solely on pathways and signaling
molecules: inflammation arises when homeostatic capacities are
exceeded. Even if some central biomarkers are evolutionarily well
conserved, pathways, signaling molecules, and even homeostatic
mechanisms have diverged across species over the course of evolution,
showing that inflammation is not a fixed molecular program, but a
flexible, integrative response shaped by evolutionary history and
context.
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From there, we will first explore how the pathways diversified from
unicellular organisms to vertebrates and how the escalating tissue-level
and systemic-level homeostatic requirements of multicellular organisms
shaped an increasingly integrated, multi-system inflammatory response.

2.2. Evolution of homeostatic challenges and inflammation

The evolution of the inflammatory response was shaped by selective
pressures to maintain homeostasis across increasing levels of biological
organization. Our unicellular ancestors first evolved cellular stress
response mechanisms to counter environmental fluctuations such as
osmotic, thermal, or oxidative stress when homeostatic capacity was
exceeded. With the advent of multicellularity, intracellular components
of inflammatory signaling pathways we know today, notably NF-«kB and
Janus kinase (JAK)-STAT, were co-opted and integrated into systems
coordinating not only homeostatic maintenance at the cellular level but
also at the tissue level (e.g., tissue integrity, coordinated cell responses).
Evolutionarily, the fully assembled and ligand-responsive cytokine re-
ceptor-JAK-STAT signaling pathway likely emerged in Bilateria
(Liongue and Ward, 2013; Liongue et al., 2016); for instance, Drosophila
already possesses a complete, functional pathway comprising three
cytokine-like proteins, one receptor, one JAK, and one STAT (Myllymaki
and Ramet, 2014). See Supplementary Note 1 for details on the evolu-
tionary emergence of cellular stress response mechanisms and inflam-
matory signaling pathways. Overall, the distinction between stress
responses and inflammation lies primarily in scale: stress responses are
localized, cell-autonomous mechanisms aimed at restoring cellular ho-
meostasis, whereas inflammation represents a multicellular response
that begins at the tissue level and can escalate to a systemic response
when localized efforts are insufficient or the perturbation spreads
beyond the initial site (Chovatiya and Medzhitov, 2014; Kiiltz, 2020).

PRRs and xenobiotic-sensing receptors evolved to directly detect
pathogens and noxious xenobiotics, respectively, signaling the presence
of insults that can disrupt homeostasis; however, insults are highly
diverse and unpredictable (e.g., toxins, poisons, allergens) (Chovatiya
and Medzhitov, 2014). Consequently, from an evolutionary perspective,
the detection of homeostatic disruptions, such as perturbations in
transcription, translation, or mitochondrial respiration, likely predates
PRR-mediated inflammation, as seen in early-diverging metazoans like
Caenorhabditis elegans, which lack PRRs but sense pathogen-induced
disruptions of these core cellular functions and activate immune and
detoxification responses (Colaco and Moita, 2016). Similarly, in mouse
macrophages, Legionella pneumophila effectors inhibit host translation,
triggering mitogen-activated protein kinase pathways (MAPK) activa-
tion independently of known PRRs (Fontana et al., 2012). Thus, verte-
brate macrophages, in addition to PRR-triggered inflammation, sense
cellular and tissue stress conditions, such as hyperosmolality (Ip and
Medzhitov, 2015), hypoxia (Raggi et al., 2017), or microgravity (Ludtka
et al., 2021), and convert them into inflammatory responses.

Most hallmarks of aging (primary and antagonistic) either directly
represent disruptions of homeostatic control at the cellular level (e.g.,
loss of proteostasis, mitochondrial dysfunction), or contribute to such
disruptions over time (e.g., genomic instability, deregulated nutrient
sensing). But, although metacellular aging is not reducible to the aging
of individual cells and has a lot to do with the cost of maintaining tissue
integrity in multicellular organisms (Lemoine, 2021), tissue- and
system-level homeostasis disruptions are not directly represented in the
hallmarks of aging framework (e.g., senescence contributes to homeo-
static disruption at the tissue level, inflamm-aging is the consequence of
homeostasis disruptions at all levels) (Fig. 1).

2.3. Evolutionary expansion and functional diversification of cytokine
signaling pathways

In vertebrates, studies of orthology and paralogy relationships
among genes encoding PRRs (Liu et al., 2020; Velova et al., 2018),
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Fig. 2. Evolutionary expansion of inflammatory signaling components following whole-genome duplications. The phylogenetic tree depicts the evolutionary re-
lationships among Caenorhabditis elegans, Drosophila melanogaster, Homo sapiens, Danio rerio, and Salmo salar, with whole-genome duplication events (1R-4R)
indicated by red circles. The table provides examples of key inflammatory signaling components/genes, including NF-kB subunits (Msweli et al., 2024), STAT genes
(Boudinot et al., 2021), SOCS genes (Wang et al., 2019a; Stec et al., 2013), and members of the IL-1 superfamily (Boraschi, 2022), illustrating their expansion in
vertebrates. These gene families are shown as representative cases; additional members of the IL superfamily and other immune-related genes could have been
included. The accumulation of these genes following whole-genome duplications suggests increased complexity and diversification of inflammatory regulation across

evolutionary time (created with https://BioRender.com).

cytokines (Hughes, 1994), their receptor complexes (Liongue and Ward,
2007), suppressor of cytokine signaling (SOCS), and components of the
NF-xB (Williams and Gilmore, 2020) and JAK-STAT pathways
(Boudinot et al., 2021) reveal an evolutionary history of gene duplica-
tions (whole-genome and tandem), starting from the smaller set of
ancestral genes presented above. Globally, nearly all vertebrates share
two early rounds of whole-genome duplication, while specific groups,
such as teleost fishes and salmonids, underwent additional
lineage-specific duplications (Canestro et al., 2013; Wang et al., 2019a)
alongside tandem and segmental duplications that further expanded
various gene families across many groups and species, including pri-
mates (Bailey et al., 2002) (Fig. 2). Following these duplications, the
relaxation of selective pressures, coupled with episodes of positive and
diversifying selection, permitted the accumulation of mutations in the
duplicated genes, driving sequence and functional divergence that
expanded the repertoires of PRRs, cytokines, signaling proteins (e.g.,
JAKs, STATs and SOCS), and receptors (Lynch and Conery, 2000;
Antczak et al., 2022; Shields et al., 1995).

Cytokine repertoires vary markedly across species, and although
most of our current understanding of cytokine signaling derives from
studies in mice and humans (such as those cited in Section 3), eco-
immunology underscores the importance of investigating cytokine
signaling in diverse species (primarily vertebrates) to reveal taxonomic
differences in immune regulation, and evolutionary adaptations
(Zimmerman et al., 2014). See Supplementary Note 2 for detailed ex-
amples illustrating how inflammatory signaling has diversified across
species.

3. Context and functional-specificity in inflammatory responses
3.1. Cytokine pleiotropy and redundancy

Over the course of this evolutionary history, pruning through pseu-
dogenization and purifying selection reduced redundancy in certain
components, particularly in intermediary signaling proteins, resulting in
a “bow-tie” structure with many cytokines and receptors converging
onto a smaller, conserved set of JAKs and STATs (Hilliard et al., 2023)
(Fig. 2). This structure repeatedly emerges in complex biological sys-
tems, as it mediates effective trade-offs among robustness, efficiency,
and evolvability (Csete and Doyle, 2004). It can integrate complex and
chaotic inputs into functional, coordinated responses thus balancing
versatility and control (Tieri et al., 2010). Hence, in the case of in-
flammatory signaling, multiple signals, cues, and microenvironmental

parameters (particularly those actively monitored and homeostatically
maintained by cells) converge through this structure, enabling cells to
efficiently produce context-dependent responses.

Overall, these evolutionary processes—duplication, mutation-driven
divergence, and pruning—underpin the key characteristics of cytoki-
ne-JAK-STAT signaling: the bow-tie architecture of the pathway, as
well as the functional pleiotropy and redundancy of cytokines, which
together confer plasticity to the inflammatory response. For example,
while IFN-y is a potent activator of STAT1, it only weakly induces STAT3
in cells with functional STAT1 (Qing and Stark, 2004). By contrast, IL-6
primarily signals through STAT3, but at higher concentrations or with
prolonged exposure, it can also activate STAT1 (Qing and Stark, 2004).
Although both IL-6 and IL-10 activate STAT3, they engage distinct JAK
combinations, leading to different outcomes: IL-6 signals through JAK1
and JAK2, triggering transient STAT3 activation that supports
pro-inflammatory processes such as acute-phase protein production and
Th17 differentiation, whereas IL-10 signals via JAK1 and TYK2, result-
ing in sustained STAT3 activation that reduces pro-inflammatory cyto-
kines production and promotes regulatory T cell development. This is a
clear illustration of how bow-tie signaling creates an efficient, versatile
mechanism to generate precise regulatory signals with a limited number
of interacting components (Fig. 3).

3.2. Cooperation of signaling components

Importantly, the outcome of cytokine-JAK-STAT signaling depends
heavily on the context, implying that a single cytokine can trigger
divergent outcomes in different cellular milieus. Beyond receptor-ligand
affinities, the pathway’s versatility is shaped by its crosstalk with other
pathways (e.g., NF-xB, mTOR, MAPK, Notch), the involvement of other
cytokines, and intracellular modulators like SOCS, which create nega-
tive feedback by blocking the phosphorylation of certain JAKs or STATSs
(Trengove and Ward, 2013), collectively shaping the cellular response.

These other mediators, receptor complexes, signaling pathways, and
regulatory proteins are part of the cellular/tissular context that will
determine a cytokine’s action. Thus, in the absence of SOCS3, which
normally inhibits IL-6 signaling by preventing sustained STAT3 activa-
tion through the glycoprotein (gp)130 receptor, IL-6 induces prolonged
STAT3 activation, thereby shifting its effects to mimic IL-10 (Croker
et al., 2003; Yasukawa et al., 2003). The IL-6-STAT3-driven production
of acute-phase proteins in hepatocytes is modulated by IL-1 through
NF-kB signaling (Bode et al., 2012). Certain acute-phase proteins’ gene
promoters (e.g., CRP, serum amyloid A) possess binding sites for both
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STAT3 and NF-kB, leading to their synergistic upregulation during in-
flammatory conditions when IL-6 and IL-1 levels are elevated (Zhang
and Fuller, 1997). In the same vein, upstream cytokine production
signaling pathways cooperate by integrating multiple stimuli. For
instance, NF-xB and MAPK pathways are activated at distinct ligand
concentrations in macrophages: NF-kB activation occurs at lower con-
centrations of TLR4 ligands, promoting homeostatic functions and
macrophage priming, whereas MAPK activation requires higher ligand
concentrations and drives the production of pro-inflammatory cytokines
such as TNF-a, IL-6, macrophage inflammatory protein 1-a, monocyte
chemotactic protein 1 (MCP-1), and CXCL1 (Gottschalk et al., 2016).
This is consistent with the notion of a spectrum of inflammatory
responses.

3.3. Microenvironmental modulation of cytokine activity

Moreover, numerous examples illustrate how environmental factors
modulate cytokine activity through these pathways and regulatory
proteins. For instance, alcohol consumption downregulates STAT1 and
STAT3 signaling induced by IL-6, IFN-a, and IFN-y in monocytes, mainly
through the upregulation of SOCS3 and SOCS1 gene expression (Norkina
et al., 2008). Similarly, when exposed to malarial antigens, whole blood
specimens from helminth-infected individuals exhibit higher IL-10
production compared to those from non-infected individuals, due to
increased SOCS3 gene expression (Hartgers et al., 2009). The cyto-
megalovirus immediate-early 1 protein binds to STAT3, preventing its
phosphorylation by JAK1, thereby repressing STAT3-dependent gene

expression while simultaneously activating STAT1-dependent re-
sponses, shifting the balance from a pro-survival IL-6-type response to a
more antiviral, IFN-y-like response (Harwardt et al., 2016). In macro-
phages, changes in ECM stiffness lead to cytoskeletal remodeling
(mechanosensing), which modulates IL-4-induced gene expression via
changes in STAT6 phosphorylation (Meizlish et al., 2024). Likewise,
acidic pH in the tissue microenvironment modulates macrophage in-
flammatory responses by disrupting transcriptional hubs that regulate
gene expression, selectively repressing cytokines like IL-6, IL-12b, and
serum amyloid A3, while amplifying IFN-f and IL-23a, thus acting as a
negative feedback mechanism to calibrate inflammation (Wu et al.,
2024). Importantly, the tissue microenvironment changes with age
(Kaur et al., 2019; Marongiu et al., 2016). Thus, in old mice, while bone
marrow-derived monocytes and macrophages maintained phagocytic
function, tissue-resident peritoneal macrophages were impaired
(Linehan et al., 2014). This extrinsic, microenvironment-driven defect
was associated with increased B and T cell presence and elevated B
cell-derived IL-10 levels—both at baseline and following LPS stim-
ulation—suggesting that these factors contribute to the impairment.
Accordingly, when macrophages from young mice were injected into the
peritoneum of old mice, they exhibited reduced phagocytosis (Linehan
et al., 2014).

3.4. Functional specificity

On the whole, despite shared signaling pathways, cytokines achieve
functional specificity through mechanisms such as cytokine-specific
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receptor combinations, differential JAK and STAT levels across cells,
receptor-ligand interaction kinetics, regulatory proteins, and engage-
ment of multiple pathways (McFarlane et al., 2023). This specificity is
evident in the case of IL-6, where its source determines its half-life and
biological action. Muscle-derived IL-6 has a plasma half-life of approx-
imately five minutes post-exercise, whereas IL-6 from acute inflamma-
tion can persist for up to 15 hours, and IL-6 remains chronically elevated
in cancer patients (Orange et al., 2023). Adipocyte-derived IL-6 pro-
motes macrophage infiltration in adipose tissue and reduces insulin
sensitivity, while exercise-induced IL-6 from skeletal muscles (depen-
dent on lactate produced during exercise) suppresses macrophage
infiltration in adipose tissue and enhances insulin sensitivity (De Melo
Madureira et al., 2022). This example illustrates the extent to which a
single signaling molecule can take on diverse roles across tissues and
contexts, even within an individual. While evolutionarily and func-
tionally efficient, this structure complicates our ability to understand the
system and assign clear conceptual roles to individual signaling mole-
cules. This makes it particularly hard to define proper
biomarkers/measurands.

3.5. Measuring inflammation

Acute inflammation, typically triggered by infections, is a high-
amplitude, short-lived process, well characterized by elevated levels of
canonical biomarkers (IL-1f, IL-6, TNF-a, and CRP) (Furman et al.,
2019). A successful acute inflammatory recovery, regardless of the type
of perturbation, follows consistent, universal dynamics characterized by
the return of blood cell populations to homeostatic setpoints (Foy et al.,
2022). By contrast, chronic inflammation is a low-amplitude, prolonged,
and diffuse process that may result from the persistence of the initial
trigger or, more commonly, from dysregulated signaling pathways
influenced by a complex interplay of factors rather than a single iden-
tifiable cause (Baechle et al., 2023). An important unanswered question
is whether the predictable dynamics and precise return to setpoints that
characterize acute inflammatory resolution (Foy et al., 2022) might also
be partially relevant for chronic inflammatory conditions, or if chronic
inflammation exclusively operates through fundamentally different
biological principles.

Chronic inflammation involves a broader array of mediators, making
it less amenable to standardization (Furman et al., 2019). As an example,
while CRP is an acute-phase reactant that rises in response to infection or
vaccination—making it a well-established marker of acute inflamma-
tion—its levels in chronic conditions like cardiovascular diseases can
vary significantly depending on factors such as disease stage, comor-
bidities, and individual patient characteristics (Inoue et al., 2008; Pan-
ichi et al., 2004). In the United States, 35 % of adults have elevated CRP
levels; this rises to 42 % among those with diagnosed cardiometabolic
conditions, and even 15 % of those without cardiometabolic conditions
display elevated CRP levels (Mainous et al., 2024), showing that CRP
alone is a poor predictor of cardiovascular disease, contrary to previous
beliefs (Yeh and Willerson, 2003). Yet, in aging adults, a
cytokine-response score incorporating STAT phosphorylation (STAT1,
STATS3, and STAT5) in several peripheral immune cell subsets following
stimulation with IL-6, IFN-a, IFN-y, and IL-21 more accurately predicts
cardiovascular disease and chronic inflammation than CRP (Shen-Orr
et al., 2016).

This cytokine-response score (Shen-Orr et al., 2016) prefigured
methodologically and conceptually the iAge metric (Sayed et al., 2021),
first in its aim to build a multivariate metric (across levels of biological
organization—cellular and systemic), and second by showcasing the
relations between chronic inflammation, aging, and age-related dis-
eases. By suggesting that inflamm-aging is not merely a correlate of
aging but a driver of functional decline, notably at the cellular level, and
that targeting inflamm-aging may slow down aging, these studies helped
build the case for integrating inflamm-aging into the hallmarks of aging
framework (Lopez-Otin et al., 2023; Baechle et al., 2023).
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Overall, due to the multifaceted and multidimensional nature of in-
flammatory signaling, there are, to date, no canonical biomarkers, nor
any clear theoretical or measurement framework, to categorize and
assess inflammatory responses that do not fall at the extreme end of the
spectrum corresponding to acute inflammation. Individual biomarkers
appear to be better measurands within specific contexts, and multivar-
iate measurands that integrate several levels of biological organization
thus more effectively capture the inflammatory response as it lies at the
intersection of multiple dimensions. These observations are drawn from
human studies; however, when considering other species, the
complexity of interpretation increases substantially, owing to their
evolutionary divergence.

4. Species-specific adaptations in inflammatory responses
4.1. Increasing regulation shaped inflammation

Overall, inflammatory signaling is mediated by a dynamic network
of interacting molecules that orchestrates responses by integrating sig-
nals additively, synergistically (with combinations yielding effects
greater than the sum of their individual actions), or antagonistically
(tempering the overall response) through interactions that occur either
simultaneously or sequentially, with temporal dynamics modulated by
the varying half-lives of the components. However, features of inflam-
matory signaling such as cytokine pleiotropy and redundancy, bow-tie,
and multi-level feedback loops did not arise in isolation—they were co-
shaped by the need to integrate inflammatory responses with other
physiological controls. As organismal complexity increased, inflamma-
tory signaling networks coevolved with the increasingly integrated
regulatory systems that maintain homeostasis across cells, tissues, and
the whole organism. The transition to bilaterians marked a major change
for how homeostasis is maintained, for how organisms respond to per-
turbations, and for how damage accumulates, compromises homeostatic
maintenance over time, and drives aging (Lemoine, 2021; Blackstone,
2007; Mori et al., 2024).

In early bilaterians, the shift to fast, genetically hardwired devel-
opment reduced the role of metabolic signaling previously used to
suppress aberrant cell behavior, completely changing how tissue-level
homeostasis is maintained; notably, senescence evolved as a by-
product of the new need to control somatic cell variation in the
absence of environmentally responsive signals (Blackstone, 2007). This
shift toward genetically hardwired, spatially patterned development
also led to the emergence of a centralized nervous system in early
bilaterians, which established the basis for more complex homeostatic
regulation (Mori et al., 2024). As bilaterians diversified, the emergence
of internal circulatory systems (Monahan-Earley et al., 2013) and
specialized endocrine structures (Campbell, 2004) enabled more
distributed sensing and systemic regulation of physiological variables.
This opened the path for the evolution of complex homeostatic strategies
in vertebrates, including multi-organ feedback loops and
hypothalamic-pituitary axes that homeostatically maintain certain
physiological variables.

4.2. Species-specific adaptations: homeostatic regulation

We saw that inflammation arises whenever a system encounters a
perturbation (i.e., a loss of structure, function, or regulation) that ex-
ceeds homeostatic buffering capacity (Subsection 2.1). Although losses
of structure rely mainly on PRRs, losses of function or regulation depend
on which parameters fall under homeostatic control, making
inflammation-inducing perturbations highly species-dependent.

For any given physiological variable (e.g., temperature, oxygen
levels, pH, osmolality, or metabolites like glucose or calcium), strategies
of environmental adaptation can be categorized into regulation (ho-
meostatic) and conformity (non-homeostatic) (Willmer et al., 2009; Ye
and Medzhitov, 2019). For example, endotherms (mammals and birds)
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are thermoregulators that maintain their body temperature within a
narrow range through homeostatic circuits, involving metabolic heat
production and physiological adjustments, whereas ectotherms rely on
external heat sources, resulting in body temperatures that conform to
the environment (Clarke and Portner, 2010). These strategies can be
variable-/metabolite-, species-, organ-, and context-specific, with
different strategies often coexisting within a single species or system. For
instance, certain fishes, such as tuna, exhibit regional endothermy,
maintaining elevated temperatures in specific body regions, including
their slow-twitch muscles and brain (Altringham and Block, 1997).
Euryhaline fish homeostatically regulate osmotic balance when tran-
sitioning between freshwater and seawater, yet conform to external
temperatures, whereas marine mammals thermoregulate but rely on
dietary water intake and reniculate kidneys for less tightly controlled
osmoregulation (Costa et al., 2013). Nonetheless, for many variables,
homeostasis at the systemic/organismal level is confined to endotherms:
apparently, homeostatic regulation of body temperature also requires
homeostatic regulation of metabolic processes to stabilize
physico-chemical parameters and adapt to fluctuating energy demands
(Natochin, 2016). Consequently, the regulation of key physiological
variables such as temperature, oxygen, osmolality, ion concentrations,
glycemia, and cell volume emerged interdependently through the
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coevolution of various systems, allowing organisms to regulate multiple
aspects of their internal environment homeostatically at the systemic
level in response to external fluctuations (e.g., the renal system for
osmoregulation and nitrogen excretion, the endocrine system for hor-
monal integration of homeostasis, the circulatory and respiratory sys-
tems for thermoregulation and energy supply, and the nervous system
for coordinating adaptive responses) (Natochin, 2016).

Within mammals, although core homeostatic variables are universal,
species-specific thresholds and ranges reflect fine-tuned adaptations to
distinct ecological niches (Willmer et al., 2009; Costa et al., 2013;
Polakofetal., 2011). Even among human populations, subtle differences
suggest variation in certain regulatory mechanisms (Adams and Covino,
1958; Bergenstal et al., 2017; Ziemer, 2010; Franceschini et al., 2013).
This species-specificity in homeostasis holds profound implications for
understanding the nature and thresholds of inflammation-inducing
perturbations across species, the resulting inflammatory responses and
their consequences, and whether certain signaling mechanisms involved
are conserved or divergent across taxa (Fig. 4).

Conformers rely on environmental stability for physiological func-
tion, as their internal variables largely mirror external conditions,
leaving them vulnerable to sudden or extreme environmental changes.
By contrast, regulators can thrive in a wide range of ecological niches

Organismal
N
S,
X

-

Glucose regulation

Variation in homeostatic constraints and variables

Fig. 4. Species variations in homeostatic regulation across levels of biological organization. The variables, ranges, and mechanisms by which homeostasis is
maintained differ across species, and this variation occurs at the organismal, tissue, and cellular levels. For example, glycemia is more tightly regulated in mammals
than in other vertebrates. Regulatory processes percolate across scales: thermoregulation, for instance, is shaped by interspecific differences in mitochondrial
metabolism and macrophage responses to cold varies across species. Even tissue-level processes such as efferocytosis vary across species, both in how they are
integrated into broader physiological systems and in the degree to which their dynamics are constrained or flexible (created with https://BioRender.com).
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and better withstand mismatched environments, exposing them to
“diseases of homeostasis” (e.g., metabolic disorders), in which envi-
ronmental changes and/or shifting physiological priorities disrupt
certain homeostatic circuits, leading to maladaptive physiological states
and chronic inflammation. This can either be a primary driver of dys-
regulation or a downstream consequence that perpetuates pathological
states (Kotas and Medzhitov, 2015). Thus, unlike mammals, which
maintain tight glycemic control, teleost fishes and other ectothermic
vertebrates exhibit remarkable tolerance to substantial glycemic fluc-
tuations, with species such as Oncorhynchus mykiss and Petromyzon
marinus sustaining prolonged periods of severe hypo- or hyperglycemia
without adverse physiological consequences (Polakof et al., 2011).

Importantly, although not homeostatically regulated in the strict
Cannonian sense (Subsection 2.1), many variables are nonetheless
regulated, within broader or shifting ranges (e.g., iron levels, circadian
rhythms), with regulatory mechanisms and tolerances that vary sub-
stantially across species; these variables can be disrupted or regulated by
inflammation or contribute to it when dysregulated.

Although these interspecies differences have been primarily studied
at the systemic level, they exist at all levels of biological organization, as
processes percolate across scales: cellular- and tissue-level processes are
integrated into broader physiological systems. An obvious example is
mitochondria, where endotherms sustain higher proton leak rates and
metabolic heat production to maintain elevated aerobic metabolism,
whereas ectotherms exhibit lower mitochondrial activity and greater
metabolic flexibility, optimizing energy efficiency rather than sustaining
constant ATP synthesis (Clarke and Portner, 2010). Mitochondria
regulate energy and redox homeostasis at the cellular level, and their
activity, number, and distribution are tightly controlled to sustain
tissue-level homeostasis, with an involvement of macrophages in certain
tissues (Jezek and Hlavata, 2005; Brestoff et al., 2021). In fact, immune
cells and notably macrophages, which are major sensors and effectors of
tissue-level homeostasis, exhibit phenotypic and functional variation
across species. For instance, peritoneal macrophages from fish and
amphibians, both ectothermic vertebrates, exhibit species-specific
functional responses to temperature fluctuations, with variations in
adherence, enzymatic activity, and endocytic efficiency (Pxytycz and
Jozkowicz, 1994).

Efferocytosis is influenced by hormonal and metabolic (Mann et al.,
2024) contexts such as insulin sensitivity (Tabas et al., 2010), and is
therefore likely to vary markedly across species in accordance with their
respective physiological contexts. More specifically, fish and mamma-
lian macrophages both display pro- and anti-inflammatory responses
when exposed to pathogenic particles and apoptotic bodies, respec-
tively, though to varying degrees, suggesting that the distinct polariza-
tion of macrophages in response to inflammatory or homeostatic stimuli
was already established in early vertebrates, but that the extent and
regulation of these responses have continued to evolve (Rieger et al.,
2012). Additionally, the contact-dependent anti-inflammatory response
to apoptotic bodies occurs in neutrophils only in mammals, indicating
that their regulatory role in resolving inflammation is a more recent
evolutionary adaptation (Rieger et al., 2012). Tissue-level homeostasis
is indeed maintained by precise control of tissue renewal through a
dynamic equilibrium between cellular differentiation and proliferation,
which varies across species. Notably, cancer risk varies according to
species size and lifespan (Peto’s paradox (Peto et al., 1975)); thus, the
relative prevalence and roles of apoptosis and senescence are shaped by
life-history strategies (Aktipis et al., 2013), reflecting interspecies dif-
ferences in how these processes influence tissue-level homeostasis and
inflammatory responses throughout the lifespan.

4.3. Species-specific adaptations: life-history strategies
We saw that the evolution from ectothermy to endothermy was driven

by the development of increasingly sophisticated feedback control cir-
cuits, which became progressively integrated within nervous, endocrine,
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immune and metabolic systems. Here, we extend this idea to life-history
strategies, examining how they further shape the configuration and cost
of inflammatory responses. Greater interconnectedness between systems
led to the possibility of more trade-offs between functions, and from an
evolutionary perspective, between life-history traits. In vertebrates, hor-
mones and cytokines influence metabolism indirectly through in-
teractions with the three major hypothalamic-pituitary axes: the
hypothalamic-pituitary-adrenal axis, the growth hormone-insulin-like
growth factor axis, and the hypothalamic-pituitary-gonadal axis. These
axes regulate hypothalamic setpoints (e.g., temperature, appetite, circa-
dian rhythms), growth, tissue repair, and metabolism, as well as gonad-
otropins and reproductive hormones (Wang et al., 2019b). Their
regulatory roles align closely with life-history traits: maintenance and
survival mechanisms during environmental or physiological stress,
growth and somatic development, and reproductive investment (Wang
et al., 2019b).

Indeed, the inflammatory response has a high energetic cost, induces
collateral tissue damage, and operates at the expense of other physio-
logical functions. Thus, cytokine activation generally drives the reallo-
cation of resources toward defense mechanisms at the expense of growth
and reproduction. For example, pro-inflammatory cytokines such as
TNF-a, IL-6, and IL-1f, released by macrophages during bacterial
infection, collectively inhibit reproductive hormone synthesis
(Watanobe and Hayakawa, 2003) and insulin signaling (Hotamisligil
et al., 1994; Jager et al., 2007; Weigert et al., 2006), promote osteo-
clastogenesis to release minerals (Garcia-Lopez et al., 2013; Lam et al.,
2000), and induce changes in homeostatic setpoints for appetite, tem-
perature, and sleep (Dantzer and Kelley, 2007). This resource realloca-
tion strategy is generally thought to become maladaptive in the setting
of chronic inflammation (Lencel and Magne, 2011; Wdowiak et al.,
2021; Chawla et al., 2011). However, the level of cytokine responsive-
ness that balances the benefits of inflammation against its costs (e.g.,
immunopathology, resource expenditure, tissue damage, reduced
reproduction) varies with life-history traits. Inflammatory strategies
have thus been hypothesized to reflect species’ life-history strategies,
with larger, longer-lived species tending to favor more regulated in-
flammatory responses to mitigate risks of immunopathology and maxi-
mize somatic maintenance, while smaller, shorter-lived species often
exhibit more rapid and less tightly controlled inflammatory responses,
consistent with prioritizing immediate reproductive investment over
long-term somatic maintenance (Graham et al., 2022). For example,
elephants have multiple copies of the tumor suppressor gene TP53,
thereby enhancing apoptotic responses to DNA damage and contributing
to cancer resistance despite their large body size and long lifespan
(Aktipis et al., 2013; Abegglen et al., 2015). Notably, TP53 and NF-xB
are engaged in an antagonistic crosstalk: TP53 activation inhibits
NF-kB-mediated inflammatory signaling, while activation of NF-xB in-
hibits TP53 (Culmsee et al., 2003; Schumm et al., 2006) (which helps
explain the association between inflamm-aging and cancer (Xie et al.,
2024)). This reciprocal inhibition illustrates how somatic maintenance
(including tissue-level homeostasis) and inflammatory responses are
differently balanced across species.

On another note, bats (unusually long-lived for their size) have
evolved mechanisms that minimize excessive inflammation and tissue
damage while maintaining antiviral defenses, including constitutively
high basal expression of IFN-stimulated gene coupled with rapid in-
duction and downregulation upon infection, suppression of inflamma-
some activation, and restricted IL-1f processing (Graham et al., 2022;
Zhou et al., 2016; Irving et al., 2021). A further example is that, among
terrestrial mammals, larger species tend to have higher neutrophil
concentrations than expected based on body mass, a pattern that may
reflect differences in life-history strategy (Graham et al., 2022; Downs
et al., 2020). Importantly, across mammalian species, neutrophils vary
not only in blood density but also in half-life, secreted molecules
(including cytokines), receptor profiles, and activity (Nauseef, 2023;
Styrt, 1989). These differences may extend to the efferocytosis of
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apoptotic bodies by neutrophils and of apoptotic neutrophils by mac-
rophages, with significant implications for tissue-level homeostasis and
inflammatory regulation. Remarkably, JAKs and STATs recruited
downstream of endocrine hormones (primarily JAK2 and, to a lesser
extent, JAK1, along with STAT3 and STAT5a/5b) show a markedly
higher primary sequence conservation, indicating that they have been
subject to stronger negative selection compared with those that convey
inflammatory signals (primarily JAK3 and TYK2, along with STAT1,
STAT2, STAT4, and STAT®6), reflecting constant adaptations to changing
pathogen pressures, consistent with the Red Queen theory (Gorissen
etal., 2011). This suggests that many evolutionary adjustments, whether
along the homeostatic regulation/strategies of environmental adapta-
tion axis, or on the life-history strategy axis, may have happened
through modifications in cytokine-JAK-STAT signaling.

5. Reevaluating the universality of inflamm-aging
5.1. Diversity of inflammation, but universality of inflamm-aging?

Throughout evolution, inflammation-inducing perturbations exerted
selection pressures not only on organismal inflammatory strategies but
also on strategies of environmental adaptation/homeostatic regulation
and life-history strategies; all interconnected through various mecha-
nisms, including shared inflammatory signaling components, among
which cytokines likely evolved as key “adjustment variables” due to
their evolutionary plasticity. Their central position in inflammatory and
homeostatic signaling networks means that small changes in their
expression, receptor affinity, or tissue distribution can propagate
through downstream gene networks, modulating systemic responses,
and enabling organisms to fine-tune physiological strategies across
different ecological and life-history contexts (Fig. 5).

To illustrate this, an analysis of evolutionary divergence between
mouse and human orthologs revealed rapid changes in genes linked to
immunity, olfaction, and reproduction; notably, around half of the top
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50 most divergent genes are immune-related, including cytokines and
their receptor complexes, underscoring cytokines as some of the most
rapidly evolving genes within mammals (Emes, 2003). This way,
although acute inflammatory stresses (trauma, burns, and endotoxemia)
result in highly consistent gene expression patterns across these stressors
in humans, the corresponding responses in murine models—assessed by
comparing orthologous genes—exhibit minimal correlation with both
human data and with each other (Seok et al., 2013). This observation
echoes the context-dependency of inflammatory signaling (Section 3)
and highlights the idea that the species determines a big part of this
context.

But if inflammation is so species-specific, what are the implications for
inflamm-aging?

As explored above, there is an extraordinary diversity in strategies of
environmental adaptation/homeostatic regulation and life-history stra-
tegies, and thus in lifespan (Jones et al., 2014), and though core com-
ponents are evolutionarily conserved, there is substantial variation
among certain inflammatory signaling components, even within mam-
mals. How, then, can we reconcile the seemingly near-universality of
inflamm-aging in bilaterians with the highly species-specific, con-
text-dependent nature of inflammation? If we take mammals, for
instance, is it possible that whatever combination of
inflammation-inducing perturbations they meet throughout their life-
time, whatever trade-offs their organism makes, they will develop
inflamm-aging, but just sooner or later depending on their aging rate?

5.2. Inflamm-aging, public or private?

Partridge and Gems introduced a framework to distinguish aging
mechanisms as either “public” or “private” (Partridge and Gems, 2002).
“Public” mechanisms refer to aging processes that are broadly conserved
across species, such as oxidative damage or mitochondrial dysfunction,
and thus represent fundamental biological principles common to
diverse-taxa, whereas “private” mechanisms are specific to certain
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Fig. 5. Inflammation-inducing perturbations as major selection pressures (blue arrows). The extent to which these perturbations exert selection pressures on ho-
meostatic regulation, and life-history strategies varies across species. These strategies, in turn, determine the nature and limits of the selection pressures acting upon
them (orange arrows). Part of the adaptation of these strategies occurs through changes in inflammatory signaling components (red arrows). In this way, evolutionary
events such as genome duplications provide species with opportunities to adapt not only their inflammatory response strategy but also their homeostatic regulation
and life-history strategies (dashed yellow arrows), consistent with the notion of the spectrum of inflammatory responses.
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lineages or ecological contexts, shaped by unique evolutionary histories
and environmental exposures (Partridge and Gems, 2002).

In essence, aging refers to the progressive accumulation of molecular
and cellular damage over time, impairing homeostatic circuits and
organismal function and increasing vulnerability to disease and death. It
is largely characteristic of metazoans, particularly bilaterians (e.g.,
mammals, birds, and insects), driven by the progressive accumulation of
damage from mechanisms such as DNA damage, loss of proteostasis, and
mitochondrial dysfunction, which evolved as layers of interconnected
processes in metazoans (Lemoine, 2021). Cellular hallmarks drive
damage that activates inflammatory pathways, which in turn amplify
other hallmarks, creating a self-reinforcing feedback loop (Baechle et al.,
2023).

As detailed in Subsection 4.1, bilaterians underwent major changes
in tissue-level homeostatic regulation, inflammation, and damage con-
trol, due to their increased organismal complexity and emergence of
tightly coordinated tissue functions. In line with this, while most cellular
hallmarks of aging were already present in early metazoans, bilaterians
uniquely evolved additional hallmarks, including cellular senescence
and inflamm-aging (Lemoine, 2021).

Concordant with the Danaid theory of aging (Wensink and Cohen,
2022) an upregulation of the inflammatory response with age, driven by
cellular hallmarks of aging, seems inevitable in bilaterians, due to their
complex immune systems and need for intercellular regulation. Thus, in
bilaterians, whatever its rate, aging leads to an accumulation of mo-
lecular and cellular damage, which will inevitably end up disrupting
homeostasis in some tissue or system, driving inflammation and
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resulting in a vicious cycle that exacerbates damage (Fig. 6). However,
species differ in how much damage they accumulate, what types of
damage they accumulate, which homeostatic circuits are compromised
and in what order, what kind of vicious cycle this sets in motion, and
how rapidly it increases the risk of disease and death. Put simply,
because aging inevitably increases internal stress levels in one way or
another, it likely drives an upregulation of pro-inflammatory pathways
as a universal hallmark of aging across species, but the form, magnitude
and health impact of this inflammatory upregulation differ significantly.

Thus, inflamm-aging has been observed in numerous species, and
seems inevitable in bilaterians, which would seem to make it a “public”
mechanism and fully validate its inclusion in the hallmarks of aging
framework. This issue directly relates to measurement, because claiming
to study the same phenomenon requires a common, or at least compa-
rable, measurand that should thus necessarily be linked to a “public”
mechanism, but although certain core inflammatory components are
evolutionarily conserved, the “private” biological context pertaining to
each species/lineage might have changed radically, making the com-
parison of some measurands across species irrelevant.

Thus, although universal among bilaterians, the dominance of spe-
cific pathways (and even tissue susceptibility) that drive inflamm-aging
may vary widely across species, at the system, tissue, and cellular levels.
Pathways involved will vary depending on species-specific differences in
the inflammatory signaling repertoire (Subsection 2.3), but also
depending on which variables are homeostatically maintained, within
what ranges (Subsection 4.2), and which functions/life-history traits can
be compromised and under what context (Subsection 4.3). At the
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Fig. 6. Inflamm-aging as a near-universal yet diverse aspect of aging across species. In invertebrates such as Drosophila and Caenorhabditis elegans, age-related
activation of intracellular inflammatory pathways (e.g., via NF-kB orthologs) has been observed. However, in the absence of a closed circulatory system and of
organismal-level homeostatic regulation, inflamm-aging in these species differs fundamentally from that observed in vertebrates. In ectothermic vertebrates,
including reptiles, and fish, inflamm-aging occurs, but its systemic consequences (and the associated feedback loop) likely differ from those seen in endothermic
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cellular level, mechanisms of anti-aging that efficiently counteract the
progressive accumulation of molecular and cellular damage are not
uniformly present across species. For example, elephants have multiple
copies of TP53, enhancing DNA damage sensing and apoptosis (Aktipis
et al., 2013); naked mole rats maintain proteostasis through high pro-
teasome activity, elevated basal autophagy, and a tightly regulated
unfolded protein response (Du et al., 2020); bowhead whale exhibits
upregulated DNA repair genes and adaptations in heat shock proteins
(Seim et al., 2014). This makes the relative importance of each cellular
hallmark of aging unique to each species, and thereby internal
inflammation-inducing perturbations “private”. In other words, what is
meant by “homeostatic disruption”—whether at the organismal or tissue
level—is somewhat “private”. The mechanisms underlying
inflamm-aging may thus represent an interplay of conserved biological
pathways and lineage-specific adaptations, challenging its classification
as purely “public” or “private”.

A study investigated several hallmarks of aging, including inflamm-
aging, in muscle tissue from mice, rats, rhesus monkeys, and humans,
reporting a consistent age-related decline in mitochondrial function, a
progressive increase in oxidative stress markers, and the upregulation of
cytokines across all species (Mercken et al., 2017). Remarkably, mice
showed reduced mTORC1 activity, whereas humans and monkeys
demonstrated upregulated mTORC1 activity. Additionally, compared to
other species, humans showed a delayed decline in mitochondrial
transcripts and exhibited increased NF-kB phosphorylation, while
monkeys showed a decline in NF-xB phosphorylation, despite the
highest upregulation of TNF-a, IL-6, and IL-10. This study underscores
the consistent interconnection of several hallmarks of aging across
mammals, despite species-specific differences in their regulation and
intensity, supporting the universality of inflamm-aging in mammals,
while highlighting the necessity for species-specific models/measurands
to unravel its underlying mechanisms.

The species to which an individual belongs determines a big part of
the context (the first layers of context), but we saw that environmental
factors can modulate inflammatory signaling at the cellular level. So, to
what extent do subsequent layers matter?

Inflamm-aging seems to be universal in principle, yet variable across
species due to each species’ private biology. If part of the phenomenon is
“private” to each species, a single cross-species measurand may be
inappropriate, but are species-specific measurands appropriate? Recent
findings (Franck et al., 2025; Aronoff et al., 2025) suggest that
inflamm-aging is contingent upon particular exposomes rather than an
inevitable outcome of biological aging itself, challenging the assumption
of public inflamm-aging markers within the human species. We will now
shift focus to how further layers of context shape individual trajectories,
notably aging phenotypes and inflammatory states.

6. The importance of the exposome: evidence from diverse
human populations

6.1. The exposome and immunobiography

Unlike physics or chemistry, which study universals (for example,
electrons have no individuality/historicity), biology centers on in-
dividuals who are, by definition, the fruit of a trajectory of individua-
tion, which inevitably results in interindividual variability, whatever the
biological property being studied (Lecointre and Huneman, 2020).
Consequently, aging is not a pre-determined, uniform decline. Each in-
dividual is shaped by a unique combination of heritable (i.e., germline
inheritance) and non-heritable influences, including de novo mutations,
stochastic epigenetic changes, and environmental exposures, leading to
an increase in interindividual variability with aging on various levels
(Brodin et al., 2015; Ferrucci and Kuchel, 2021; Franceschi et al., 2017b;
Kennedy et al., 2014). In the immune system, non-heritable influences,
particularly cumulative environmental exposures, play a dominant role
in driving this variability, especially as individuals age (Orru et al.,
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2020). The diverse stimuli (both harmful and beneficial) encountered
across an individual’s lifespan progressively shape its immune structure
and function, a phenomenon coined “immunobiography” by Claudio
Franceschi et al. (2017b).

Thus, repeated environmental exposures, collectively referred to as
the “exposome”—such as contact with pathogenic and symbiotic mi-
croorganisms (Hornero-Ramirez et al., 2025), vaccinations (Shen-Orr
and Furman, 2013), various nutritional factors (Hornero-Ramirez et al.,
2025; Scott et al., 2017; Nicklas et al., 2004), psychosocial stress (Miller
et al., 2011; Casaletto et al., 2018), pollution (Glencross et al., 2020),
physical activity (Nicklas et al., 2004), or circadian rhythm disruptions
(Castanon-Cervantes et al., 2010)—profoundly shape inflammatory
basal state and responses. As an example, cytomegalovirus seropositivity
was associated with significantly higher iAge scores, emphasizing the
strong influence of the exposome on “inflammatory trajectories” (Sayed
et al., 2021).

Consequently, each individual’s “inflammatory trajectory” is
uniquely shaped by cumulative and interacting processes, including
shifts in immune cell frequencies (notably a decline in naive T cells and
expansion of memory subsets (Li et al., 2019)), divergence in immune
cell functions and secretory activity (e.g., lymphocyte activity, macro-
phage polarization (Becker et al., 2018)), and infiltration of immune
cells into tissues (Lumeng et al., 2011). For instance, higher iAge scores
were associated with amplified cytokine responsiveness in monocytes
but attenuated responsiveness in B and T cells (Sayed et al., 2021),
indicating that individuals with divergent “inflammatory trajectories”
also undergo divergent immune cell-specific functional changes.

Beyond direct immune-related changes, the accumulation of senes-
cent cells across tissues (with wide variation in secretory profiles
(Schafer et al., 2020); Basisty et al., 2020), disruptions in gut epithelial
barrier function driven by shifts in microbiota composition and activity
(Claesson et al, 2012), as well as hormonal (e.g.,
hypothalamic-pituitary axes downregulation and desynchronization
(Veldhuis, 2008); Gupta and Morley, 2014) and metabolic (e.g.,
increased visceral fat (Pascot et al., 1999)) alterations, among other
factors, all, to varying degrees, influence the organism’s inflammatory
state and responses.

These lifelong changes reflect how the different systems in the or-
ganism have adapted and/or deteriorated upon diverse environmental
pressures, shaping unique inflammatory trajectories and contributing to
the marked interindividual variability of inflamm-aging (illustrated in
Fig. 8 in Subsection 8.2 below).

This perspective casts inflamm-aging as a reaction norm: a context-
dependent inflammatory phenotype that emerges with aging, shaped
by both genetic background and environmental exposures. Due to this
individuation process, older adults show greater variability in inflam-
matory states, responses to stimuli, and aging phenotypes, including the
prevalence of CNCDs (Brodin et al., 2015; Ferrucci and Kuchel, 2021;
Franceschi et al., 2017b; Kennedy et al., 2014). While unrelated young
individuals tend to have similar immune cell compositions, older in-
dividuals display increased variability in immune cell population fre-
quencies (Kaczorowski et al., 2017). Likewise, immune responses to
vaccines are far more heterogeneous among older adults than among the
young (Shen-Orr and Furman, 2013). Remarkably, centenarians dis-
played greater interindividual variability in their iAge scores compared
to younger controls, reinforcing the idea that inflammatory aging fol-
lows heterogeneous trajectories and that this heterogeneity increases
with age and indicating that certain inflammatory phenotypes are
compatible with exceptional longevity.

In the same vein, the Tsimane forager-horticulturalists of the Boli-
vian Amazon—a representative NIP—exhibit remarkably low rates of
CNCDs typically associated with aging compared to industrialized
populations (Kaplan et al., 2017; Gurven et al., 2012; Rowan et al.,
2021; Trumble et al., 2015; Gatz et al., 2023), despite persistently high
levels of circulating inflammatory mediators due to their high-infection
environment. The Tsimane’s subsistence lifestyle involves arduous daily
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physical activity (e.g., hunting, foraging, fishing, and farming) and a
minimally processed diet rich in fibers and carbohydrates (Gurven et al.,
2013; Kraft et al., 2018). These lifestyle factors, together with contin-
uous pathogen exposure, notably helminths, likely shape their distinct
inflammatory and aging profile (Blackwell et al., 2016; Gurven et al.,
2009, 2008). See Supplementary Note 3 for a detailed exposome char-
acterization of this population. Epigenetic clocks also suggest lower
methylation age among adult Tsimane compared to other populations,
indicating that inflammation may not accelerate aging in this population
as strongly as expected (Horvath et al., 2016). By contrast, a Brazilian
study comparing high- and low-infection areas found that chronic
antigenic exposure was associated with higher methylation age (Coelho
et al., 2025), highlighting how the Tsimane represent a notable outlier in
the relationship between inflammation and aging.

Given that inflamm-aging and chronic inflammation in general are
thought to drive aging and CNCDs, these observations raise questions
regarding the definition and boundaries of the inflamm-aging phe-
nomenon, and its role in aging and CNCD development in centenarians
and NIPs. As the exposome clearly contributes to interindividual dif-
ferences, NIPs are of particular interest due to their unique exposome.
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Lately, we and other researchers have built upon these industrial/
non-industrial differences to examine relationships between inflamma-
tory patterns, age, and diseases in order to highlight potential inflamm-
aging discrepancies across populations.

6.2. Lack of inflamm-aging in non-industrialized human populations?

One study compared how the associations of 15 cytokines with age
differed between the Moseten and the Tsimane (THLHP), two geneti-
cally similar Indigenous populations from the Bolivian Amazon (Aronoff
et al., 2025). The Tsimane, who maintain a subsistence-based lifestyle
and live in a high-infection environment (e.g., helminths, giardia,
leishmaniasis), showed minimal age-related differences in cytokines,
except for IL-2, IL-10, IL-6, and IFN-y whereas the Moseten, culturally
and linguistically similar to the Tsimane but with greater market inte-
gration, Western cultural influence, and more access to modern medi-
cine, exhibited more pronounced age-related increases in cytokines,
specifically IL-6, IL-10, IL-12, IL-15, IFN-y, IL-1B, and TNF-a. By com-
parison, individuals from a Brazilian high-infection area (e.g., schisto-
somiasis, leishmaniasis, leprosy, dengue, cytomegalovirus) exhibited
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Fig. 7. (A-C) Contrasting patterns of inflamm-aging between industrialized populations (InCHIANTI: Italy; SLAS: Singapore) and non-industrialized populations
(THLHP: Tsimane; OA HeLP: Orang Asli). (A) Examples of cytokine concentrations (CRP, IL-6, TNF-a, IL-1RA) across age by population. (B) Age-related trajectories of
inflamm-aging scores derived through factor analysis calibrated on InCHIANTI. (C) Associations between inflamm-aging factor scores and CNCD prevalence. Data

presented in this figure are adapted from Franck et al. (2025).
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elevated basal levels of IL-12, IL-17, and IL-9, along with higher
methylation age, while individuals from a nearby low-infection area
showed elevated levels of IL-6, IL-1p, IL-2, IL-1RA, and IL-10. Moreover,
during infection (flu-like symptoms or COVID-19), endemic-area in-
dividuals produced significantly more IL-12, IL-6, IL-1f, IL-2, IL-1RA,
and IL-10 than individuals from the other group (Coelho et al., 2025).
Though the experimental designs and contexts of these two studies
differ, both highlight the influence of the exposome (notably chronic
antigenic stimulation) on the age-related trajectory of the basal in-
flammatory state and response to stimuli.

Another study (Franck et al., 2025) compared two industrialized
populations, an Italian cohort (InCHIANTI) and a Singaporean one
(SLAS), with two Indigenous, NIPs, a Tsimane cohort (THLHP) and an
Orang Asli cohort (OA HeLP), the aboriginal people of Peninsular
Malaysia (Fig. 7). Inflamm-aging was measured using an inflammatory
axis derived from factor analysis and previously identified by principal
component analysis of 19 cytokines in InCHIANTI (Morrisette-Thomas
et al., 2014), and characterized by joint up-regulation of soluble TNF
receptor (STNF-R) I, sTNF-RIL, CRP, IL-6, TNF-a, IL-18, and IL-1RA. The
main inflammatory axes within the other cohorts were also identified
through factor analysis. The INCHIANTI-calibrated inflamm-aging axis
increased with age and predicted multiple CNCDs in InCHIANTI and
SLAS but was largely unassociated with age or health status in THLHP or
OA HelP. Crucially, the inflamm-aging axis did not appear to exist in
THLHP or OA HeLP: these inflammatory mediators were not associated
with each other in those populations.

Additionally, while InCHIANTI and SLAS axis structures broadly
align, NIPs (THLHP and OA HeLP) exhibited markedly different axis
structures, with minimal association with age or CNCDs (Fig. 7B, C).

These results raise a key question: does this mean the measurement of
inflamm-aging used is failing in NIPs contexts, or does it mean inflamm-aging
itself is defined by context? (See Box 1)

These results suggest significant exposome impacts on inflammatory
variation, leading to differences in how inflammation drives disease
susceptibility across populations. Because factor analysis is inherently
dependent on the specific structure of correlations present within a
given dataset, it reveals cohort-specific dimensions of inflammatory
responses, underlying common health phenotypes and shaped by local
exposome factors. These are the main dimensions identified in each
cohort, by which individuals cope with “deviations” from homeostasis
provoked by their exposome (and genetic susceptibility to a lesser
extent). Hence, inflamm-aging scores were calculated relative to a
reference population (InCHIANTI), which provided the statistical norm
for “inflamm-aging” (see Subsection 8.2). Applying this factor to a
different industrialized cohort (SLAS) yields a similar association with
both age and CNCDs, supporting the hypothesis that it captures an in-
flammatory state provoked by the industrialized exposome. The asso-
ciation between certain lifestyle-related variables (smoking, body mass
index, eosinophilia, and leukocytosis) and the different axes were
examined. INCHIANTI and SLAS showed positive associations of BMI
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and smoking with inflamm-aging scores, while only BMI was associated
in OA HeLP and neither in THLHP; leukocytosis (but not eosinophilia)
was generally associated with inflamm-aging in OA HeLP and
THLHP—findings consistent with expectations.

Overall, inflamm-aging assessments in NIPs, conducted using cyto-
kine panel measurements typically applied in industrialized settings,
reveal minimal or no association between these measurands and age or
CNCDs. Such findings suggest that inflamm-aging, as traditionally
conceptualized or measured epidemiologically, might not be a funda-
mental process of aging, but rather a consequence of aging in a mis-
matched industrialized environment, implying that inflamm-aging
might be more context-dependent than previously thought. Therefore,
the significant differences observed between the non-industrialized and
industrialized cohorts should be considered in light of their unique
exposomes. A recent study comparing Yakutians, who live in one of the
coldest inhabited regions on Earth, with Central Russians from a milder
climate, similarly revealed distinct age-related trends in inflammatory
markers, with some increasing more with age in Yakutians (e.g., PDGFB,
CD40 ligand, VEGFA, PDGFA, CXCL10), also supporting the idea that
inflamm-aging is shaped by population-specific factors, including
climate, lifestyle, and genetic background (Kalyakulina et al., 2024).
These variable patterns related to degree of industrialization and other
aspects of the exposome contrast with the substantial evidence outlined
in the introduction that inflammatory processes are related to aging
across a broad diversity of animal life. Ultimately, inflamm-aging does
not have a single trajectory, but a range of possible trajectories (likely
variable within each species) driven by the exposome — consistent with
the idea of a reaction norm and the right measurement method for
inflamm-aging in these NIPs remains to be found.

7. Macroph-aging and hormesis-driven macrophage activation
patterns

7.1. Environmental pressures and macrophage plasticity

The unique exposomes of NIPs clearly lead to distinct immunological
and physiological profiles. The studies of Aronoff et al. (2025) and
Franck et al. (2025) did not isolate specific environmental drivers,
though they proposed that helminth infections, endemic in both NIPs,
could contribute to mitigating inflamm-aging and lowering the risk of
associated diseases by promoting anti-inflammatory M2-like polariza-
tion of macrophages. Macrophages exhibit functional plasticity, adapt-
ing to their microenvironmental conditions and stimuli by developing
tissue-specific phenotypes through a process known as polarization.
Their production of inflammatory mediators changes alongside aging
tissues, making macroph-aging a central driver of inflamm-aging. Better
understanding of the effects of environmental pressures on mono-
cyte-macrophage lineage cells could help explain the discrepancies in
inflamm-aging observed in NIPs. Helminths, which were prevalent in
hominins and ancient human populations (Perry, 2014), exerted

Box 1

Inflamm-aging: a measurement problem, a definition problem, or both?

Conceptually, the findings of Aronoff et al. (2025) and Franck et al. (2025) raise two possibilities regarding inflamm-aging’s universality. Either
inflamm-aging suffers from a measurement problem, in which circulating cytokines fail to reliably indicate an underlying, universal
inflamm-aging process, implying the need for better “context-independent”/“universal” biomarkers; or it suffers from a definition problem, and
should not be considered universal in its manifestations, but rather apprehended through metrics that explicitly incorporate ecological and
population-specific factors. In the end, inflamm-aging may be considered universally present in principle (at a conceptual level), but in practice
it manifests in highly variable, context-dependent ways. We propose reframing inflamm-aging as a norm of reaction—meaning that its actual
form and consequences vary across environmental and biological contexts. Thus, there is no single manifestation for inflamm-aging, although
some contexts lead to recurrent trajectories (mismatched or not) at the population level. Moreover, truly “context-independent” markers do not
exist in biology, even if some that show high specificity and robustness across contexts seem to approach it in practice.

14



M. Franck et al.

constant selective pressures, potentially explaining why the human
immune system is mismatched to sanitized modern environments,
consistent with the hygiene and “old friends” hypotheses. More broadly,
the immune system is adapted to certain types of perturbations, and
their absence may disrupt specific equilibria, though we still do not fully
understand which perturbations are “evolutionarily expected” and in
what contexts. Illustratively, regular physical activity increases the
proportion of M2-like macrophages within muscle tissue (Leung et al.,
2016) and downregulates MCP-1 receptor expression on circulating
monocytes, which may limit their recruitment to inflamed tissues
(Blanks et al., 2020). Intermittent fasting promotes M1-polarization of
macrophages in adipose tissue, and M2 within muscle tissue (Liu et al.,
2019). Exposure to cold (Lu et al., 2022), toxicants (Yao et al., 2021;
Yang et al., 2021), circadian rhythm disruption (Teppan et al., 2024),
infections and virtually all perturbations, will alter macrophage
polarity/activity.

7.2. Microenvironmental influences on monocyte-macrophage lineage
differentiation

The differentiation of macrophages is regulated by transcription
factors and signaling interactions that partly converge upon STATI,
which drives pro-inflammatory M1-like polarization, and STAT3/
STAT6, which drive anti-inflammatory M2-like polarization. In labora-
tory settings, M1-like macrophage polarization is typically induced by
LPS and IFN-y, and M2-like by IL-4 and IL-13; however, in vivo,
macrophage activation exists along a continuum (Palma et al., 2018)
influenced by microenvironmental cues and signals (e.g., other PAMPs,
DAMPs, cytokines, chemokines, growth factors, glucocorticoids, dietary
factors, lactate, hypoxia, ECM stiffness) (Meizlish et al., 2024; Wu et al.,
2024; Linehan et al., 2014; Lavin et al., 2014). Therefore, the M1/M2
framework does not fully capture macrophage heterogeneity in physi-
ological or pathological contexts (Palma et al., 2018; Martinez and
Gordon, 2014; Strizova et al., 2023; Mosser and Edwards, 2008; Murray
et al., 2014). As an example, inhibitor of NF-xB subunit §, an upstream
regulator of NF-kB, inhibits STAT1-driven M1 macrophage polarization
in specific contexts, such as infections with Group B Streptococcus or
Cryptococcus neoformans (Fong et al., 2008). Similarly, in macrophages
stimulated with LPS and IFN-y, bicarbonate exposure increases STAT1
phosphorylation by elevating both extracellular and intracellular pH,
thereby enhancing polarization toward an M1l-like inflammatory
phenotype (Kawakami et al., 2020).

Macrophages originate either from embryonic or fetal precursors
(e.g., microglia, Kupffer cells, Langerhans cells, alveolar macrophages)
(Ginhoux and Guilliams, 2016) or from bone marrow-derived circu-
lating monocytes that migrate into tissues (Williams et al., 2023).
Critically, microenvironmental influences can have long-lasting or
irreversible changes on hematopoietic precursors of monocytes, which
are echoed in monocytes and their derived macrophages (Williams
et al., 2023). Subsequent microenvironmental factors further shape
monocytes and macrophages, leading to interindividual variability in
monocyte and macrophage subset proportions and functional pheno-
types, even in healthy individuals.

7.3. Hormesis-driven macrophage activation and trained immunity

Macrophage functionality is modulated in a dose-dependent manner,
with effects observable both in immediate responses and through
longer-term changes. Low-dose exposure to certain microbial stimuli
can prime macrophages for an enhanced pro-inflammatory response
upon re-exposure (a phenomenon known as trained immunity), while
high-dose exposures may induce tolerance, reducing pro-inflammatory
signaling, both mediated by differential epigenetic reprogramming
(Jentho et al., 2019). Moreover, macrophage activation/polarization
frequently follows a biphasic dose-response pattern characteristic of
hormesis, where different doses of a stimulus—be it microbial, chemical,
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or physical—elicit opposing effects, often shifting macrophages between
M1-like and M2-like states (Calabrese et al., 2018).

For instance, low doses of ionizing radiation have been shown to
promote M2-polarization, whereas higher doses favor M1-polarization
(Genard et al., 2017; Wu et al., 2017a, 2017b). At low levels, mito-
chondrial reactive oxygen species in macrophages trigger mitohormesis,
notably activating hypoxia-inducible factor 1-a and nuclear factor
erythroid 2-related factor 2 (key transcriptional regulators involved in
the response to hypoxia and protection against oxidative stress,
respectively) (Willenborg et al., 2021), while at high levels, they drive
the production of pro-inflammatory cytokines like IL-1p and IL-18
through the activation of the NOD-like receptor family pyrin domain
containing 3 inflammasome (Bauer et al., 2024). Similarly, hormetic
dose-responses have been observed for LPS: low-dose LPS induces
tolerance in human monocytes (M2-like features), while high-dose LPS
leads to a pro-inflammatory response (M1-like state) (Ifrim et al., 2014);
in Kupffer cells, low-dose LPS can drive M2-polarization (Li et al., 2015);
in microglia, acute LPS stimulation is associated with an M1-like
phenotype, while persistent TLR4 signaling can promote microglial
polarization toward M2-like phenotype (Antonietta Ajmone-Cat et al.,
2013). One of the mechanisms that underlies this signaling dichotomy is
the presence of distinct activation thresholds for NF-xB and MAPK
pathways, where NF-kB responds to lower ligand concentrations to
enable macrophage priming, while MAPK activation occurs in a
switch-like manner at higher concentrations, enforcing a threshold for
pro-inflammatory cytokine production and effectively segregating
low-level microbial sensing from high-level pathogenic responses to
prevent unnecessary inflammation (Gottschalk et al., 2016).

This illustrates that the application of the concept of hormesis
(Rattan, 2008) to macrophage activation directly stems from the
context-dependency of inflammatory signaling that enables the same
stimulus to produce different effects based on its concentration and the
cellular context.

7.4. Macroph-aging and inflamm-aging

In its initial conception, inflamm-aging was predominantly centered
on the innate immune system and macrophages, with a focus on the role
of inflammatory responses as a key feature of immunosenescence (Fiilop
et al., 2018). Over time, the theory has evolved into a more compre-
hensive framework, first by encompassing contributions from various
systems and tissues, including adipose tissue and skeletal muscle,
acknowledged as significant cytokine producers, but also the gut
microbiota (Franceschi et al., 2018); and second by integrating its
interplay with hallmarks of aging (Baechle et al., 2023). In this broader
framework, macrophages remain central due to their significant in-
flammatory mediator production capacity (Medzhitov, 2008), their
ubiquitous presence across tissues, their role as sensors of homeostatic
deviations (Ip and Medzhitov, 2015) (notably the increasing “self--
garbage” with age (Franceschi et al.,, 2017a)) and in senescent cell
clearance (Prata et al., 2018; Kale et al., 2020), their functional plasticity
enabling reversible adaptation to changing microenvironments, and
their tendency toward impaired polarization with age (Mahbub et al.,
2012; Gibon et al., 2016).

As mentioned earlier, iAge scores were positively correlated with
enhanced STAT1, STAT3, and STATS5 phosphorylation in monocytes
upon cytokine stimulation (Sayed et al., 2021). In older U.S. adults,
advancing age was associated with elevated basal phosphorylation of
STAT1, STAT3, and STAT5 across both monocytes and lymphocytes,
while no significant relationship was observed between age and NF-«kB
signaling in LPS-stimulated monocytes (Piber et al., 2019). A Danish
study demonstrated that monocytes from older adults have a reduced
ability to induce NF-kB signaling in response to LPS and TNF-o
compared to young adults, with an even greater reduction in those
recently admitted to the emergency department, who also showed
higher basal NF-kB phosphorylation levels than age-matched controls
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(Tavenier et al., 2020).

Considering the role of lifestyle in inflammation and the central role
of monocyte-macrophage lineage cells in inflamm-aging, it seems clear
that major changes in environmental pressures impact mono-
cyte-macrophage activation and polarization. It also emerges that the
activation thresholds of intracellular signaling pathways in mono-
cyte-macrophage lineage cells (as shown above with STATs and NF-kB)
are altered, consistent with the context-dependent outcomes of the
activation of these pathways. Overall, the industrialized exposome may
drive monocyte-macrophage lineage cells along trajectories that pro-
mote macroph-aging/inflamm-aging so that macroph-aging as
commonly conceptualized may just as well result from an evolutionary
mismatch. The metabolic disorders and gut dysbiosis driven by West-
ernized dietary patterns appear to play a major role (Hotamisligil, 2006;
Franceschi et al., 2018; Franck et al., 2022). The unique environment of
NIPs may give more opportunities to macrophages to polarize into
M2-like states and exhibit hormetic responses, tending to steer them
away from such trajectories and explaining the lower association of a
high inflammatory status with chronic diseases, as observed among
Tsimane. As stated above, the M1/M2 framework is a simplified model
that does not fully represent the heterogeneous and complex behavior of
macrophages in various contexts, including physiological and patho-
logical conditions. For example, M1-like macrophages play a significant
role in atherosclerosis (which appears to be largely absent among Tsi-
mane (Kaplan et al., 2017)), but also remove senescent cells in certain
contexts (Prata et al., 2018; Kale et al., 2020). One possibility, then, is
that the Tsimane accumulate fewer senescent cells due to more effective
macrophage-mediated clearance, implying that their elevated levels of
inflammatory mediators originate from alternative sources and poten-
tially explaining why their high inflamm-aging scores in Franck et al.
(2025) were not associated with age or CNCDs.

8. Norms of reaction shaped by evolutionary mismatch
8.1. Environmental transitions and evolutionary mismatches

Nutrition and exposure to pathogenic and symbiotic microorgan-
isms, which are among the strongest selective pressures, have varied
throughout evolutionary history across populations in conjunction with
subsistence modes (Franck et al., 2022; Kerner et al., 2023; Wells and
Stock, 2020; Daunizeau et al., 2025). Here, we consider how major shifts
in human niches/ subsistence modes may have created evolutionary
mismatches directly influencing inflamm-aging form and magnitude.
During the transition from hunting and gathering to farming (Neolithic
transition), populations modified their subsistence niche, impacting a
series of selective pressures, including energy supply, dietary diversity,
and exposure to microorganisms (Franck et al., 2022; Wells and Stock,
2020). This major transition and its associated shifts in selective pres-
sures varied geographically and temporally, leading to diverse adapta-
tions across populations.

Remarkably, a population genomics study examining sub-Saharan
African, European, American, and East Asian populations found that
most positively selected coding variations in innate immunity genes
arose in the last 6000-13,000 years, coinciding with the Neolithic
transition period (Deschamps et al., 2016). This is particularly inter-
esting when considering the findings of Franck et al. (2025), given that
Europeans split from East Asians ~41,000 years ago (Tateno et al.,
2014), Native Americans from East Asians ~36,000 years ago
(Moreno-Mayar et al., 2018), and Malaysian ethnic groups, including
Orang Asli and Malay, from East Asians around 12,000-6000 years ago
(Deng et al., 2014). More precisely, in post-Neolithic Europe, most ge-
netic adaptations occurred after the Bronze Age, around 4500 years ago;
several genetic variants underwent pathogen-driven selection,
enhancing resistance to infections but simultaneously increasing the risk
of inflammatory disorders, supporting a significant role for antagonistic
pleiotropy in the emergence of CNCDs (Kerner et al., 2023). Polygenic
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scores for eosinophil proportions among granulocytes significantly
decreased over this period, whereas those for lymphocytes, monocytes,
and neutrophil counts increased (Kerner et al., 2023). These findings
could be put into perspective with the reduced monocyte and height-
ened eosinophil counts of the Tsimane compared to Caucasian pop-
ulations, driven primarily by parasitic infections, though a genetic
predisposition in the Tsimane cannot be ruled out. Likewise, the increase
of polygenic scores for the proportion of monocytes in Europeans
following Neolithic transition, might contribute to a higher propensity
to macroph-aging/inflamm-aging compared to NIPs. Another study
analyzing polygenic risk scores for cytokine production and
immune-mediated diseases across European genomes spanning the
Upper Paleolithic to the post-Neolithic identified the Neolithic transition
as a turning point in the evolution of cytokine response profiles and
susceptibility to immune-mediated diseases (Dominguez-Andrés et al.,
2021).

The major “exposome shift” caused by the Neolithic transition pre-
sumably led to a mismatch between genetics and the environmental
selective pressures, particularly microbial exposures (pathogenic and
symbiotic) and nutritional resources. The first generations likely expe-
rienced increased inflammation, potentially both acute and chronic,
with significant variations in the magnitude/implementation of in-
flammatory states depending on populations and their respective
exposome, which led to adaptations on different timescales, including
genomic adaptation on the evolutionary timescale. The industrial rev-
olution reshuffled the deck again, leading to a major mismatch directly
related to the prevalence of chronic inflammation in industrialized
populations.

Inflamm-aging as commonly conceived/measured epidemiologically
may thereby just be a manifestation of this mismatch, explaining why
the Tsimane do not seem to experience it when both industrialized co-
horts do and even the Moseten, who are genetically similar, do (Fig. 8).
This is potentially not confined to humans, as some findings indicate
that domestic, laboratory and captive animals are subjected to similar
chronic inflammatory states (echoing Subsection 4.2). Laboratory ro-
dents and monkeys for instance have a lifestyle more akin to industri-
alized humans, with low exercise, a relatively sterile environment,
artificial lights, and chow diets formulated and manufactured from
milled or extruded ingredients, often at ad libitum levels. Likewise,
companion dogs have lifestyles that mirror their owners’ and are often
treated to prevent parasitic worms. Cross-species analyses revealing
parallel increases in obesity rates among diverse animal populations
inhabiting human-influenced environments further support the exis-
tence of shared environmental determinants underlying these chronic
inflammatory states (Klimentidis et al., 2011).

Inflamm-aging as commonly conceived/measured and meta-
inflammation appear to share largely the same underlying molecular
mechanisms, with gut dysbiosis playing a central role, as previously
mentioned (Franceschi et al., 2018). Homo sapiens has a unique evolu-
tionary trajectory, particularly regarding dietary adaptations, even prior
to the Neolithic transition. Notably, the rapid evolution of its digestive
tract (shortening of the colon and lengthening of the small intestine
(Aiello and Wheeler, 1995)) may have left Homo sapiens more vulnerable
than other species to gut dysbiosis and metabolic endotoxemia (Franck
et al., 2022). Interestingly, the positive selection of the more active
LPS-binding protein gene variant in European populations after the
Bronze Age (Kerner et al., 2023) may have increased their susceptibility
to metabolic endotoxemia, considering the critical role of LPS in it. This
would make Westernized dietary patterns a key aspect of this mismatch
and a critical driver of inflamm-aging as commonly
conceived/measured.

8.2. Statistical norms for inflamm-aging: species-private or contextual?

The notion of mismatch is relative to a specific population or species,
its current exposome, and the extent to which that exposome differs
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Fig. 8. Inflamm-aging as a norm of reaction. Waddington-inspired landscape illustrating how different exposomes can shape divergent inflammatory aging tra-
jectories. The horizontal axis represents a gradient of increasing mismatch between evolutionary expectations (i.e., evolved human biology) and environmental
exposures. Valleys represent quasi-stable attractor states of immune-inflammatory regulation. Trajectories are shaped by the cumulative impact of exposome factors
interacting with the current state of the system, determining descent into specific attractor valleys. Adapted from Franceschi et al. (2017b). (created with htt

ps://BioRender.com).

from its "environment of evolutionary adaptedness", that is, the set of
conditions under which its reaction norms were shaped by recurring
selection pressures. Whichever measurand one uses to assess a phe-
nomenon like inflamm-aging, it has to be calibrated against a sample
deemed representative of a particular population or species. Each indi-
vidual carries both its inherited evolutionary trajectory (via its genetic
background) and its individual trajectory (shaped by its particular
exposome), whether that exposome is mismatched or not. In simplified
terms, in any sample of individuals, the most recurring inflammatory
patterns/states will statistically reflect the outcome of the most com-
mon/decisive environmental pressures (present and past at another
timescale through the gene pool of the population in question), the
precision of which will depend heavily on the sample’s genetic and
exposomic “homogeneity”. Populations respond to environmental
pressures via multiple mechanisms on different timescales, from within-
generation short-term homeostatic/inflammatory responses/adapta-
tions to developmental plasticity and long-term genomic adaptation on
the evolutionary timescale (Kristensen et al., 2020). Concretely, varia-
tion in scores along the InCHIANTI-calibrated inflamm-aging axis cap-
tures, in some way, the typical individuation trajectory of an Italian
subject with the exposome typical of the Chianti region. Whether or not
this trajectory is mismatched, and to what extent, is hard to tell, given
the challenges in circumscribing an environment of evolutionary
adaptedness (Paleolithic, Neolithic?). Nevertheless, the fact that varia-
tion in scores along the same axis, in a genetically different population,
and exposed to a different industrialized context, also aligned with the
inflamm-aging notion, suggests that this axis does capture a
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characteristic “mismatched” trajectory.

The term inflamm-aging was coined upon assessing this character-
istic “mismatched” trajectory in industrialized human populations and
model organisms living under artificial conditions. Thus, rather than
being purely “private” to the human species, the recent findings of
Aronoff et al. (2025) and Franck et al. (2025) prompt reconsideration of
this typical inflamm-aging trajectory as a contextual aging mechanism:
one contingent upon particular exposomes rather than an inevitable
outcome of biological aging itself. Indeed, in humans, exposome-driven
“contextual” variation may be substantial enough to obscure, overlay, or
modulate the expression of conserved inflammatory features, compli-
cating their identification and interpretation across pop-
ulations/individuals. Viewing individuals as the result of an
individuation trajectory (Subsection 6.1) rather than a “static functional
coherence” underscores the deeply contextual nature of biological pro-
cesses like inflamm-aging, shaped by both evolutionary history and
present contingencies. Hence, a study using explainable artificial intel-
ligence identified individual-specific combinations of inflammatory
mediators while also revealing key biomarkers at the population scale
that were predictive of aging, demonstrating both interindividual vari-
ability and consistent age-associated inflammatory changes
(Kalyakulina et al., 2023).

8.3. Toward better measurands?

Individuation and context-dependency make it difficult to define
what should be measured as a representation of inflammation, because
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measurands should be operationally defined in a way that ensures
comparability. Though some signaling components are evolutionarily
conserved, such as the JAK-STAT and NF-kB pathways in metazoans, or
certain cytokines and their receptor complexes across vertebrates, many
components of these pathways have undergone extensive evolution.
Additionally, their function and the extent of the involvement of well
conserved components may have diverged, such as IL-6, which is
involved in acute inflammation of all vertebrates, but has also been co-
opted for functions in thermoregulation (Egecioglu et al., 2018) and
lactation (Zhao et al., 2002) in mammals.

Moreover, beyond the pathways, there may be species- and even
population-specific variations in how diverse immune cell types employ
these signals and in the trends of their regulation with age. For example,
the contact-dependent anti-inflammatory response to apoptotic bodies
occurs in neutrophils in mammals but is absent in fish (Subsection 4.2),
neutrophil proportions appear to have coevolved with life-history stra-
tegies in mammals (Subsection 4.3), and polygenic scores for lympho-
cyte, monocyte, and neutrophil counts increased in post-Neolithic
European populations (Subsection 8.1). For this reason, applying mul-
ti—cell type approaches, such as that in (Sayed et al., 2021), to NIPs could
yield particularly valuable insights.

All these layers of context, each of them exhibiting variation across
species and individuals (intracellular components, cellular/tissular
microenvironment, cytokines combinatory dynamics, systemic homeo-
stasis and life-history necessities, exposome—individuation) leave us
with no good lead on how to circumscribe a perfect measurand for this
seemingly nearly universal aging process. Inflamm-aging appears to
function like a reaction norm, with its expression varying across
population-specific ecologies and histories; thus, any metric must ac-
count for these contextual differences. Promising approaches include:
(1) building individualized clocks (Kalyakulina et al., 2023); (2)
combining multiple signaling readouts (e.g., several STATs across
several cell types (Sayed et al., 2021)); and (3) comparing populations
with distinct exposomes (Kalyakulina et al., 2024; Franck et al., 2025;
Aronoff et al., 2025). Recent efforts to build “inflamm-aging clocks”
using machine learning and deep learning have shown that it is feasible
to quantify inflamm-aging at the individual level, accounting for each
person’s unique exposome and immunobiography/individuation tra-
jectory (Kalyakulina et al., 2023).

Furthermore, although inflamm-aging research often focuses on
blood markers, the role of macroph-aging suggests that measuring only
blood immune cells and mediators may be insufficient, as tissue-level
analyses might reveal additional insights. A better understanding of
how homeostasis is disrupted at the tissue level may be central to
comprehending and measuring macroph-aging and inflamm-aging.
While homeostasis is well characterized at the cellular and systemic
levels, the tissue level remains a gap that a growing number of studies
are beginning to address (Meizlish et al., 2021, 2024; Wu et al., 2024;
Zhou et al., 2022). Cell populations fluctuate around tightly regulated,
individual-specific setpoints that reflect underlying physiological ho-
meostasis; recent findings underscore their potential as clinically rele-
vant biomarkers for individualized risk stratification and early detection
of age-related inflammatory dysregulation (Foy et al., 2025). Inflam-
matory mediators (cytokines, acute-phase proteins, growth factors, ei-
cosanoids) are regulators of hematopoiesis (Mirantes et al., 2014),
influencing the production, mobilization, differentiation, and apoptosis
of blood cells, thus shaping these homeostatic setpoints. As interindi-
vidual setpoint differences reflect, inter alia, chronic diseases, aging, and
genetic background (Foy et al., 2025), characterizing deviations from
these  individual-specific =~ setpoints in  conjunction  with
individual-specific inflammatory trajectories (inflamm-aging) could
significantly enhance precision in the early detection of age-related and
chronic disease risks. A similar approach could later be extended to
tissues. Overall, advancing our understanding will require better char-
acterization of: (1) homeostatic processes and setpoints across tissues
and levels of biological organization, (2) the role of inflammatory
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mediators in both deviations from and return to these setpoints
(consistent with the view of the spectrum of inflammatory responses),
(3) how these processes and setpoints are affected throughout life by
each individual’s unique succession of inflammation-inducing pertur-
bations (individuation).

8.4. Can we prevent or treat inflamm-aging?

Our perspective places inflamm-aging as an inevitable yet diverse
process across species and individuals, more specifically, as a norm of
reaction. The enormous complexity of maintaining homeostasis in
bilaterians makes the accumulation of damage inevitable and leads,
with age, to a breakdown in homeostatic regulation that progressively
drives increased inflammatory activity. In absolute terms, completely
avoiding inflamm-aging appears impossible. An achievable goal is to
minimize mismatched inflammatory trajectories, such as “industrialized
inflamm-aging”. Reducing well-known mismatch exposures (e.g.,
ultra-processed food consumption, physical inactivity) is advisable;
nonetheless, the distinctive inflammatory profile observed among the
Tsimane highlights the limits of our understanding of how the exposome
shapes inflammatory trajectories and their links to aging. It also shows
the limits of focusing too narrowly on pathways and signaling molecules
in complex, systemic, and multifactorial systems. Against this backdrop,
and given that many of the targeted pathways and signaling molecules
also have homeostatic functions, gerotherapeutics (senolytics, ger-
oprotectors, etc.) may help, but they also may not: in practice, they may
simply modify age-related inflammatory trajectories in ways that will
vary across individuals and contexts, with an uncertain net benefit at
present. In short, which targets, combinations, and timing will safely re-
route age-related inflammatory trajectories remains uncertain and is
likely context-specific. Until longitudinal, exposome-aware, clock-
guided trials resolve who benefits from what, and when, a generalized
pharmacological depression of inflamm-aging is not warranted
(Franceschi et al., 2025).

9. Perspectives and concluding remarks

Inflammation is a fundamental, evolutionarily conserved, and highly
integrated response triggered when living systems encounter perturba-
tions. As a complex system phenomenon, it is shaped by multiple layers
of biological and environmental context and cannot be fully grasped by
cataloging cytokines and pathways. Schematically, inflammation
complexified throughout evolution, from primitive cellular stress
response in pre-eukaryotes, to an integrated multicellular response in
early metazoans, to the current multi-system response of vertebrates
that diversified across species alongside their respective strategies of
environmental adaptation, adding more and more layers of “bureau-
cracy”. Despite the incredible complexity and diversity of inflammation,
directly stemming from evolution, inflamm-aging appears to be a uni-
versal phenomenon. However, emerging evidence suggests that it is
more context-dependent than previously assumed.

In living systems, interactions are dynamic and context-dependent,
generating various effects across different timescales. In the case of
inflamm-aging, hormetic and feedback mechanisms provide mecha-
nistic explanations for the non-linear effects of certain stimuli, which
may help to explain disparate findings. Thus, our synthesis suggests that
inflamm-aging is a broadly conserved aging-related inflammatory pro-
cess whose specific manifestations vary with species and context.
Although inflamm-aging has traditionally been assessed via blood levels
of specific inflammatory mediators, it clearly manifests across multiple
biological levels of organization. Future research challenges include (1)
identifying and addressing the myriad sources of context dependence to
improve our understanding, predictive capacity, and ability to gener-
alize findings; and (2) designing measurands that account for the dy-
namic, context-dependent nature of feedback and hormetic mechanisms
across biological levels of organization. Such approaches could help
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clarify the extent to which inflamm-aging represents an intrinsic aspect
of physiological aging versus an environment-driven, context-specific
phenomenon.

This way, while the influence on the inflammatory state/response of
specific exposome factors (diet, physical activity, sleep patterns, psy-
chosocial stress, environmental toxicants, light exposure, and micro-
biota composition) is well-recognized, their relative contributions and
interactions remain incompletely understood. For example, although
the harmful effects of ultra-processed foods are well-documented, our
understanding of optimal dietary patterns beyond caloric balance and
micronutrients is still limited (Barabasi et al., 2019). Moving forward,
the development of individualized or population-specific inflammatory
“clocks” or signatures (grounded in comparative biology and integrative
immunology) will likely be critical for elucidating the complex rela-
tionship between inflammation and aging. Comparative studies of spe-
cies with diverse homeostatic strategies may help us to understand the
evolutionary “logic” underlying the spectrum of inflammatory re-
sponses, the often-blurred distinction between homeostasis and
inflammation, hormetic thresholds, and between
inflammation-inducing perturbations that accelerate mismatched tra-
jectories, such as inflamm-aging as commonly conceived, versus those
that align with “evolutionary expectations” of equilibrium maintenance.

Finally, our review suggests that the apparent contradictions about
inflamm-aging’s universality resolve when one appreciates context:
inflamm-aging is “public” in principle, yet so “private” in its manifes-
tation that its measurement must be tailored to each context.
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