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Abstract

More than 60% of adults aged 65 years and older live with two or more chronic conditions,
yet current healthcare systems remain largely organized around individual diseases. This
mismatch between the biological complexity of aging and disease-specific clinical practice
raises the core question of whether there are shared mechanisms underlying
multimorbidity. Emerging evidence indicates that inflammaging, characterized by chronic
low-grade inflammation associated with biological aging, may represent an important
common biological context linking cardiovascular disease, type 2 diabetes,
neurodegenerative disorders, depression, sarcopenia, and other age-related conditions. In
this narrative review, we synthesize current evidence on four interconnected processes
associated with inflammaging - cellular senescence, immunosenescence, gut dysbiosis, and
mitochondrial dysfunction - and examine their potential contributions to distinct patterns
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of organ-specific multimorbidity. We further discuss how life-course exposures, including adverse childhood
experiences and cumulative socioeconomic disadvantage, may shape inflammatory and biological aging trajectories
long before the clinical manifestation of disease. Based on these findings, we propose an inflammaging-driven
multimorbidity framework that integrates shared inflammatory mechanisms with stratified therapeutic
opportunities, including senolytic and anti-cytokine strategies, lifestyle interventions, and digitally enabled integrated
care. This framework provides a mechanism-informed perspective for understanding multimorbidity and may help
guide the development of more comprehensive and human-centered prevention and management.

BACKGROUND

Multimorbidity - the simultaneous presence of two or more chronic health conditions - has become one of
the most pressing challenges in geriatric medicine and public health globally. Epidemiological data indicate
that the prevalence of multimorbidity among adults aged 65 years and older ranges approximately from 50%
to 70%, depending on the population studied and the number and types of conditions assessed" ). In high-
income countries, approximately three-quarters of older adults live with at least two chronic conditions,
while in rapidly aging low- and middle-income countries such as China and India, multimorbidity
prevalence has risen sharply over the past two decades, now affecting around half of community-dwelling
adults aged 60 years and older'*. The clinical consequences are far-reaching: multimorbidity is
independently associated with accelerated functional decline, polypharmacy, increased healthcare utilization
and expenditures, diminished quality of life, and elevated mortality risk'*”.

Despite the scale and complexity of this challenge, the dominant paradigm for managing chronic diseases
remains disease-specific’®. Clinical practice guidelines are typically developed for single conditions, drawing
on evidence from randomized controlled trials that systematically exclude patients with multiple
comorbidities'”. This generates fragmented care pathways in which older adults navigate between multiple
specialists, receive contradictory treatment recommendations, and bear an overwhelming medication burden
that contributes to adverse drug events, drug-drug interactions, and poor therapeutic adherence!". The
growing recognition that the single-disease model is fundamentally misaligned with the complexity of aging
has prompted increasing efforts to reconceptualize the understanding, prevention, and management of
multimorbidity. Rather than viewing multimorbidity simply as the coexistence of multiple individual
diseases, this perspective emphasizes the shared biological mechanisms that underlie and connect age-related
conditions.

Central to this reconceptualization is the concept of inflammaging, first articulated by Franceschi and
colleagues more than two decades ago, which describes a chronic, low-grade, systemic inflammatory state
that accompanies aging in the absence of overt infection"?. Inflammaging is characterized by persistent
elevation of circulating pro-inflammatory mediators - including interleukin-6 (IL-6), tumor necrosis factor-
alpha (TNF-a), C-reactive protein (CRP), and interleukin-1B (IL-1B) - and is increasingly recognized as a
fundamental biological driver linking multiple age-related diseases across organ systems''>'/. Rather than
viewing cardiovascular disease, diabetes, neurodegeneration, depression, and sarcopenia, among other
conditions, as independent entities that coincidentally cluster in older adults, the inflammaging concept
positions them as diverse phenotypic manifestations of a shared, underlying inflammatory pathology that
permeates the aging organism.

The purpose of this narrative review is threefold. First, we synthesize evidence on the molecular and cellular
mechanisms through which inflammaging drives multimorbidity across organ systems. Second, we examine
how life-course exposures - particularly cumulative psychosocial stress and socioeconomic adversity - prime
the inflammatory milieu and shape multimorbidity trajectories in later life. Third, we evaluate how
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translating this mechanistic understanding into clinical practice could fundamentally transform
multimorbidity management, from emerging anti-inflammatory therapeutics to redesigned models of
integrated, person-centered care. Throughout, we highlight the clinical relevance, research gaps, and
translational potential of the inflammaging paradigm for geriatric medicine. Importantly, while existing
reviews have examined inflammaging or multimorbidity separately, we will, in the current review, establish a
unified, operational framework that explicitly links the convergent biological pillars of inflammaging to
specific multimorbidity clusters and stratified, mechanism-matched interventions.

Given the narrative nature of this review, relevant literature was identified primarily through searches of
PubMed and Web of Science using combinations of terms related to inflammaging, multimorbidity, cellular
senescence, immunosenescence, gut dysbiosis, mitochondrial dysfunction, life-course determinants, and
therapeutic or care interventions, supplemented by reference-list screening of relevant reviews and key
studies. The literature was narratively synthesized with emphasis on evidence linking chronic low-grade
inflammation to age-related diseases across organ systems, life-course determinants of inflammatory and
multimorbidity trajectories, and emerging therapeutic and care strategies.

THE BIOLOGICAL ARCHITECTURE OF INFLAMMAGING

Although aging encompasses a broad spectrum of interconnected hallmarks as described by Lépez-Otin and
colleagues previously"?, this review does not aim to comprehensively cover all 12 hallmarks of aging. Instead,
we focus on four closely interconnected and potentially modifiable processes - cellular senescence,
immunosenescence, gut dysbiosis, and mitochondrial dysfunction - that have emerged as major contributors
to inflammaging. These processes were selected based on their recurrent mechanistic links to chronic low-
grade inflammation and their potential amenability to therapeutic intervention. Inflammaging arises from
the convergence of multiple age-related biological processes, each contributing to a self-reinforcing cycle of
chronic inflammation that progressively compromises tissue homeostasis across the body"*. Cellular
senescence - the state of irreversible proliferative arrest triggered by telomere attrition, DNA damage,
oncogenic stress, or metabolic insults - is widely regarded as a principal driver”. Senescent cells accumulate
with age in virtually all tissues, including the vasculature, adipose tissue, brain, liver, kidneys, and skeletal
muscle!*). Although senescent cells constitute a small fraction of total tissue cellularity, they exert
disproportionate biological influence through the senescence-associated secretory phenotype (SASP) - a
complex milieu of pro-inflammatory cytokines (IL-6, IL-8, TNF-u), chemokines, matrix metalloproteinases,
and growth factors that they constitutively secrete!””’. The SASP creates a paracrine inflammatory
microenvironment that not only disrupts normal tissue function but also promotes senescence in
neighboring healthy cells through bystander effects, establishing a feed-forward amplification loop that
progressively expands the senescent cell burden and intensifies tissue inflammation”*’.

Immunosenescence, the age-related remodeling and functional decline of both innate and adaptive
immunity, represents a second critical contributor to inflammaging"*’. Thymic involution - which begins
after puberty and accelerates in later decades - dramatically reduces naive T cell output, while the expanded
clonal populations of terminally differentiated memory and senescent T cells impair pathogen clearance and,
crucially, undermine immune surveillance of senescent cells’””’. On the innate side, tissue-resident
macrophages and brain microglia adopt chronically activated, pro-inflammatory phenotypes that perpetuate
local and systemic inflammation even in the absence of infection?*??!. The nuclear factor kB (NF-«B)
signaling pathway, a master transcriptional regulator of inflammatory gene expression, is constitutively
activated in multiple aged tissues"”’. Preclinical studies demonstrate that genetic or pharmacological
inhibition of NF-«B reduces oxidative DNA damage, delays cellular senescence, and ameliorates age-related
pathologies, confirming its central role in the inflammaging cascade”.
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The gut microbiota undergoes significant compositional and functional shifts during aging, with progressive
reduction of anti-inflammatory commensal bacteria (such as Faecalibacterium prausnitzii and
Bifidobacterium species) and concomitant expansion of pro-inflammatory pathobionts®/. This age-related
dysbiosis compromises intestinal epithelial barrier integrity, facilitating the translocation of microbial
products - most notably lipopolysaccharide (LPS) - into the systemic circulation, a phenomenon referred to
as “inflammatory leakage” or metabolic endotoxemia®'. Circulating LPS activates Toll-like receptor 4 (TLR4)
on innate immune cells, potentiating systemic inflammatory responses that reach distant organs including
the brain, heart, liver, and pancreatic islets”*. Emerging evidence from both animal models and human
cohort studies suggests that gut-derived inflammation may represent one of the most tractable upstream
targets for systemic inflammaging modulation, given its accessibility to dietary and microbial
interventions™.

Mitochondrial dysfunction constitutes a fourth axis of the inflammaging architecture. Aging is accompanied
by declining mitochondrial membrane potential, impaired oxidative phosphorylation, increased reactive
oxygen species (ROS) generation, and the release of mitochondrial DNA (mtDNA) into the cytoplasm and
extracellular space””. Cytoplasmic mtDNA is recognized as a damage-associated molecular pattern (DAMP)
that activates the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) innate immune
sensing pathway, triggering a type I interferon response and further amplifying SASP-associated
inflammation™’. Landmark work by Desdin-Micé and colleagues demonstrated that mice with T cell-specific
mitochondrial dysfunction develop accelerated multi-organ aging, systemic inflammation, and
multimorbidity - including cardiovascular disease, metabolic syndrome, and neurodegeneration - providing
direct mechanistic evidence that mitochondrial failure in a single cell type can drive system-wide disease!*’.
These findings underscore the convergent nature of inflammaging: multiple upstream insults funnel into
shared inflammatory signaling cascades that amplify across organs.

INFLAMMAGING AS A SHARED PATHOPHYSIOLOGICAL SUBSTRATE FOR MULTIMORBIDITY

The conceptual power of the inflammaging framework lies in its ability to explain why diverse chronic
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conditions cluster non-randomly in older individuals"?. Rather than representing independent random
events, the patterns of multimorbidity observed epidemiologically may reflect the differential organ-level
impact of a shared systemic inflammatory process, modulated by individual genetic susceptibility,

environmental exposures, and tissue-specific vulnerability”'..

In the cardiovascular system, chronic low-grade inflammation promotes endothelial dysfunction, accelerates
atherosclerotic plaque formation and instability, and contributes to myocardial fibrosis, left ventricular
stiffening, and diastolic dysfunction””. Elevated IL-6 and CRP are well-established independent predictors of
incident heart failure, atrial fibrillation, and major adverse cardiovascular events in older adults”". In
metabolic tissues, TNF-o and IL-1f impair insulin receptor substrate phosphorylation, driving peripheral
insulin resistance in skeletal muscle and adipose tissue, while simultaneously promoting pancreatic p-cell
apoptosis and functional failure®. The recognition that cardiometabolic multimorbidity shares a common
inflammatory underpinning has catalyzed the development of the cardiovascular-kidney-metabolic (CKM)
syndrome framework by the American Heart Association, which explicitly acknowledges cross-organ
inflammatory crosstalk as a pathogenic principle rather than treating each organ system in isolation®.

Hypertension is a major modifiable risk factor for cardiovascular diseases and diseases affecting other
systems, such as Alzheimer’s disease”**”). It is well-recognized that chronic low-grade inflammation
contributes to the pathogenesis of hypertension: inflammation can promote endothelial dysfunction,
oxidative stress, vascular remodeling, and dysregulation of renal sodium and water balance thereby
contributing to hypertension***!. Meanwhile, activated immune cells migrate to target organs such as
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arteries, kidneys, and brain, causing end-organ damage and raising blood pressure’*”. Epidemiological data
also indicated that higher IL-6 may be associated with the development of hypertension”.

In the central nervous system, peripheral inflammatory mediators cross the blood-brain barrier - either
through circumventricular organs or via barrier disruption itself - and activate microglia, the brain’s resident
immune cells, into chronically reactive, neurotoxic phenotypes®!. This process, termed neuroinflammaging,
contributes to synaptic pruning, impaired hippocampal neurogenesis, white matter damage, and the
accelerated accumulation of amyloid-B plaques and hyperphosphorylated tau - the hallmark pathologies of
Alzheimer’s disease!""!. The 2024 Lancet Commission on Dementia has positioned several conditions
associated with inflammaging - including hypertension, diabetes, depression, and hearing loss - as modifiable
risk factors for dementia within a life-course framework, implicitly supporting the inflammatory
convergence hypothesis"’!. Critically, the relationship between peripheral inflammation and
neurodegeneration is bidirectional: neurodegenerative pathology itself amplifies systemic inflammation via
hypothalamic dysregulation, autonomic nervous system imbalance, and disrupted cortisol signaling, creating
a vicious cycle that accelerates both cognitive and physical decline*.

Depression, which affects approximately 15%-20% of older adults with multimorbidity, is increasingly
understood as having a substantial inflammatory component“?. Meta-analytic evidence consistently

43]

demonstrates elevated IL-6, TNF-q, and CRP in older adults with major depressive disorder*’’, and anti-
inflammatory interventions - including cytokine inhibitors and non-steroidal anti-inflammatory drugs -
have shown antidepressant efficacy in treatment-resistant cases'**.. The frequent coexistence of depression
with cardiovascular disease, diabetes, and chronic pain in older adults likely reflects shared inflammatory
pathophysiology rather than merely psychosocial comorbidity, and this recognition has important treatment
implications: managing the inflammatory substrate may simultaneously improve mood, metabolic control,

and cardiovascular risk*.

Sarcopenia - the progressive, age-related loss of skeletal muscle mass, strength, and function - represents a
further prominent manifestation of inflammaging-driven multimorbidity (IDM)"“". TNF-a directly promotes
muscle protein degradation through activation of the ubiquitin-proteasome and autophagy-lysosome
pathways and simultaneously inhibits satellite cell-mediated muscle regeneration"*”. IL-6, when chronically
elevated (as distinct from the transient elevations induced by exercise), similarly drives muscle wasting
through Janus kinase (JAK)-signal transducers and activators of transcription (STAT)-mediated catabolic
signaling*’. Preclinical evidence demonstrates that pharmacological TNF-a blockade using etanercept can
prevent sarcopenia, preserve muscle fiber type composition, and extend survival in aging mice, providing
proof of principle that targeting the shared inflammatory substrate of multimorbidity can yield benefits

47]

across multiple organ systems simultaneously'

LIFE-COURSE DETERMINANTS: HOW STRESS AND ADVERSITY PRIME THE INFLAMMAGING
MILIEU

Inflammaging does not emerge de novo in old age, but develops under the influence of multiple life-course
determinants, including nutritional exposures, educational attainment, health behaviors (physical activity,
smoking), occupational hazards, and psychosocial adversity'**.. Among these, cumulative psychosocial stress
occupies a distinctive position because of its capacity to produce lasting, often irreversible, biological
embedding through epigenetic reprogramming of the stress-immune axis'*”. A substantial and growing body
of evidence supports the life-course origins of chronic inflammation and, consequently, of multimorbidity
vulnerability. Adverse childhood experiences (ACEs) - encompassing physical, emotional, and sexual abuse,
neglect, household dysfunction, parental psychopathology, and socioeconomic deprivation - have been
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consistently and dose-dependently associated with elevated inflammatory biomarkers in adulthood and
increased risk of multimorbidity in later life***'l. A recent systematic review and meta-analysis reported that
individuals with four or more ACEs had significantly elevated odds of developing multimorbidity compared
with those without ACEs, with the association remaining robust after adjustment for behavioral risk
factors"™.

The biological embedding of early adversity operates through several interconnected mechanisms. Chronic
stress exposure during developmental sensitive periods produces lasting epigenetic modifications -
particularly DNA methylation changes at glucocorticoid receptor gene (NR3C1) promoters and pro-
inflammatory gene loci - that result in sustained hypothalamic-pituitary-adrenal (HPA) axis dysregulation*”.
The resulting glucocorticoid resistance, a hallmark feature of stress-related immune dysfunction, diminishes
the anti-inflammatory actions of endogenous cortisol, permitting unchecked NF-kB-mediated pro-
inflammatory signaling in peripheral tissues and the central nervous system'. These epigenetic alterations
can persist for decades, effectively establishing a “molecular memory” of early adversity that manifests as
heightened inflammatory reactivity throughout the life course™..

Longitudinal cohort studies have provided compelling population-level evidence for these life-course
pathways. A landmark multicohort study harmonizing data from the Health and Retirement Study (HRS),
the English Longitudinal Study of Ageing (ELSA), and the China Health and Retirement Longitudinal Study
(CHARLS) demonstrated that stressful life events experienced in both childhood and adulthood were
significantly associated with physical, psychological, and cognitive multimorbidity in later life, with evidence
of dose-response relationships and cumulative risk amplification®. Similarly, a Finnish birth cohort study
found that early growth restriction and wartime parental separation predicted faster rates of multimorbidity
accumulation across adulthood, with effects persisting over three decades of follow-up™™.

Cumulative disadvantage theory provides a complementary sociological perspective. According to this
framework, adversities do not operate in isolation but accumulate across the life course through interlocking
chains of risk - for example, childhood poverty leading to limited educational attainment, precarious
employment, health-damaging behavioral patterns, chronic psychosocial stress, and restricted access to
preventive healthcare - that progressively amplify the biological inflammatory burden and narrow the
window for healthy aging®®’. Recent evidence from Chinese longitudinal cohorts demonstrates that
individuals who accumulated five or more types of early-life adversity exhibited the most severe
multimorbidity trajectories, characterized by early disease onset and rapid accumulation of conditions
through older adulthood"”.

The social gradient in multimorbidity - whereby lower socioeconomic status is consistently associated with
earlier onset, greater severity, and more complex disease combinations across populations - can thus be
substantially explained by differential exposure to chronic psychosocial stress and its inflammatory
consequences'®®!. A UK Biobank analysis recently identified environmental deprivation as a causal
contributor to a general disease factor (d factor) capturing shared liability across physical and mental
disorders, with mediation through structural brain changes associated with chronic inflammation". These
findings carry profound implications for multimorbidity prevention: addressing upstream social
determinants of health across the life course may be as impactful as - and complementary to - targeting
downstream biological inflammatory pathways.

Based on the above-mentioned life-course determinants and the shared inflammation-related mechanisms of
multimorbidity in aging, we introduce a conceptual model - the IDM framework [Figure 1] - that provides a
structured, clinically actionable roadmap for translating the inflammaging concept into geriatric
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Life-course determinants

Cumulative stress Socioeconomic Nutritional Health behaviors Others
(ACEs and other stress) deprivation exposures
Four pillars of inflammaging
Cellular senescence Immunosenescence Gut dysbiosis Mitochondrial dysfunction
SASP secretion Thymic involution Barrier disruption mtDNA release
Bystander effect T cell exhaustion LPS translocation cGAS-STING pathway
Feed-forward loop NF-kB activation TLR4 activation ROS accumulation
Systemic and tissue Chronic systemic inflammation DAMPs, ROS, mtDNA,
inflammatory damage IL6 - TNF-a - CRP - IL-1B - NF-kB signaling barrier dysfunction,

metabolic dysfunction

2 Bidirectional amplification: organ-level pathology feeds back into systemic inflammation 2

Organ-specific multimorbidity clusters (illustrative examples)

Cardiovascular Metabolic Neurological Psychiatric Musculoskeletal

Atherosclerosis Insulin resistance Neuro-inflammaging | |Inflammatory depression Sarcopenia
Heart failure Type 2 diabetes Alzheimer’s disease Anxiety Frailty

Atrial fibrillation CKM syndrome Cognitive decline Apathy Functional decline

Figure 1. IDM conceptual framework. Life-course determinants drive four core pillars of inflammaging (cellular senescence,
immunosenescence, gut dysbiosis, and mitochondrial dysfunction), leading to chronic systemic inflammation and organ-specific
multimorbidity clusters, with organ-level pathology feeding back to further amplify systemic inflammation, forming a self-reinforcing
feedback loop. IDM: Inflammaging-driven multimorbidity; ACEs: adverse childhood experiences; SASP: senescence-associated secretory
phenotype; NF-kB: nuclear factor kB; LPS: lipopolysaccharide; TLR4: Toll-like receptor 4, mtDNA: mitochondrial DNA; cGAS: cyclic
GMP—AMP synthase; STING: stimulator of interferon genes; ROS: reactive oxygen species; IL-6: interleukin-6; TNF-o: tumor necrosis
factor-alpha; CRP: C-reactive protein; IL-1B: interleukin-13; DAMPs: damage-associated molecular patterns; CKM:
cardiovascular—kidney—metabolic.

multimorbidity management. The IDM framework addresses the gap between the biological complexity of
aging and disease-specific clinical practice by integrating life-course determinants, interconnected
inflammaging processes, organ-specific multimorbidity patterns, and stratified therapeutic and care
strategies within a single mechanism-informed framework.

Therapeutic opportunities targeting inflammaging in multimorbidity

The recognition that inflammaging constitutes a shared pathophysiological substrate for multimorbidity
opens a fundamentally new therapeutic landscape - one in which interventions targeting the inflammatory
core could simultaneously attenuate disease progression across multiple organ systems'>'?. Importantly,
targeting inflammaging should not be equated with rejuvenation or reversal of aging. These interventions
aim to attenuate chronic inflammation and related biological processes that contribute to age-related diseases
and multimorbidity, with the broader aim of preserving function and healthspan. Within the IDM
framework, these strategies can be organized into three intervention tiers: upstream pillar-targeted therapies
(addressing cellular senescence and gut dysbiosis), central hub modulation (targeting inflammatory
mediators and lifestyle factors), and downstream integrated care delivery (redesigning health systems for
coordinated, biomarker-informed management) [Figure 2].

Senolytic therapies, which selectively eliminate senescent cells and thereby reduce SASP-driven
inflammation, represent the most direct translation of inflammaging biology into clinical practice!®’. First-
generation senolytic combinations - particularly dasatinib plus quercetin (D+Q) - have demonstrated
remarkable preclinical efficacy, reducing tissue inflammation, restoring organ function, and extending
healthspan in aged mice*. In recent years, senolytics have moved from animal studies to clinical trials, but
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Intervention tier

Therapeutic strategies

Mechanism of action

Target in IDM framework (Fig. 1)

Senolytic therapy -
Dasatinib + quercetin (D+Q) ‘ EILmlnsapf:Psdgnes_cilent c:_ell§ ’ Cellular senescence
. UPAR-directed CAR-T cells educe SASP-driven inflammation; il
Tier 1 Navitoclax. fisetin break paracrine amplification loop piliar
Pillar-targeted »
(upstream) Microbiome modulation Restore gut barrier integrity —
Prebiotics, probiotics, synbiotics Reduce LPS translocation; Gut dysb|05|s
Dietary fiber enrichment shift microbiota toward piIIar
Fecal microbiota transplantation anti-inflammatory profiles
Anti-cytokine therapy Direct cytokine blockade Infl h
Canakinumab (anti-IL-1B) Neutralize pro-inflammatory mediators nflammatory hub
- TNFR2-selective agonists at the systemic level without (IL-1B, TNF-a, NF-kB)
Tier 2 A ° !
. JAK inhibitors broad immunosuppression
Hub-modulating »
(central) Lifestyle interventions Multi-pillar modulation AllE i
Exercise (myokine release, IL-10) Simultaneously reduce IL-6/TNF-a; » our pillars
Mediterranean diet (polyphenols, w-3) imprqve insulin seQ§itivity, endothelial (cross-system)
Sleep optimization (NF-kB suppression) function, and cognition
Tier 3 Inflammaging-informed care Risk stratification and
Integrated » Biomarker monitoring (hs-CRP, IL-6, clocks) care coordination » All organ clusters
healthcare Digital health (AI-CDSS, telehealth) Mechanism-based patient stratification; (Fig. 1, bottom row)
(downstream) Trauma-informed geriatric practice personalized anti-inflammatory targeting

Figure 2. Representative stratified therapeutic strategies mapped to the IDM framework. Interventions are organized into three tiers: Tier
1. Pillar-targeted therapies, targeting upstream pillars, such as cellular senescence and gut dysbiosis. Tier 2. Hub-modulating strategies,
including anti-cytokine therapy and lifestyle interventions regulating shared inflammatory mechanisms and thus modulating all four pillars.
Tier 3. Integrated healthcare, mechanism-based patient stratification and individualized care by monitoring inflammatory biomarkers and
measures of biological aging with digital healthcare strategies. IDM: Inflammaging-driven multimorbidity; D+Q: dasatinib plus quercetin;
UPAR: urokinase-type plasminogen activator receptor; CAR-T: chimeric antigen receptor T cells; SASP: senescence-associated secretory
phenotype; LPS: lipopolysaccharide; IL-1B: interleukin-1f3; TNFR2: tumor necrosis factor receptor 2; JAK: Janus kinase; IL-10: interleukin-10;
®-3: omega-3 fatty acids; NF-kB: nuclear factor kB; IL-6: interleukin-6; TNF-a: tumor necrosis factor-alpha; hs-CRP: high-sensitivity C-
reactive protein; Al-CDSS: artificial intelligence—based clinical decision support system.

so far, clinical evidence remains primarily limited to phase I/II, small sample sizes, and disease-specific trials.
A phase I/II trial in metabolic dysfunction-associated steatohepatitis (MASH) showed that D+Q treatment
was associated with substantial improvement in fibrosis without worsening MASH, indicating that targeting
cellular senescence can potentially attenuate chronic tissue inflammation and fibrosis in humans'®!. Other
trials in bone metabolism'®, idiopathic pulmonary fibrosis'®”, and Alzheimer’s disease'**) show a good safety
profile of senolytics. For other senolytics, fisetin is currently being evaluated in randomized clinical trials,
including studies targeting inflammatory and functional outcomes in older adults'*”, whereas navitoclax
remains largely supported by preclinical and translational evidence!**’. The conceptual appeal for
multimorbidity management is clear: by targeting the upstream cellular source of inflammation rather than
individual downstream disease manifestations, senolytics could in principle address multiple conditions
simultaneously”. However, several barriers to clinical translation remain, including tissue-specific
heterogeneity in senescent cell populations, potential immunosuppressive consequences of depleting cells
with residual immune functions, and the absence of validated biomarkers for patient selection and treatment
monitoring'*”’. Next-generation senolytics - including urokinase-type plasminogen activator receptor
(uPAR)-directed chimeric antigen receptor (CAR) T cells and more selective small molecules - are in
preclinical development and may overcome some of these limitations'**.

Anti-cytokine therapies offer a complementary pharmacological approach. The landmark CANTOS trial
demonstrated that canakinumab, a monoclonal antibody targeting IL-1, significantly reduced recurrent
cardiovascular events in patients with prior myocardial infarction and elevated CRP, independently of lipid
lowering'*”. This provided definitive proof of concept that directly targeting a single inflammatory mediator
can prevent clinical disease. Emerging data suggest that TNF signaling modulation may yield cross-system
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benefits relevant to multimorbidity, from sarcopenia prevention to neuroprotection”’. Selective modulation
of tumor necrosis factor receptor 2 (TNFR2) - which mediates tissue-protective, regenerative, and
immunomodulatory signaling rather than the pro-inflammatory and pro-apoptotic effects of TNF receptor 1
- represents a particularly promising avenue for achieving anti-inflammatory benefits in aged tissues without
the broad immunosuppression associated with pan-TNF blockade'™. This approach is especially relevant for
neurodegeneration, where TNFR2 signaling supports neuronal survival and myelin repair”’.

Lifestyle-based anti-inflammatory interventions carry distinct advantages of broad accessibility, low cost,
established safety, and multi-system benefits without the risks of pharmacological immunomodulation®7>7],
Regular moderate-intensity physical exercise reduces circulating IL-6 and TNF-o, promotes the release of
anti-inflammatory myokines (notably IL-10 and irisin), and improves insulin sensitivity, endothelial
function, and cognitive performance in older adults”*. Mediterranean-style dietary patterns, rich in
polyphenols, o-3 fatty acids, and dietary fiber, have demonstrated consistent anti-inflammatory effects across
multiple trials and are associated with reduced multimorbidity incidence in large prospective cohort
studies™. Sleep optimization is gaining recognition as a critical but frequently overlooked anti-inflammatory
intervention; chronic sleep disturbance activates NF-«B signaling, accelerates telomere shortening, and
promotes microglial activation*). Notably, sleep quality has been identified as a key mediating pathway
through which ACEs influence multimorbidity risk in later life, suggesting that sleep-targeted interventions
may be particularly valuable in individuals with high life-course stress exposure!””..

Gut microbiota-targeted interventions - including prebiotics, probiotics, synbiotics, dietary fiber enrichment,
and fecal microbiota transplantation - constitute an emerging frontier for inflammaging modulation”. By
restoring intestinal barrier integrity, enhancing short-chain fatty acid production, and shifting microbial
community composition toward anti-inflammatory profiles, these approaches could attenuate the gut-
derived inflammatory signaling that contributes to systemic inflammaging”*’. While large-scale clinical
evidence in multimorbid older adults remains limited, early trials in frail elderly populations have shown
reductions in inflammatory markers and improvements in metabolic parameters”®. The theoretical appeal
for multimorbidity management is strong, given the gut’s established role as a nexus connecting
inflammatory, metabolic, neuroendocrine, and immune pathways!”.

Besides the above-mentioned therapeutics, some treatments of organ-specific diseases may offer anti-
inflammatory effects. For example, some anti-hypertensive drugs, particularly renin-angiotensin system
inhibitors, may have anti-inflammatory effects in addition to blood pressure reduction’®*, although these
effects appear to vary by drug class and require further validation.

Redesigning healthcare: from disease-specific silos to inflammaging-informed integrated models
Translating the inflammaging framework into clinical practice demands not only novel therapeutics but a
fundamental redesign of healthcare delivery models for older adults with multimorbidity. Current healthcare
systems, organized around disease-specific specialist consultations and condition-specific guidelines, are
structurally misaligned with the biological reality that multiple conditions share common pathophysiology
and require coordinated, person-centered management rather than parallel, uncoordinated treatment
streams'®.

Integrated care models - featuring multidisciplinary teams, dedicated care coordinators, individualized care
planning, holistic needs assessment, and self-management support - have shown promise in improving
clinical and patient-reported outcomes for older adults with multimorbidity"®. Systematic reviews and meta-
analyses indicate that such models can reduce emergency department visits by 10%-30%, decrease hospital
readmissions, and improve perceived health status and patient satisfaction, although the evidence base
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remains heterogeneous in terms of populations, interventions, and outcomes measured*>*!. A key limitation
of existing integrated care interventions, however, is their biologically agnostic stance: most treat co-
occurring conditions as additive management problems without engaging with the shared mechanisms that
link them'™”. An inflammaging-informed approach would enrich these models by integrating systematic
assessment of inflammatory biomarkers, such as high-sensitivity CRP and IL-6, with emerging measures of
biological aging, including epigenetic aging clocks, into routine comprehensive geriatric assessment. This
integrated approach could facilitate mechanism-based risk stratification and inform more personalized anti-
inflammatory interventions™’.

Information and communication technology (ICT) offers powerful tools for operationalizing this vision at
scale. Digital health platforms can facilitate continuous physiological and symptomatic monitoring, integrate
multi-source data from wearable sensors and electronic health records, and deploy clinical decision support
algorithms that account for disease interactions and shared inflammatory pathways!***!. Artificial
intelligence-enabled clinical decision support systems show particular promise for identifying patients at
highest inflammatory and multimorbidity risk, predicting disease trajectory inflection points, and
coordinating care responses across multiple providers and care settings™’. A recent randomized controlled
trial of an intelligent, integrated older adult care model demonstrated significant improvements in quality of
life among home-dwelling older adults, providing early evidence that technology-mediated integrated care
can deliver meaningful clinical benefit'®.

Critically, an inflammaging-informed care model must also incorporate upstream, preventive interventions
that address the life-course determinants of chronic inflammation. Trauma-informed care approaches -
which recognize the lasting health impacts of ACEs and chronic psychosocial stress and seek to create safe,
supportive clinical environments - should be systematically integrated into geriatric practice rather than
confined to mental health or social work settings'®'!. At the population level, policies that reduce
socioeconomic deprivation, improve access to healthy nutrition and safe physical activity environments,
address housing insecurity, and mitigate chronic environmental stressors represent the most scalable anti-
inflammatory interventions available - yet they remain largely disconnected from clinical multimorbidity
management frameworks"®”. Bridging this gap between upstream social determinants and downstream
clinical care represents one of the most important challenges - and opportunities - for the next generation of
multimorbidity research and practice.

Research gaps and future directions

Despite the evidence base reviewed above, several critical knowledge gaps remain. First, while the association
between inflammaging and individual chronic conditions is well recognized, rigorously designed
longitudinal studies that simultaneously track inflammatory biomarker trajectories alongside prospective
multimorbidity development across multiple organ systems are remarkably scarce'**!. Understanding the
temporal dynamics of inflammatory escalation - including the identification of potential biological tipping
points and time-sensitive windows of intervention - is essential for designing effective preventive strategies.

Second, the substantial heterogeneity of senescent cell populations across tissues and individuals suggests
that senolytic therapies will likely need to be personalized, yet the biomarkers, imaging modalities, and
clinical algorithms required to guide such personalization remain underdeveloped”. The development of
minimally invasive senescence burden assays - potentially based on circulating SASP factors, extracellular
vesicle signatures, or soluble urokinase plasminogen activator receptor (suPAR) - would represent a major
advance for clinical translation**),
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Third, randomized controlled trials of anti-inflammatory interventions specifically designed for older adults
with established multimorbidity - rather than disease-specific populations from which multimorbid
individuals are excluded - are urgently needed. Such trials should employ composite, patient-centered
endpoints (including functional independence, quality of life, and treatment burden) rather than single-
disease outcomes, and should be adequately powered to detect differential treatment effects across
multimorbidity patterns.

Fourth, sex and gender differences in inflammaging and multimorbidity warrant systematic investigation.
Women consistently exhibit higher multimorbidity prevalence, more complex disease combinations, and
distinct inflammatory profiles compared with men, partly attributable to sex-differential immune regulation,
hormonal influences on inflammatory signaling, and gendered patterns of stress exposure. Incorporating
sex-stratified analyses into inflammaging research and clinical trial design is essential for ensuring equitable
therapeutic benefit.

Fifth, the cross-cultural applicability of the inflammaging framework for multimorbidity management
warrants careful examination. Most inflammaging research has been conducted in high-income Western
populations, yet multimorbidity patterns, inflammatory profiles, dietary exposures, gut microbiome
compositions, and healthcare system structures differ substantially across global regions!**’. Evidence from
low- and middle-income countries, where multimorbidity is increasingly prevalent but health system
capacity for integrated chronic disease management remains limited, is urgently needed to ensure that
inflammaging-informed interventions are contextually appropriate, culturally sensitive, and implementable
across diverse healthcare settings””.

Finally, the implementation science of translating inflammaging-informed care into routine clinical practice
- including health professional workforce development, health system financing models, electronic health
record integration, and patient engagement strategies - represents a frontier that requires sustained
collaborative effort across basic science, clinical medicine, health services research, and health policy®*.

CONCLUSIONS

Multimorbidity in older adults reflects the complex interplay of multiple age-related biological processes
rather than the simple coexistence of independent diseases. Inflammaging provides a clinically relevant
framework for understanding this complexity, as cellular senescence, immunosenescence, gut dysbiosis, and
mitochondrial dysfunction can interact to sustain chronic low-grade inflammation and may contribute to
the development and progression of cardiovascular, metabolic, neurodegenerative, musculoskeletal, and
psychiatric disorders. Importantly, the strength of evidence for these relationships varies across diseases, and
inflammaging should therefore be regarded as a potential shared biological contributor and amplifier of
multimorbidity rather than a universal causal mechanism. Life-course exposures, including ACEs,
cumulative psychosocial stress, and socioeconomic deprivation, may further shape these inflammatory and
biological aging trajectories, contributing to heterogeneity in multimorbidity and health disparities.

The IDM framework proposed in this review provides a mechanism-informed basis for translating these
biological insights into therapeutic strategies. Rather than applying a single anti-inflammatory intervention
across multimorbid populations, treatment should be stratified according to the dominant biological
processes and clinical phenotypes. Potential upstream strategies include senolytic therapy to reduce the
burden of senescent cells and microbiome modulation to restore intestinal barrier and microbial
homeostasis. At the inflammatory hub, selective modulation of cytokine and innate immune pathways,
including IL-1B, TNFR2, JAK, and related inflammatory signaling, may be relevant for appropriately selected
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patients, although clinical evidence for many of these approaches in multimorbidity remains limited.
Lifestyle interventions, including exercise, the Mediterranean diet, and sleep optimization, can reduce
inflammatory cytokines and improve insulin sensitivity and endothelial function. Downstream management
should address established modifiable risk factors and redesign healthcare, including biomarker monitoring,
digital health, and trauma-informed geriatric practice. These strategies should be complemented by
mechanism-based patient stratification and digitally enabled longitudinal monitoring to facilitate
individualized and coordinated care.

Importantly, most emerging anti-inflammaging interventions remain investigational, and evidence from
large, long-term trials specifically enrolling older adults with multimorbidity is still insufficient. Future
studies should therefore prioritize longitudinal validation of inflammaging biomarkers, identification of
patients most likely to benefit from targeted interventions, and clinical trials that evaluate multimodal
strategies across multiple disease outcomes rather than single-disease endpoints. Implementation research
will also be essential to determine how mechanism-informed interventions can be integrated into routine
geriatric and primary care. Thus, the clinical value of the inflammaging framework lies not in replacing
disease-specific management, but in complementing it with a biologically informed strategy that identifies
shared and modifiable pathways across conditions. By integrating upstream biological targeting, central
inflammatory modulation, downstream risk-factor control, and coordinated longitudinal care, the IDM
framework may provide a more rational approach to preventing disease progression and improving health
and quality of life among older adults living with multimorbidity.
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