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Abstract

The field of reverse cardio-oncology examines how subclinical and overt cardiometabolic dysfunction—such as obesity—fuels
breast cancer (BCa) risk and altered tumour biology through shared mechanisms such as chronic inflammation, hormonal dysregu-
lation, and cellular senescence. Limitations of body mass index (BMI) have prompted the development of refined obesity pheno-
types, including metabolically healthy vs unhealthy obesity and sarcopenic obesity that more accurately stratify BCa risk. Reverse
cardio-oncology is conceptually distinguished from traditional cardio-oncology by focusing on how cardiometabolic impairment—
even in the absence of manifest cardiovascular disease—increases BCa incidence and worsens prognosis. Within a common-soil
framework, senescent adipose tissue is recognized as a key driver of breast tumour microenvironment remodelling through sen-
escence-associated secretory phenotype (SASP), epigenetic reprogramming, and immunosenescence. Emerging translational strat-
egies—including lifestyle modification, cardiometabolic therapies such as GLP-1 receptor agonists and SGLT2 inhibitors, and
senolytic approaches—highlight opportunities to integrate cardiovascular and oncologic prevention and treatment in women
with or at risk for BCa. Overall, this review synthesizes current knowledge on obesity’s mechanistic links to BCa within a reverse
cardio-oncology paradigm and provides a conceptual foundation for improved risk stratification and interdisciplinary clinical
management.
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Introduction

Reverse cardio-oncology is an emerging framework describing
how cardiovascular (CV) risk factors and cardiometabolic dys-
function influence cancer initiation, progression, and outcomes.!
Unlike traditional cardio-oncology—which focuses on CV toxicity
from cancer therapies—reverse cardio-oncology examines how
metabolic derangements, chronic inflammation, endocrine altera-
tions, and clonal haematopoiesis create a biological substrate that
predisposes to malignancy, including breast cancer (BCa).2®

The global rise in obesity has intensified interest in how cardio-
metabolic factors contribute to cancer risk, yet body mass index
(BMI) alone insufficiently captures obesity-related metabolic het-
erogeneity. Refined phenotypes—including metabolically
healthy obesity (MHO), metabolically unhealthy obesity (MUO),
metabolically unhealthy normal weight (MUNW), and sarcopenic
obesity (SO) have been proposed to improve clinical and prognos-
tic accuracy®® (see Supplementary data online, Glossary).
Epidemiologic and meta-analytic data indicate that cardiometa-
bolic impairment—even without overt CV disease—elevates BCa
incidence and influences prognosis, reinforcing the relevance of
incorporating obesity and metabolic phenotypes within the re-
verse cardio-oncology lens (see Supplementary data online,
Table S1). Obesity affects BCa at two non-overlapping levels: by
increasing proliferative pressure, mutational opportunity and ma-
lignant initiation, and by remodelling the tumour-host interface to
accelerate progression, resistance, and metastatic spread. Beyond
these processes, cellular senescence has emerged as a common
soil linking obesity, ageing biology, and BCa.®>” Senescence is a
stress-response programme characterized by stable cell-cycle ar-
rest and a senescent-associated secretory phenotype (SASP),
which profoundly influences tissue homeostasis, chronic inflam-
mation, and cancer-related remodelling.2? Whether obesity syn-
ergistically fuels BCa through a premature or accelerated
senescence remains a fascinating, albeit unaddressed, issue.
This review critically synthesizes current knowledge to clarify:
(i) how obesity subtypes and cardiometabolic profiles shape

BCa incidence and prognosis; (ii) the relevance of reverse
cardio-oncology within the obesity-BCa axis; (iii) mechanistic
links between adipose-tissue senescence and tumour-
microenvironment remodelling; (iv) the contribution of system-
ic inflammation, hormonal dysregulation, and epigenetic repro-
gramming; and (v) knowledge gaps and translational
opportunities for prevention and therapy. Through this integra-
tive approach, we aim to support improved risk stratification
and more personalized management of individuals with obesity
at risk for or living with BCa.

The epidemiology of breast cancer
and excess weight: a paradigm for
‘reverse cardio-oncology’?

Incidence and risk: adiposity as an etiologic
driver
BCa still remains the most common malignancy among women, ac-
counting for nearly 30% of all new female cancers annually.2®
Global incidence patterns are shaped by demographic transitions,
socioeconomic development, and changes in lifestyle and repro-
ductive factors. The correlation between BCa incidence and the
Human Development Index (HDI) underscores how life expect-
ancy, education, and living standards influence population-level
exposure to risk factors.'>? Low- and middle-income countries
show rising incidence with persistently high mortality, often due
to later-stage diagnosis and a fragmented health system.'®~1°
Even in high-income countries, socioeconomic disparities continue
to influence stage at diagnosis, genomic testing utilization, and sur-
vival, with variables such as race, insurance status, and geographic
setting remaining strong predictors of unequal outcomes.*¢~18
Within this broader epidemiologic framework, adiposity has
emerged as a major etiologic driver of BCa, particularly after
menopause. Obesity patterns vary by ethnicity, socioeconomic
position, and developmental status, with global trends reflecting
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an ‘obesity transition’ characterized by narrowing sex differ-
ences and reversal of socioeconomic gradients.'??° These dy-
namics mirror persistent food insecurity and the widespread
adoption of ultra-processed, energy-dense dietary patterns.?-22
Such trends interact with demographic ageing and behavioural
risk factors to progressively increase the burden of cardiometa-
bolic disturbances that predispose to BCa. Translational data
support a shared risk burden between CV disease and BCa, con-
sistent with a common-soil hypothesis.2>2> Observational and
mechanistic work further supports this interplay: patients with
heart failure show increased non-cardiac mortality including
cancer,?® while experimental models demonstrate that CV injury
and remodeling—including IL (interleukin)-1p-dependent in-
flammation, post-myocardial infarction monocyte reprogram-
ming, and macrophage-derived mediators—can promote
tumour growth and metastatic traits*2”~3¢ Although these links
appear weaker for BCa than for other malignancies, hormonal
pathways may partially modulate the CV-BCa relation-
ship.23137 Because most shared risk factors between CV dis-
ease and BCa are modifiable, adherence to ideal CV health
would consistently associate with lower BCa incidence. More
recently, addressing social determinants of health has been em-
phasized as a strategy to reduce both CV disease and BCa bur-
dens and advance health equity.?

Exploring the link between BCa and adiposity remains chal-
lenging. Associations between obesity, metabolic health, and
BCa are well described,3® and lifestyle patterns such as regular
physical activity and the Mediterranean diet show consistent
protective effects.>”*° Because cardiometabolic risk is not fully
captured by BMI alone, there is a progressive shift towards in-
corporating additional anthropometric measures—including waist
circumference (WC), waist-to-hip ratio (WHR), waist-to-height
ratioob, and body-shape indices—and phenotype-based
stratification.>**™** Accordingly, relatively few studies have
examined BCa risk across obesity phenotypes rather than BMI
categories per se*>~>2 (Table 1).

Key takeaways from Table 1

e Metabolic unhealthiness raises risk across sizes: Metabolically
unhealthy status increases BCa risk in both normal-weight
and overweight groups (e.g. HOMA-IR/MetS), with
MU-obesity (MUO) showing the highest risk**->%-2

o Central adiposity and glycaemia matter: Among MetS compo-
nents, fasting glucose and waist circumference show the
strongest independent associations with BCa risk>2

e Beyond BMI: Weight can outperform BMI for risk predic-
tion,”* and WC change around the menopausal transition sig-
nals risk even when weight change does not.>°

e Phenotypic paradoxes exist: Some cohorts report lower risk in
metabolically healthy overweight and selected
severe-obesity phenotype®®>® underscoring phenotype in-
stability and the need for longitudinal assessment.>*>°

e Research gap: Combined anthropometric + metabolic index
models are scarce but promising and should be prioritized in
future long-term studies.>®

Metabolic health appears to be a major driver of BCa risk—often
outweighing the impact of adiposity itself—particularly among
people with overweight, while evidence among people living

with obesity remains more heterogeneous, with paradoxical
risk reductions noted in some metabolically healthy or
severe-obesity phenotypes.’® Because BMI and WC reflect dif-
ferent aspects of adiposity, their wide variability across and
within BMI categories highlights the limitations of using either
measure alone, and yet they are rarely combined in BCa risk es-
timation. The definition of ‘metabolic health’ also remains prob-
lematic: not meeting >3 MetS (metabolic syndrome) criteria
does not reliably identify truly healthy individuals, and this
phenotype is increasingly recognized as a transitional state
along a continuum that shifts across the life course.>*>¢
Emerging metabolic indices—such as visceral adiposity markers,
triglyceride-to-glucose ratio, lipid-accumulation products, and
composite cardiometabolic scores—may help refine obesity
phenotyping and BCa risk assessment, although they have
been evaluated in only a few studies and seldom integrated
with anthropometric measures.”®

Prognosis and disease course: adiposity as an

outcome modifier

Beyond incidence, the obesity signature on the BCa genomic
landscape would broadly influence progression-free and overall
survival (PFS and OS, respectively). Standardized genomic phe-
notyping (PAM50 gene analyses) and the risk of recurrence
score significantly differ by waist-to-hip ratio,”” while heteroge-
neous—but discrete—DNA methylation regions with potentially
functional differentially methylated positions/regions offer a
promising substrate for prognostic stratification and therapy se-
lection in triple negative (TN) BCa.>® Preclinical work further
shows that obesity promotes the escape from tumour dormancy
towards aggressive growth, marked by a switch to the vascular
phenotype with increased neovascularization.” In TNBCa mod-
els of obesity, deep metabolic reprogramming underlines the
metastatic potential,’® alongside remodelling in extracellular
matrix®* and altered monocyte trajectories with enhanced
neutrophil activation and extracellular trap formation.®> Con-
sistently, individuals with obesity and BCa display distinct mor-
phological and immunophenotyping features in axillary lymph
nodes.®® Since 2019, meta-analyses have reported a modest
worsening of disease-free survival (DFS) and OS across BCa
subtypes. In most recent studies, adiposity is repeatedly—but
not uniformly—associated with poorer DFS and OS, sometimes
with a ‘U-shaped’ pattern in which underweight is equally detri-
mental (Table 2).8:64-97

Key takeaways from Table 2

e Overall pattern: Higher adiposity is often linked to poorer
outcomes (DFS/QS), but findings are heterogeneous across
cohorts and endpoints.®*"¢77888 Several studies show a
U-shaped association, with both underweight and obesity
conferring risk.6>7%:7°

e Central adiposity > BMI: WHR and WC predict all-cause and
BCa-specific mortality more consistently than BMI in multiple
cohorts.””87:94

e Metabolic health matters: MetS and glycemic dysregulation
carry independent prognostic weight; in WHI, a higher
MetS score predicted post-BCa and BCa-specific mortality
even after BMI adjustment.”® Lipids (e.g. low HDL-c) and
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Table 3 Comparison of senescent signatures in BCa patients with normal weight and obesity

Axis/component

Total senescent cell burden (tumour/
stroma)01-104

SASP (IL-6, IL-8, chemokines,
MMPS)lOS—llO

systemic inflammation

More ‘focal’ SASP

Adipokines (L/A ratio)***-17

110,118-120

Immune senescence Less prominent

Angiogenesis*?1122

Transcriptomic senescence
scores?8:123-125

Normal weight

Mostly localized to tumour cells; lower

Lower leptin; more favourable L/A ratio

Lower endothelial dysfunction

Lower predicted senescence scores

Obesity

Increased burden in mammary adipose and stroma,
plus systemic senescence

Amplified, pro-angiogenic SASP (t IL-6/1L-8, TNF-q,
MMPs)

Elevated leptin; unfavourable L/A ratio promoting
tumour signalling

Stronger immunosenescent phenotype

Enhanced endothelial senescence; impaired VEGF
response

Higher enrichment of senescence/SASP pathways

IL, interleukin; L/A ratio, leptin/adiponectin ratio; MMPs, matrix metalloproteinases; SASP, senescence-associated secretory phenotype; TNF-a, tumour necrosis factor

alpha; VEGF, vascular endothelial growth factor.

incident metabolic disorders also associate with worse
prognosis.®?

e Inflammation/immune tone modifies risk: Lower absolute
lymphocyte count and higher neutrophil to lymphocyte ratio
worsen outcomes and interact with BMI”4€° high CRP strongly
predicts events and mortality, particularly in strata without
obesity. TILs are lower in obesity (worse immune contexture).8!

e Subtype nuances: (i) luminal disease: Obesity is repeatedly as-
sociated with higher mortality in luminal A/B 68, and worse
DFS in ER-/PR- early disease when BMI >25 kg/m?®7; (ii)
HER2+/IGF-1 interaction: High IGF-1 improves RFS in
normal-weight but worsens RFS in HER2+ patients with over-
weight (BMI x IGF-1 interaction)’?; (iii) TNBC: Several reports
show poorer DFS/OS with obesity®; however, signals are not
uniform across all studies; (iv) treatment/complications:
Response to abemaciclib was lower in under/normal-weight
vs overweight/obesity overall response rates (but PFS benefit
persisted across BMI)’?; surgical complications, LOS, and
costs show a U-shaped across BM|.”374

o Life-course and demographics: Menopausal status, age, race/
ethnicity, and PR status modulate BMI-outcome links (e.g.
PR- tumours in UW/OW/OB with higher mortality®®; race x
BMI effects on PFS 100; age-specific risks.”®?2

e Mechanistic bridge to outcomes: Preclinical data support
obesity-driven dormancy escape, angiogenic switching, ECM
remodelling, and myeloid/neutrophil reprogramming.>” =42

Within the wealth of studies, heterogeneity across cohorts is
substantial, including differences in sample size, disease stage,
hormone-receptor profile, HER2 expression, and treatment
strategy. Adiposity is assessed mostly—but not exclusively—by
BMI, with intriguing findings emerging from the use of the
waist-to-hip ratio and the association with inflammatory bio-
markers (e.g. neutrophil-to-lymphocyte ratio and C-reactive
protein). Given these limitations, future works- including
meta-analysis—should harmonize cohort features and adiposity
measures to clarify prognostic effects. In addition, serial assess-
ment of cardiometabolic health across the care continuum of

BCa (i.e. from diagnosis to surgery, treatment, and long-term
follow-up) may capture critical inflection points in the adipose
tissue-breast axis and improve risk stratification.

Remodelling of the tumour
microenvironment by senescent
adipocytes: a key driver of breast
cancer development and progression

Adipose tissue senescence: a feed-forward
loop fuelling tumour initiation

Emerging preclinical and translational evidence shows that
obesity profoundly reshapes senescence dynamics both sys-
temically and within the tumour microenvironment (TME).
Senescence signatures in BCa appear signatures appear
predominantly in non-tumoural compartments—tumour-
associated adipose tissue, fibroblasts, and infiltrating immune
cells—rather than in BCa cells themselves. While chemotherapy
amplifies senescence-related programmes in individuals
with normal weight, obesity intensifies multiple layers of
senescence-associated dysfunction, including immune exhaus-
tion, expanded effector-memory T-cell clones, and reduced
naive T-cell reservoirs.>®?%%? A recent spatial atlas of human
adipose tissue identified senescence-prone metabolic, progeni-
tor, and vascular subtypes that are further enriched in obes-
ity.1%° Although partly reversible with weight loss, senescence
persists in key compartments, indicating a persistent adipose
‘ageing field effect’ that heightens vulnerability to malignant ini-
tiation. (Table 3).781°1-125 Djsturbances associated with obesity
increasingly appear causal—not merely correlative—in BCa initi-
ation'?¢ (Figure 1). Insulin resistance and hyperinsulinemia ac-
tivate IR/IGF-1-PI3 K/Akt/mTOR, while mediators derived
from senescent adipose tissue amplify proliferative pres-
sure.'?7:128 Obesity also increases aromatase expression,'?’
raising local oestrogen levels and establishing a feed-forward
link between adipocyte senescence, oestrogen production,
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‘classical
cancer — cardiovascular risk

hyperinsulinemia/lR
PIK3/Ak/mTOR

= cell proliferation

= angiogenesis

= apoplosis resistance

= chemotherapy ——
= radiotherapy

= immunotherapy
Q hyperten5|0n

NF-kB

inflammation

= growth factors

endothelial dysfunction

= oxidative stress,

= vascular remodeling

dyslipidemia

1 leptin/leptin-adiponectin unbalance
JAK2/STAT3, MAPK/ERK, and PI3K/Akt

cell proliferation

invasion

angiogenesis

Stemness

chemoresistance

1 aromatase expression

= estrogen-driven tuorigenesis

e

senescence

= pro-inflammatory cytokines

‘reverse’
cardiometabolic risk — cancer

= obesity phenotype
(VAT — BMI, WC)

= adipose TME

= growth factors
= proteases

= immunosenescence

* CHIP

Figure 1 Intersecting pathways in classical vs reverse cardio-oncology: a shared mechanistic landscape with diverging clinical outcomes.
This conceptual diagram illustrates the layered mechanisms by which obesity-associated cardiometabolic alterations contribute to
breast cancer development—partially mirroring the pathophysiological drivers of cardiovascular disease in classical cardio-oncology.
Shared mediators such as insulin resistance (IR), inflammation, endothelial dysfunction, and senescence underpin both cancer progres-
sion (‘reverse cardio-oncology’) and cardiotoxicity induced by cancer therapies (‘classical cardio-oncology’). However, while classical
cardio-oncology focuses on tumour-triggered cardiac damage, reverse cardio-oncology highlights how systemic metabolic dysfunction
fosters a tumour-permissive environment triggered by both visceral and BCa-associated adipose tissues (VAT and adipose TME, re-
spectively). Understanding these intersecting yet directionally distinct pathways may support integrated prevention strategies in pa-
tients with obesity with cancer or cardiovascular risk. CHIP: clonal haematopoiesis of undetermined potential

and outgrowth of oestrogen receptor (ER)-positive clones.>*°
Population differences such as the menopausal-obesity paradox
likely reflect varying oestrogenic contexts and adiposopathy-
related traits.’®*  Additional metabolic  cues—including
27-hydroxycholesterol**? and angiotensin II-NF-xB signalling—
further promote epithelial turnover and mutational opportunity,
accelerating the progression of subclinical lesions.*>*

Obesity also drives profound epigenetic remodelling.
Hypertrophic adipocytes adopt a senescence-like phenotype
characterized by hyperinsulinemia-driven G2 arrest and SASP po-
larization,”*?® while visceral adipose tissue (VAT) macrophages
acquire a p16INK4a-driven senescent-like phenotype, predom-
inantly driven by osteopontin (OPN).23* These changes align
with accelerated biological ageing, as shown by transcriptomic
overlap between diet-induced obesity and chronological age-
ing and by human estimates of epigenetic age acceleration
(~2.3 years per 10 BMI units).23>13¢ Methylation maps in
adipose and breast tissues reveal alterations across tumour
suppressors, oncogenes, cytokines, and DNA repair path-
ways.*37"137 Extracellular vesicles (EVs) derived from VAT
or breast adipose tissue in obesity carry distinct miRNA cargo

that enhances tumour development and metastatic poten-
tial*#9-1%7; similar patterns are seen in EVs derived from breast
adipose tissue of women living with obesity.1*® Broad omics
signatures have been recently interrogated in obesity medi-
cine, from vulnerability to food addiction'*’ to the interference
with weight loss and diabetes remission.2*%%? Single-cell se-
quencing further demonstrates obesity-induced ‘immune
memory’ with persistent signatures of antigen presentation,
T-cell exhaustion, inflammation, and lipid dysregulation.t>?
Together, these multi-omic signals suggest that obesity con-
fers a specific mutational and epigenetic landscape consistent
with a causal role in carcinogenesis.

Senescence also intersects with trained immunity, in which
the epigenetic rewiring of myeloid progenitors represents a ca-
nonical maladaptive form characterized by persistent inflamma-
tory memory and exaggerated cytokine output. Clonal
haematopoiesis of indeterminate potential (CHIP)—common in
ageing, chronic inflammation, and cardiometabolic disease—
generates precisely such epigenetically reprogrammed myeloid
progenitors with heightened cytokine production and acceler-
ated athero-inflammation.*>3-1% The most commonly mutated
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Figure 2 Adipocyte senescence as a central node linking obesity to breast cancer progression. This schematic illustrates the multifaceted
contributions of adipocyte senescence to the establishment of a tumour-permissive microenvironment in obesity. Adipocyte senes-
cence, triggered by metabolic stress and chronic inflammation, is characterized by persistent DNA damage (e.g. telomere attrition, gen-
omic instability), epigenetic remodelling (e.g. DNA methylation, histone modifications), hormonal imbalances (e.g. increased aromatase
activity, adipokine dysregulation), and the secretion of a senescence-associated secretory phenotype (SASP). These alterations collect-
ively fuel cancer hallmarks such as proliferation, angiogenesis, migration, immune evasion, and metastasis—mainly through paracrine
signalling within the tumour microenvironment. Notably, these processes establish a feed-forward loop whereby senescent adipocytes
perpetuate local and systemic inflammation, disrupt immune surveillance, and enhance endocrine-driven tumour growth. This integra-
tive framework highlights the role of senescent adipose tissue as both a source and amplifier of oncogenic signalling in breast cancer

associated with obesity

driver genes in de novo CHIP cases encode epigenetic regulators
involved in DNA hypo- and hypermethylation.*>” CHIP preva-
lence increases sharply with age, is associated with coronary dis-
ease and early-onset MI**815? and may be linked to visceral
adiposity.*>>1%® Among women of older age with BCa, CHIP
reaches ~44% at diagnosis and increases during treatment, cor-
relating with advanced stage and worse survival,*¢%1%1 while re-
maining less relevant in younger patients.

Senescence-driven inflammation and
molecular instability in breast cancer

progression
Once BCa is established, the same endocrine axes fuel its pro-
gression (Figure 2). Insulin/IGF-1, activates PI3 K/Akt/mTOR

to promote proliferation, angiogenesis, and resistance to apop-
tosis,*?7128 obesity-enhanced aromatase drives ER-positive
tumourigenesis,*®? and leptin signalling promotes EMT, angio-
genesis, stemness, and chemoresistance®®; whereas adiponec-
tin counteracts these processes.*®* Lipid-derived cues such as
27-hydroxycholesterol and angiotensin II-NF-xB signalling fur-
ther remodel the TME towards metastatic competence. Obesity
enriches the TME with senescent adipocytes producing a SASP
(IL-1B, IL-6, IL-8, chemokines, growth factors, and MMPs), which
enhances proliferation, angiogenesis, survival, and extracellular
matrix remodelling.*165-179

Senescence-driven genomic instability adds additional mo-
mentum. Persistent DNA damage and chromosomal instability
in adipocytes propagate bystander senescence, altering DNA
methylation and histone landscapes in adjacent epithelial cells
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and promoting malignant transformation.8*1”! Within epithe-
lial/tumour cells, SASP cytokines (IL-6, IL-8, TNF-a) activate
STAT3 and NF-xB, leptin activates PI3 K/AKT/mTOR, and EVs
from obesity-derived adipose tissue reprogramme tumour me-
tabolism and enhance metastatic behaviour via hypoxia indu-
cible factor (HIF)-1a.1727178 Adipose senescence feeds into a
broader immunosenescent phenotype. Obesity impairs neutro-
phil, macrophage, NK-cell, and T-cell function; expands anergic
memory T cells; reduces naive T-cell pools; and exhausts
CD4*/CD8* compartments.®® SASP-rich niches suppress im-
mune surveillance, while obesity-associated upregulation of
PD-1/PD-L1 further blunts antitumour immunity.1°%17%
ER-specific differences in TME immune composition may
underlie additional heterogeneity.1®°-18% Ultimately, obesity
accelerates systemic epigenetic ageing across BCa subtypes, re-
inforcing the need for deeper characterization of the BCa-
adipose axis beyond BMI-based epidemiology (Table 4).18418>

Key takeaways from Table 4

e ER status and menopausal context: Multiple cohorts show
stronger associations of higher BMI with ER+/luminal risk—
particularly in post-menopausal women (e.g. higher ER+/PR
+incidence with BMI >35 kg/m?; larger tumours, nodal posi-
tivity, and advanced stage).138‘151’208 Signals for TNBC are
more nuanced: higher BMI relates to increased TNBC risk in
premenopausal women in some studies, but reduced odds
post-menopause in others, 34137

e Beyond BMI: central adiposity matters. WC/WHR often track
BCa risk or phenotype more closely than BMI, including sub-
type distributions and metastasis risk (e.g. higher WHR asso-
ciated with metastasis; central obesity linked to ER+/PR+
tumours),57:136.139.143

e Epigenetics/omics links: BMI associates with methylation
changes in ER+ tumours (DNMT-related, IGF-binding, repair
genes)?%?; recurrence biology can be heavier in higher-BMI
groups (e.g. higher 21-gene RS >20 in ER+/HER2- under
45 y)1%; obesity-related gene signatures can refine recur-
rence prediction (LOG-CPI).1%¢

e Metabolic health as a driver: MetS and related biomarkers
(insulin, leptin/CRP) mediate a substantial fraction of BMI’s
effect on BCa risk!#?; circulating oestrogens and oestrogen-
metabolite profiles rise with higher BMI and WHR post-
menopause??; cardiometabolic diseases relate to mortality
risk.2%3

e Population heterogeneity: Associations vary by ancestry/re-
gion and study design; some cohorts report paradoxical or in-
verse relations (e.g. reduced odds with higher BMI in specific
African cohorts or phenotypes).140:141

o Life-course BMl trajectories: Early-life BMI patterns and adult
weight gain shape later ER+ risk, emphasizing timing of adi-
posity exposure. 147150

Current clinical evidence has not yet clarified whether, and
through which mechanisms, obesity influences the development
of different BCa histotypes. Moreover, BMI-based stratification
is intrinsically limited and may yield misleading or apparently
paradoxical associations.?'® The interplay between BCa cells,
their microenvironment, and remote adipose tissues, thus,

requires a deeper characterization that moves beyond—or inte-
grates with—epidemiological evidence.

Obesity fingerprints on breast cancer cells’
genomics

While increasing efforts have focused on the VAT secretome,
largely limited to adipocytokine imbalance, chronic inflamma-
tion, and oestrogen/insulin signalling,?** only a few studies
have probed adiposity-associated changes in human BCa at
the transcriptomic level, and fewer still at the genomic le-
vel.12312% |1 contrast, BCa genomics is an active field of re-
search, with some alterations already informing clinical
practice as treatment targets or markers of resistance to treat-
ment.?*2 A recent seminal paper led by Christine Desmedt
was the first to interrogate the correlation between adiposity
and BCa mutational signatures, extending the analysis to the
TME and cross-compartment interaction.”® Using an atlas of
genes known to harbour driver genomic alterations in BCa, the
authors pooled cohorts (METABRIC, ICGC, ELBC, MINDACT,
Biokey) stratified by BMI and BCa subtypes. At bulk resolution,
PIKBCA mutations were less frequent in ER+/HER2-
BCa, whereas CCND1 and CCNE1 amplification—implicating
CDK4/6—were more common in people living with obesity
and ER+/TNBCa. These patterns point to an obesity-associated
mutation landscape that confers selective proliferative advan-
tage,?*® supporting the hypothesis of a specific mutagenesis—
rather than mere accumulation of somatic mutations—in obesity
carcinogenesis.

The effects of interventional
approaches to obesity on BCa risk

The obesity dilemma finds further room in BCa when interven-
tions are considered.?'*?1> The Mediterranean diet still repre-
sents the prototype of a healthy diet, with established benefits
on ‘adiposopathy’.?¥®2Y” |ower cancer incidence (including
BCa),21821% and longer survival.??° More recently, intermittent
fasting has gained relevance from the cardiometabolic health
perspective in relation to its potential effects on BCa biology.??*
Short-term fasting and fasting mimicking diets can sensitize can-
cer cells to therapy,??? while protecting normal tissues from
treatment-related toxicity.??® Seminal work shows that reduc-
tions in circulating IGF-1, insulin, and glucose drive metabolic
shifts that delay or reverse drug resistance, yielding tumour re-
gression and improved outcomes in mice and humans.??* These
effects extend to the TME.?2>22% A healthy lifestyle includes
regular physical activity to improve body composition by in-
creasing lean mass and reducing VAT inflammation.?2”-227
Through decreased leptin release and better sex-hormone regu-
lation, physical activity lowers BCa risk and recurrence.?30-232
Multimodal exercise and diet programmes appear most effect-
ive for improving body composition in women diagnosed with
or at high risk for BCa.???Unfortunately, unhealthy diet and
physical inactivity remain the true pandemic of the current cen-
tury, fuelling the current obesity surge. Driven by the conse-
quent health and economic burden, many efforts are now
addressed to developing pharmacological interventions.
Observational cohorts and meta-analyses link the use of
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Table 5 Summary of the interventional approaches to obesity in BCa risk

Agent Mechanisms of action Evidence
Metformin Activates AMPK — inhibits mTOR; lowers hepatic
gluconeogenesis; reduces systemic insulin/IGF 1
GLP1-receptor Enhances insulin sensitivity and weight loss; direct anti-tumour  Liraglutide | BCa cell viability/migration in vitro; GLP1R
agonist effects via miRNA modulation and DNA methyltransferase expression in tumours correlates with better
activity in BCa cells outcomes

SGLT2 inhibitors  Inhibit tumour glucose uptake; induce glycosuria - weightloss Empagliflozin and canagliflozin slow BCa xenograft
and | insulin/inflammation growth; diabetic patients on SGLT2is show lower
BCa incidence and mortality

Senolytics Selectively clear senescent cells — reduce SASP (IL-6, MMPs); D +Q in obese mice improves insulin sensitivity and
restore adipose homeostasis adipose inflammation; pilot in diabetics shows |
senescence markers

AMPK, AMP-activated protein kinase; BCa, breast cancer; D + Q, dasatinib + quercetin (senolytic cocktail); GLP- 1R, glucagon-like peptide-1 receptor; IGF-1, insulin-like
growth factor 1; mTOR, mechanistic target of rapamycin; SASP, senescence-associated secretory phenotype; SGLT2i, sodium-glucose cotransporter 2 inhibitors.

early adiposity-based disease obesity
excess adiposity (confirmed through direct excess adiposity plus organ dysfunction affecting
fat measurement or anthropometric physiological systems or causing substantial
measure) without major organ dysfunction mobility limitations in daily activities
_ A _

= cardiologist

= endocrinologist  <——=\

= gwareness = internal medicine
= GPs

knowledge I
\——| = intervention

= health policies

= BCarisk assessment

Implementing BCa risk tools

\t(> = oncologist

\§ : Bca risk tools : J
BCSC, BCRAT, Tyrer Cuzick
Figure 3 Clinical flowchart for obesity-integrated breast cancer risk stratification. Current BCa risk tools (e.g. BCRAT, Tyrer-Cuzick) do

not formally include obesity metrics, yet this framework highlights a potential clinical pathway for incorporating obesity screening into
BCa risk stratification

metformin with a roughly 20%-25% reduction in BCa incidence changes—CYP1A2 activation, altered fatty-acid desaturase ac-
and improved DFS survival among women, with diabetes though tivity, and shifts in amino-acid metabolism (including impaired
questions remain given its pleiotropic actions.?>>234 Recent me-  branched-chain amino-acid catabolism)—that may contribute
tabolomic profiling identifies metformin-related pathway to lower recurrence risk in survivors with overweight.?*® These
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Table 6 Summary of actionable insights in reverse
cardio-oncology

Key takeaways

e Obesity phenotyping enhances risk stratification beyond BMI.

o Adipose senescence and its SASP remodel the tumour
microenvironment, linking metabolic dysfunction to tumour
initiation and progression.

o Al and multi-omics enable deep phenotyping of cardiometabolic
signatures, though robust clinical validation remains necessary.

Clinical translation: holistic prevention and treatment

o Lifestyle modification: adherence to healthful dietary patterns
(e.g. Mediterranean diet) and regular physical activity remains
foundational, improving body composition and reducing both
breast cancer risk and recurrence.

e Pharmacotherapy: GLP-1 receptor agonists and SGLT2
inhibitors demonstrate substantial weight loss and
cardiometabolic benefits, positioning them as promising
adjuncts for breast cancer prevention and supportive care.

e Metabolic surgery: bariatric procedures confer sustained
weight reduction and amelioration of obesity-associated
comorbidities, including a lower incidence of breast cancer.

Clinical implications

o Risk stratification based on senescent and metabolic
signatures may improve prognostic accuracy.

o Adipose tissue senescence contributes to immune ageing and
therapy resistance in BCa patients with obesity.

e Integrating obesity-related biomarkers (e.g. SASP factors, L/A
ratio) into clinical workflows could guide personalized
treatment.

o Weight loss strategies may reverse pro-tumourigenic features
in the tumour microenvironment.

Future Directions

e Standardization: develop and adopt uniform definitions,
measurements, and terminology in obesity-breast cancer
research (e.g. reproducible imaging protocols for fat depots).

e Longitudinal cohorts and RCTs: prioritize long-term
observational studies and well-designed randomized trials to
establish causality and track dynamic obesity phenotypes’
impact on breast cancer outcomes.

¢ Emerging technologies: expand Al/ML integration with
multi-omics (metabolomics, epigenetics, microbiome) to refine
predictive models and ensuring rigorous validation in diverse,
real-world cohorts to mitigate bias and safeguard privacy.

o Interdisciplinary collaboration: foster concerted efforts among
clinicians, researchers, policymakers, and patients to address
gaps, promote non-stigmatizing obesity care, and translate
findings into equitable, data-driven strategies.

Al artificial intelligence; BMI, body mass index; GLP, glucagon-like peptide-1;
ML, machine learning; RCTs, randomized clinical trials; SASP,
senescence-associated  secretory  pattern; SGLT, sodium-glucose
cotransporters.

add to known AMPK-activating/mTOR-inhibitory effects and
systemic reductions in insulin/IGF-1 signalling that can blunt ini-
tiation and progression. For sodium-glucose cotransporter path-
ways, experimental work suggests SGLT1 promotes BCa cell

survival/proliferation®3® and inducer of tamoxifen resistance,?*’
while pharmacologic SGLT2 inhibition (SGLT2i) counters these
effects in BCa cells?38-2%° and mouse models.?** SGLT2i have
shown cardiotoxicity-preventive signals in preclinical set-
tings,%#22%® and clinical trials are ongoing (https://clinicaltrials.
gov/search?cond=Breast%20Cancer&intr=SGLT2%20inhibitor);
however, no definite clinical trial translation in BCa exists to
date?** and dose/safety questions in women without diabetes
remain. Concerns about cancer risk with glucagon-like peptide-1
receptor agonists (GLP-1RA) arose from numerically higher BCa
events in early trials, but long-term observational studies and
meta-analyses have not confirmed increased BCa risk,2** and
even suggest lower colorectal cancer risk in drug-naive type 2
diabetes, independent of BMI.2%¢ Furthermore, the recent find-
ing of GLP-1R within BCa tissue suggests potential benefits in
this setting. GLP-1R expression in BCa tissue further supports
potential benefit: liraglutide reduces BCa cell viability and migra-
tion via epigenetic modulation (miRNAs, DNA methyltransferase
activity),>*” with apparent synergy alongside chemotherapy—
but a diminished effect at higher doses.?*® In severe obesity,
bariatric surgery lowers BCa incidence and stage at diagnosis
compared with BMI-matched controls, approximating outcomes
seen in women with BMI <25 kg/m?2.24%2%0 Effects are strongest
in hyperinsulinemia?>* and appear regardless of menopausal sta-
tus and hormonal profile.?>2 While contemporary procedures are
minimally invasive and yield faster cardiometabolic gains than
drugs,?>® surgical risks, cost, and coverage barriers persist. In a
murine model of obesity-driven TNBCa, caloric restriction
matched—or outperformed—bariatric surgery, suppressing tu-
mour growth and producing shared/distinct changes in tran-
scripts, epigenetics, secretome, microbiota, and antitumour
immunity.2>* Whether directly targeting senescence could be an
option for obesity and BCa is an exciting—albeit unexplored—
horizon. So far, targeting senescence in solid tumours using seno-
lytics, alone or combined with chemotherapy, has proven to be
limited in effectiveness or associated with intolerable tox-
icity.2>> While a deeper understanding of senescence hall-
marks is needed to produce the next generation of senolytic
strategies, advances in nanomedicine may partially overcome
toxicity issues.2>® On the other hand, evidence rather sup-
ports the use of senolytic agents to counteract obesity-driven
metabolic dysfunction. In diet-induced obese mice, intermit-
tent clearance of p16'™42+ senescent cells—using dasatinib
plus quercetin—dramatically improved insulin sensitivity,
glucose tolerance, and adipose tissue homeostasis, by redu-
cing pro-inflammatory SASP factors and restoring adipogenic
capacity.’® These preclinical findings have spurred early
human studies: a small pilot trial of senolytic therapy in adults
with diabetic kidney disease demonstrated reduced circulat-
ing markers of senescence and inflammation, along with
modest improvements in adipose insulin signalling.2>” While
safety, optimal dosing, and long-term effects need rigorous
evaluation, these data suggest that targeted removal of senes-
cent adipose and stromal cells could become a novel adjunctin
obesity medicine—potentially synergizing with diet, exercise,
and metabolic drugs to ameliorate insulin resistance, curb low-
grade chronic inflammation, and ultimately reduce BCa risk
and progression in high-risk, populations with obesity
(Table 5; Figure 3).


https://clinicaltrials.gov/search?cond=Breast%;20Cancer&intr=SGLT2%;20inhibitor
https://clinicaltrials.gov/search?cond=Breast%;20Cancer&intr=SGLT2%;20inhibitor
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Conclusion

The epidemiologic link between cardiometabolic risk and can-
cer, including BCa, is established, and mechanistic understand-
ing is increasingly growing. As the field evolves towards a
‘reverse cardio-oncology’ paradigm, cardiometabolic health
emerges as a key modifier of cancer development and prognosis
and remains central to ongoing scientific progress. Obesity phe-
notyping can refine patient stratification, but transitions be-
tween metabolically healthy and unhealthy states (and vice
versa) need clearer characterization. A key takeaway is to
move beyond BMI: comprehensive phenotyping should com-
bine anthropometrics like WC (whose association with cardio-
vascular risk is fully realized when adjusted for BMI) with
metabolic indices. Clarifying phenotype dynamics over time
will help resolve paradoxes and strengthen risk prediction, in-
cluding for BCa. Substantial heterogeneity remains across stud-
ies in terms of design (retrospective vs. prospective), population
size and selection, BMI categorization, BCa subtype stratifica-
tion, and outcome definitions (e.g. DFS, OS, BCa-specific sur-
vival). Furthermore, not all studies consistently adjusted for
key confounders such as menopausal status, comorbidities, or
treatment modality. Some heterogeneity also arose from differ-
ent cutoff values for central adiposity (WC, WHR) or MetS defi-
nitions, which may limit direct comparability. These differences,
while reflecting real-world diversity, should be carefully consid-
ered when interpreting pooled patterns and prognostic
implications.

At the same time, broad omics signatures in BCa are opening
opportunities to map the ‘obesity landscape’ and connect seem-
ingly distant diseases.?>® As many obesity hallmarks are now
brought under the umbrella of senescence, reducing obesity
and cardiometabolic burden is likely to become a complemen-
tary pillar in BCa prevention and treatment.2°”-2%? Finally, the
scale and complexity of omics data call for a more extensive
use of artificial intelligence (Al). Al is just about everywhere in
the fields of obesity and BCa right now, mainly at an early stage,
but the pace of change is undeniable.?%°=2%% Thus, Al appears
critical to further pursue an increasingly appropriate reverse
cardio-oncology approach with exciting scenarios on the hori-
zon. Articulating these actionable insights—spanning preven-
tion, diagnosis, and therapeutic innovation—would provide a
comprehensive framework to contextualize current evidence,
support interdisciplinary collaboration, and accelerate the
translation of reverse cardio-oncology concepts into improved
outcomes for women with or at risk for BCa (Table é;
Figure 3).264-26¢
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online.
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