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Abstract

The mammary gland is a composite organ in which epithelial ducts and alveoli develop within a specialized adipose-rich
stroma. Although mammary biology has traditionally been interpreted through an epithelium-centered framework, increas-
ing evidence indicates that mammary adipocytes actively shape mammary development, reproductive remodeling, and dis-
ease susceptibility. Across puberty, pregnancy, lactation, and involution, mammary adipocytes undergo dynamic changes
in cellular state, morphology, lipid handling, and stromal interactions, reflecting fate-related, phenotypic, and metabolic
plasticity. Through adipokines, growth factors, metabolic substrates, extracellular matrix (ECM)-associated mechanical
cues, and immune—inflammatory networks, mammary adipocytes influence epithelial behavior and tissue remodeling.
Conversely, epithelial expansion, secretory differentiation, and post-weaning regression reshape the adipose-rich stromal
niche. Dysregulation of this reciprocal adipose—epithelial ecosystem may contribute to aberrant tissue expansion, local
estrogenic or inflammatory amplification, impaired adipose support, and tumor-permissive remodeling. Here, we review
stage-specific epithelial-adipocyte crosstalk during mammary development, define mammary adipocyte plasticity across
fate-related and functional dimensions, and discuss its relevance to benign breast disorders, tumor-associated remodeling,
and disease susceptibility.
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1 Introduction

The mammary gland is a composite organ in which epithe-
lial ducts and alveoli develop within a specialized stroma
dominated by adipose tissue and fibrous connective compo-
nents. This architecture enables repeated, hormonally driven
remodeling of the lobule—ductal unit across key life-stage
windows, including puberty, pregnancy, lactation, and invo-
lution. In addition to epithelial-intrinsic programs, mam-
mary development depends on dynamic epithelial-stromal
communication that integrates systemic endocrine cues with
local microenvironmental signals [1, 2].

While epithelial-stromal interactions are well recognized
in mammary biology, the field has historically remained
largely epithelium-centric. Mammary adipocytes, however,
are not passive space-filling cells. Adipose tissue exhibits
great plasticity, encompassing adaptive changes in cellular
state, lipid handling, and tissue organization in response to
physiological or pathological demands [3, 4]. In the mam-
mary gland, this plasticity is manifested during puberty,
pregnancy, lactation, and involution. These changes include
fate-related remodeling, reversible phenotypic state changes,
and metabolic adaptation [5—7]. Mammary adipocytes also
function within a broader stromal network. They commu-
nicate with epithelial cells through adipokines, growth fac-
tors, and metabolic substrates, while also interacting with
the extracellular matrix (ECM), immune cells, fibroblasts,
and vascular elements [8—10].

Dysregulation of this adipose-supported mammary eco-
system may contribute to benign growth abnormalities and
tumor-associated remodeling [11, 12]. Local estrogenic
amplification, inflammatory remodeling, impaired adipose
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support, and cancer-associated adipocyte reprogramming
may each influence epithelial behavior and disease suscep-
tibility [11-14].

Despite growing recognition of mammary adipocytes as
active stromal regulators, a clear framework linking devel-
opmental context, adipocyte plasticity, and disecase rel-
evance remains lacking. This review therefore focuses on
three questions: (1) how adipocytes contribute to mammary
gland development and remodeling across physiological
stages; (2) how mammary adipocyte plasticity should be
defined, with particular attention to fate-related versus func-
tional remodeling; and (3) how dysregulated adipose—epi-
thelial and adipose—stromal interactions may contribute to
benign breast disorders and tumor-associated remodeling.

2 Mammary gland development and stage-
specific epithelial-adipocyte crosstalk

2.1 Embryonic and prepubertal periods

Mammary development initiates in utero, with the epithelial
compartment derived from ectoderm and stromal compo-
nents derived from mesoderm [15, 16]. Because much of
the mechanistic understanding of early mammary morpho-
genesis derives from murine models, the following discus-
sion primarily reflects mouse-based evidence unless human
data are specifically indicated. Species-specific limitations
are highlighted where relevant. Placode formation and early
bud morphogenesis depend on reciprocal epithelial-mesen-
chymal signaling [17]. Wnt/B-catenin activity is a key con-
served driver of placode initiation and maintenance, whereas
mesenchymal growth-factor signals coordinate bud invasion
and early branching [17, 18]. Classical tissue recombination
experiments support a model in which mesenchyme primar-
ily instructs growth, whereas the epithelium retains intrinsic
control over branching mode [18]. In the mouse embryonic
mammary gland, mammary mesenchyme can be conceptu-
alized as two functionally distinct stromal domains: con-
densed mammary mesenchyme (CMM), which contributes
to dense connective structures, and fat pad precursor mes-
enchyme (FPM), which gives rise to the mammary fat pad
[17, 19] (Fig. 1A). Early mammary placode positioning and
bud formation depend on reciprocal epithelial-mesenchy-
mal signaling, whereas later bud outgrowth occurs into the
FPM, which forms the future adipose niche. The epithelium
secretes parathyroid hormone-related protein (PTHrP),
which acts on parathyroid hormone 1 receptor (PTHIR)-
expressing mammary mesenchyme to promote mesenchy-
mal specialization and support bud outgrowth [17, 20]. In
turn, mesenchymal fibroblast growth factor 10 (FGF10) sig-
naling through epithelial fibroblast growth factor receptor
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Fig. 1 Stage-specific epithelial-adipocyte crosstalk during mammary
development and reproductive remodeling. Schematic representation
of mammary epithelial and adipocyte compartment changes across (A)
embryonic/prepubertal development, (B) puberty, (C) the adult nul-
liparous state, (D) pregnancy, (E) lactation, and (F) involution. Each
panel shows the epithelial structure and the surrounding adipose-rich

2b (FGFR2Db) is required for normal placode induction and
stromal development, whereas Wnt and FGF inputs coop-
erate to maintain Tbx3 expression during early mammary
initiation [17, 18, 20]. Recent spatial and single-cell stud-
ies in mouse embryonic mammary models further support
coordinated mesenchymal FGF10 domains and epithelial
Wnt/Tbx3 activity over developmental time, consistent with
gradient-based control of placode establishment [21, 22].
Additional patterning cues, including NRG3 and bone
morphogenetic protein (BMP)-related signaling, further
shape the mammary field, although their effects are highly
context- and stage-dependent [ 15, 20]. In parallel, embryonic
FPM is enriched for progenitor-associated markers, such as
DIk1/Pref-1 and PDGFRa and lacks canonical mature adi-
pocyte markers, consistent with a primed but uncommitted
stromal state [21]. Programs including Hedgehog and Notch
have been implicated in suppressing adipogenic differentia-
tion in embryonic contexts, consistent with maintaining a
morphogenesis-supportive mesenchyme rather than com-
mitting to lipid-storing adipocytes [5, 23]. However, direct

stromal niche at the corresponding stage, together with representative
signaling cues and species-related evidence strength where relevant.
(G) Lower panel summarizing major adipocyte state changes across
stages, including progenitor-like or immature stromal cells, lipid-filled
adipocytes, delipidated/compressed adipocytes, precursor-like/fibro-
blast-like states, and refilled/hypertrophic adipocytes

causal links between specific anti-adipogenic pathways and
morphogenetic outputs remain incompletely resolved.

In mice, before puberty, the mammary fat pad is seeded
by adipose progenitors derived from PDGFRa" mesenchy-
mal cells. These cells progress through preadipocyte states
before terminal differentiation into lipid-storing adipocytes
under canonical adipogenic transcriptional control (PPARy
and C/EBP family) [24]. By contrast, the timing and cellu-
lar resolution of human fetal mammary adipose deposition
remain incompletely defined because direct investigation of
human fetal breast development is constrained by ethical
and technical limitations. Thus, while murine lipid deposi-
tion can be temporally staged during late embryogenesis
[4], human histological evidence suggests that adipose lob-
ule precursors may be detectable by mid-gestation [25].

2.2 Puberty: the first developmental peak of
mammary gland development

Puberty is the major postnatal morphogenetic window of the
mammary gland, characterized by rapid ductal elongation
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and branching driven by terminal end buds (TEBs) that
invade and pattern the mammary fat pad, with the expand-
ing fat pad acting as a permissive substrate and a modulatory
endocrine source [15, 26, 27] (Fig. 1B). Most mechanistic
details of TEB-driven ductal morphogenesis have been
defined in rodents, whereas human pubertal breast develop-
ment is assessed mainly through anatomical, histological,
imaging, and endocrine studies. TEBs are highly prolifera-
tive ductal-tip structures that undergo repeated bifurcation
to generate an arborized epithelial tree, progressively occu-
pying the stromal compartment [15, 28]. The adipose-rich
fat pad provides a required developmental substrate for this
process. Genetic and recombination studies demonstrate
that impaired fat-pad formation markedly restricts epithelial
outgrowth and reduces TEB number, establishing stromal
adipose as an essential permissive niche for pubertal mor-
phogenesis [19, 29]. A well-established chain is the estradiol
(E2)—estrogen receptor alpha (ERa)—amphiregulin (AREG)
axis: E2 induces AREG in a subset of luminal epithelial
cells, AREG shedding activates stromal epidermal growth
factor receptor (EGFR), and downstream MAPK signaling
drives TEB outgrowth and ductal invasion [30-32]. In par-
allel, pituitary growth hormone (GH) signals through stro-
mal growth hormone receptor (GHR) to induce insulin-like
growth factor 1 (IGF-1), which promotes epithelial prolif-
eration and migration through PI3K-AKT-mTOR-linked
programs [2, 33, 34]. In this setting, the adipose-rich stroma
is best viewed as a permissive and modulatory niche that
shapes epithelial hormone responsiveness through stromal
relay signals, local growth factors, metabolic cues and tis-
sue architecture. Mammary adipose and stromal cells also
produce local growth factors, including FGF ligands and
hepatocyte growth factor (HGF) that cooperate with hor-
mone-driven programs to promote epithelial outgrowth and
branching [28, 29, 35]. Genetic perturbations that amplify
this circuitry, such as phosphatase and tensin homolog
(PTEN) loss, can accelerate development and bias toward
hyperplasia, underscoring the importance of tight stromal
control of signal filtering during puberty [36].
Adiposity-linked cues can modulate the pubertal program.
Among them, leptin functions primarily as an adipocyte-
derived endocrine signal that reflects fat mass and systemic
energy availability, thereby linking nutritional status to acti-
vation of the reproductive endocrine axis and pubertal mat-
uration [12, 37, 38]. In the mammary gland, leptin-related
signaling has been associated with ductal expansion and epi-
thelial proliferation, but available genetic and rescue mod-
els suggest that its effects are context-dependent and require
integration with E2 signaling and local adipose—epithelial
interactions [39—41]. Accordingly, leptin is better viewed as
a metabolic-permissive cue that coordinates reproductive
maturation with stromal—epithelial responsiveness, rather
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than as a universal direct driver of pubertal ductal branch-
ing. Progesterone (P4) subsequently supports limited side-
branching through epithelial paracrine mediators, such as
RANKL and Wnt ligands, whereas the stromal niche may
be further tuned by adipocyte-derived angiogenic support,
including vascular endothelial growth factor (VEGF) [2, 28,
42]. Overall, pubertal mammary development is dominated
by endocrine signals relayed through stromal intermediates
to the epithelium, with adipose-derived signals acting pri-
marily to adjust developmental competence, local respon-
siveness, and tissue homeostatic balance [2, 12].

At the tissue level, pubertal breast enlargement largely
reflects fat-pad expansion and lipid deposition, which shifts
the relative contribution of adipose versus glandular com-
partments and contributes to inter-individual variation in
mammographic-density—related traits [43, 44]. Longitudinal
multi-omics profiling further supports dynamic remodeling
of mammary stroma across the prepubertal-to-adult transi-
tion, with coordinated changes in lipid handling and stromal
composition consistent with evolving energetic demands
during epithelial expansion [26].

2.3 Adult nulliparous gland

After pubertal ductal outgrowth, the gland does not become
biologically inert; it enters a hormonally responsive adult
state characterized by relative architectural stability, cycli-
cal endocrine responsiveness, and maintenance of a special-
ized stromal niche (Fig. 1C). Recent transcriptomic studies
on pubertal and adult virgin mouse mammary glands have
shown that the most significant gene expression changes
during the estrous cycle do not necessarily occur in the
epithelium but rather in adipocytes and fibroblasts; this
indicates that the homeostasis of the adult virgin breast is
essentially a locally balanced state that is periodically reset,
rather than a terminal state [45].

In human breasts, recent single-cell and spatially
resolved studies likewise emphasize the cellular diversity
and regional organization of non-epithelial compartments
[46, 47]. The Human Breast Cell Atlas reveals that the adult
normal breast is composed of diverse epithelial, immune,
vascular, and stromal cell states, and non-epithelial com-
partments should not be regarded as passive background
elements, but as key contributors to regional variation, age-
related remodeling, pregnancy history, and disease suscep-
tibility [46].

2.4 Pregnancy, lactation, and involution
Pregnancy induces one of the most dramatic epithelial—

adipocyte redistributions in mammalian physiology. The
developmental emphasis shifts from ductal morphogenesis
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to lobuloalveolar expansion and functional differentiation
(Fig. 1D). P4 induces RANKL in progesterone receptor-
positive (PR") epithelial cells, which signals via RANK to
drive proliferation and expansion of neighboring progeni-
tors, while prolactin (PRL) maintains JAK2-STATS sig-
naling to promote terminal differentiation and milk-protein
programs [2, 28, 48]. As alveolar structures expand and
secretory differentiation progresses, mammary adipocytes
undergo marked delipidation and state remodeling, creating
a stromal context that accommodates alveolar expansion
[7] (Fig. 1D, G). The lineage and mechanistic interpreta-
tion of these adipocyte changes is discussed in detail in
Sect. 3. Beyond space making, emerging evidence suggests
that adipose state changes may feed back on epithelial dif-
ferentiation and survival, but the relative contribution of
mechanical versus paracrine mechanisms remains incom-
pletely resolved [49].

During lactation, withdrawal of P4 enables tight-junction
closure and establishment of the blood—milk barrier, while
sustained PRL maintains STAT5 as a dominant driver of
milk production [2, 48, 50]. Bl-integrin—Racl signaling is
required for PRL-induced STATS activation and milk-pro-
tein expression, and basement membrane ECM promotes
clathrin-dependent PRL endocytosis to support full STATS
activation [51, 52]. At peak secretory demand, mammary
adipocytes are reduced to a compressed, lipid-depleted,
or partially remodeled phenotype, reflecting their close
coupling to the reproductive cycle rather than passive dis-
placement alone [12, 53] (Fig. 1E, G). Metabolic support
is indispensable, and circulating substrates together with
adipose-derived fatty acids contribute to milk-lipid synthe-
sis [54, 55]. Excessive adipocyte depletion can compromise
epithelial maintenance programs and precipitate premature
involution-like apoptosis, underscoring bidirectional depen-
dence between adipose state and epithelial stability [49].

In murine models, post-weaning mammary involution
is commonly described as a two-stage process [56, 57]
(Fig. 1F). In the first stage, milk stasis occurs upon cessation
of suckling and the lysosome-mediated cell death (LCD) is
proposed to predominate, with phosphorylation of STAT3
serving as a key regulatory event [58]. STAT3 is a central
driver of epithelial cell death and regression, including insu-
lin-like growth factor-binding protein 5 (IGFBPS)-linked
amplification of apoptosis [59, 60]. In mice, the second,
irreversible stage begins approximately 48 h after weaning
and is characterized by dominance of the mitochondria-
mediated intrinsic apoptotic pathway. Following epithelial
clearance and ECM remodeling, the adipose compartment
is restored through coordinated precursor activation, adi-
pocyte differentiation, lipid refilling, and mature-adipocyte
hypertrophy [15, 53] (Fig. 1F, G). Concurrently, murine
involution is accompanied by immune cell recruitment, and

macrophages are functionally required for epithelial cell
death and adipocyte repopulation, supporting a wound-heal-
ing—like remodeling program [61, 62]. Matrix metallopro-
teinase-3 (MMP-3)/stromelysin-1 and poly(ADP-ribose)
polymerase 7 (PARP7)-associated pro-adipogenic programs
further modulate the pace and extent of adipose restoration
during murine involution [63, 64]. Human post-lactational
breast involution differs from the murine model in both tim-
ing and structural context. Current human evidence is pri-
marily histological and immunohistochemical rather than
lineage-resolved. In healthy women, quantitative histologi-
cal analysis showed that secretory type 4 lobules decreased
by 0.5 months post-wean and that lobular composition
became statistically indistinguishable from nulliparous
breast tissue by 3 months post-wean [65]. Overall, involu-
tion represents a transient wound-healing—like phase with
coordinated epithelial loss, immune influx, ECM remodel-
ing, and stromal rebuilding [9, 66, 67].

3 Mammary adipocyte plasticity

3.1 Defining mammary adipocyte plasticity: fate,
phenotypic, and metabolic dimensions

Adipose tissue plasticity includes changes in the size, num-
ber, cellular state, lipid storage capacity, and differentiation
function of adipocytes [3]. In the mammary gland, adipo-
cyte plasticity refers to adaptive remodeling in response
to developmental, reproductive, or pathological cues and
includes three related but distinct dimensions: fate plastic-
ity, referring to transitions in lineage identity or differentia-
tion state; phenotypic plasticity, referring to reversible shifts
in morphology, transcriptional profile, secretory output and
local stromal interactions without proven lineage conver-
sion; and metabolic plasticity, referring to dynamic lipid
storage, mobilization, and substrate exchange [3-5, 68].
Although these processes overlap biologically, they should
be distinguished analytically. In particular, metabolic plas-
ticity is best understood as a core functional dimension of
mammary adipocyte phenotypic plasticity rather than a com-
pletely independent process [3, 5]. The major fate-related,
phenotypic, and metabolic dimensions of mammary adipo-
cyte plasticity are integrated schematically (Fig. 2A—C).

3.2 Dedifferentiation-redifferentiation across the
reproductive cycle

To date, the strongest evidence for mammary adipocyte fate
plasticity comes from murine lineage-tracing studies across
pregnancy, lactation, and involution. Using AdipoChaser-
LacZ labeling prior to pregnancy, Wang et al. showed that
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Fig.2 Fate-related, phenotypic and metabolic dimensions of mammary
adipocyte plasticity. (A) Fate plasticity, including reversible dedif-
ferentiation—redifferentiation and proposed adipocyte-to-epithelium
transdifferentiation. (B) Phenotypic and metabolic plasticity, including
changes in adipocyte size, lipid-droplet architecture, transcriptional
state, secretory output, local stromal interactions, lipid mobilization,

mammary adipocytes dedifferentiate into fibroblast-like,
PDGFRa" cells during pregnancy and remain dedifferen-
tiated during lactation [7] (Fig. 2A). They further showed
that these lineage-labelled cells redifferentiate into adipo-
cytes upon weaning-associated involution [7]. These LacZ*
cells exhibited a fibroblast-like phenotype (CD31 CD45-
PDGFRa"), transcriptional programs resembling canonical
preadipocytes, and retained adipogenesis potential, consis-
tent with partial loss of mature adipocyte identity and acqui-
sition of a progenitor-like transcriptional state [7].

At the tissue level, however, post-lactational restoration
of the mammary adipose compartment is unlikely to be
explained by dedifferentiation alone. Quantitative analyses
indicate that adipocyte hypertrophy, lipid refilling, and adi-
pose repopulation dynamics also contribute substantially to
tissue recovery [53]. Accordingly, the most defensible syn-
thesis is not that all mammary adipocytes dedifferentiate,
but rather that reproductive remodeling reflects a composite
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lipid refilling, substrate exchange, lipid trafficking, and browning-like
features. (C) Relative evidence strength, highlighting strong murine
lineage-tracing evidence for dedifferentiation—redifferentiation,
broader functional evidence for phenotypic/metabolic remodeling, and
contested evidence for adipocyte-to-epithelium transdifferentiation

process involving reversible dedifferentiation together
with profound changes in adipocyte size, lipid content, and
repopulation dynamics. At present, this model is supported
most strongly in mice, whereas comparable human evidence
remains limited (Fig. 2C).

3.3 Contested evidence for mature adipocyte-to-
epithelium conversion

Whether mature adipocytes can transdifferentiate into mam-
mary epithelial cells remains contentious. In a strict sense,
transdifferentiation refers to direct conversion between dif-
ferentiated cell types without an intermediate dedifferen-
tiated state, consistent with definitions emphasized in the
adipose field and broader cell-fate literature [69, 70]. Under
this framework, early aP2-Cre/WAP-Cre lineage-tracing
studies were interpreted as suggesting adipocyte—epithelial
interconversion during pregnancy and lactation [71]. This
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interpretation was later articulated as the “pink adipocyte”
concept and the process of “pinking” [68, 69], and it has
been reiterated in subsequent reviews [3, 72]. However,
ultrastructural changes and hybrid marker co-expression do
not establish fate conversion, and lineage interpretation is
sensitive to driver specificity; notably, aP2/Fabp4-Cre can
label non-adipogenic tissues [73]. Thus, these early findings
do not currently meet the evidentiary standard required to
demonstrate bona fide transdifferentiation in vivo.

More stringent contemporary evidence favors precur-
sor contribution and adipocyte state cycling over cross-
lineage conversion. PDGFRa* stromal progenitors have
been reported to contribute to epithelial progenitor lineages
during alveologenesis, supporting precursor plasticity as a
plausible alternative to mature adipocyte conversion [6].
Inducible Adipog-CreER lineage tracing supports adipocyte
state cycling between dedifferentiation and redifferentiation
during reproductive remodeling and reports no substantial
adipocyte-to-epithelium transition [7], while rare labelled
epithelial cells (<1%) warrant cautious interpretation [53].
In vitro co-culture can induce epithelial-like markers in
adipocytes [74], but marker induction alone should not be
equated with transdifferentiation without stringent lineage
and functional criteria. Overall, current evidence supports
adipocyte state plasticity and stromal precursor contribu-
tion as dominant mechanisms, whereas rigorously defined
mature adipocyte-to-epithelium transdifferentiation, if it
occurs in vivo, is likely infrequent.

3.4 Phenotypic plasticity and metabolic plasticity

Across pregnancy, lactation and involution, mammary
functional maturation and tissue remodeling constitute an
energy-intensive process. Distinct from the fate plasticity
described above, mammary adipocytes also exhibit promi-
nent phenotypic plasticity, particularly in the form of meta-
bolic remodeling. While retaining adipocyte identity, they
can dynamically switch between lipid storage, lipid release
and lipid re-accumulation in accordance with architectural
remodeling and fluctuating energetic demands [12, 75]. At
the phenotypic level, this plasticity is reflected not only in
lipid handling but also in reversible changes in adipocyte
size, lipid-droplet architecture, and local secretory behavior
across reproductive stages. Collectively, this reversible lipid
rewiring positions mammary adipocytes as a metabolic buf-
fer that supports epithelial remodeling across reproductive
cycles (Fig. 2B).

From late pregnancy into lactation, lobuloalveolar expan-
sion places a substantial lipid-synthesis and secretory bur-
den on the mammary epithelium [54]. To meet this demand,
the gland acquires exogenous lipids via plasma lipoprotein
hydrolysis and free fatty-acid uptake, while intracellular

lipid droplets undergo formation, trafficking and apical
secretion to generate milk-fat globules and sustain milk
lipid output [54, 76-78]. Both classical and more recent
studies report a pronounced increase in mammary lipopro-
tein lipase (LPL) activity during lactation, and available evi-
dence suggests that the cellular source of mammary LPL is
not restricted to the vascular compartment and may include
stromal adipocytes and epithelial-associated cells, although
precise cell-type attribution remains incompletely resolved
[78, 79]. Increasing evidence further suggests that mam-
mary adipocytes play roles beyond passive energy storage
during the lactation cycle. They provide paracrine cues and
may contribute fatty acids locally to support alveolar epi-
thelial energy metabolism and milk-lipid synthesis, thereby
indirectly shaping alveologenesis and secretory function [8,
12, 35, 42, 80].

During weaning-associated involution, interruption
of suckling and the decline in lactogenic hormones drive
widespread epithelial apoptosis and macrophage-mediated
clearance, accompanied by the release of membranous lipid
remnants into the stroma [15]. The mammary fat pad then
rapidly re-expands, largely through hypertrophy of existing
adipocytes and reutilization of lipids derived from regress-
ing epithelium, thereby restoring lipid-storage capacity
[53]. Although experimental data support epithelial-to-stro-
mal lipid reutilization, the quantitative contribution of this
pathway relative to de novo lipogenesis or precursor-driven
adipogenesis remains incompletely defined [12, 53]. Zwick
et al. further reported that a portion of lipid droplets can
originate from membranous lipid structures released by
regressing epithelial cells, highlighting lipid reutilization
as a contributor to post-weaning volume restoration [53].
Accordingly, higher-resolution approaches are needed to
map spatiotemporal lipid exchange in vivo across physi-
ological states [12].

Adipocyte browning represents an additional manifesta-
tion of metabolic plasticity in the mammary fat pad. Brown
adipose—like features, such as multilocular adipocytes
and uncoupling protein 1 (UCP1)-associated signatures,
have been described in postnatal breast tissue as well as in
murine mammary fat pads, particularly around weaning [53,
81-83]. However, current evidence suggests that mammary
adipose browning is a regulated and constrained thermo-
genic-like state rather than an established primary driver of
physiological mammary remodeling [53, 81-84]. Notably,
Patel et al. reported an epithelial-adipose feedback in which
cold-evoked sympathetic input induces ductal secretion of
lipocalin 2 (LCN2) to suppress beiging and maintain mam-
mary adipose volume [84]. Whether local browning causally
promotes or restrains physiological mammary remodeling
remains to be established, and current mechanistic evidence
for this process is still largely restricted to mouse models.
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4 Adipocyte interactions within the broader
stromal microenvironment

Mammary adipocytes interact with broader stromal compo-
nents through reciprocal remodeling with the ECM, immune
cells, fibroblasts, and vascular elements. These interactions
are most evident during reproductive remodeling, when
adipocytes undergo delipidation, dedifferentiation, hyper-
trophy, and lipid refilling while the surrounding matrix and
immune niche are simultaneously remodeled [10, 85]. Thus,
ECM remodeling and immune-cell activity should not be
treated merely as background processes for epithelial mor-
phogenesis, but as stromal programs that shape, and are
shaped by, the adipocyte compartment [9]. Through this net-
work, adipocytes influence epithelial morphogenesis, lacta-
tional function, and post-weaning restoration both directly,
through adipokines and metabolic substrates, and indirectly,
through matrix remodeling, protease activity, immune-cell
activity within the adipose-rich niche, and stromal architec-
ture [9, 10].

4.1 Adipocyte-ECM remodeling, protease activity,
and mechanical context

Adipocyte remodeling in the mammary gland requires a per-
missive ECM environment. In adipose tissue more broadly,
ECM composition and remodeling are central to adipocyte
shape, lipid storage, differentiation, and expansion [86, 87].
This principle is particularly relevant to the mammary gland
because reproductive remodeling requires repeated contrac-
tion and restoration of the adipocyte-rich compartment [85].
During post-lactational involution, epithelial regression
occurs together with rapid restoration of the mammary fat
pad, indicating that ECM turnover and adipocyte repopula-
tion are coordinated stromal events rather than independent
processes [53, 63].

MMP-3/stromelysin-1 is highly expressed during mam-
mary involution, and genetic reduction of MMP activity or
Strl loss accelerates adipocyte differentiation and hypertro-
phy without substantially altering epithelial apoptosis [63].
These findings indicate that MMP-dependent matrix remod-
eling primarily alters the stromal environment that controls
adipocyte differentiation, rather than simply driving epithe-
lial cell death [63]. The epithelial consequence is indirect
but important: post-weaning epithelial regression occurs
within a matrix environment that simultaneously permits
adipocyte differentiation and reoccupation of stromal space
[61, 63].

Protease-mediated matrix remodeling provides a more
specific mechanism linking ECM turnover to adipocyte
maturation. A plasma kallikrein-dependent plasminogen
cascade is required for adipocyte differentiation; inhibition
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of this pathway blocks cell-shape change, adipocyte-specific
gene expression, and lipid accumulation [88]. Mechanisti-
cally, this cascade has been proposed to promote adipogen-
esis by degrading the fibronectin-rich preadipocyte stromal
matrix, thereby allowing transition toward a lipid-filled
adipocyte phenotype [88]. In the mammary gland, active
plasma kallikrein localizes to mast cells during involution,
and inhibition of plasma kallikrein delays alveolar apopto-
sis, adipocyte replenishment, and stromal remodeling [89].
Together, these studies support a model in which mast-cell/
protease activity remodels the ECM to permit adipocyte dif-
ferentiation and refilling during post-weaning restoration
[88, 89].

This ECM-centered view also links adipocyte plasticity
to tissue mechanics. During pregnancy and lactation, mam-
mary adipocytes lose lipid and can enter precursor-like or
fibroblast-like states, whereas during involution they are
restored through redifferentiation, hypertrophy, and lipid
refilling [7, 53]. Zwick et al. further showed that adipocyte
hypertrophy and lipid dynamics underlie mammary gland
remodeling after lactation, supporting the view that adipo-
cyte restoration is an active remodeling process rather than
passive refilling [53]. These changes alter not only adipo-
cyte identity and metabolism, but are also expected to affect
the physical occupancy and local mechanical constraints of
the mammary stroma [7, 53, 85]. In this sense, mammary
adipocytes may be viewed as mechanically relevant stro-
mal participants: their size, lipid content, and differentiation
state are expected to influence the spatial and matrix envi-
ronment in which epithelial regression, alveolar collapse,
and tissue restoration occur [85, 86].

The broader adipose-tissue literature further supports
this interpretation. Adipose tissue expansion requires coor-
dinated ECM remodeling, adipogenesis, angiogenesis, and
mechanical adaptation [86, 87]. However, in the mammary
gland, direct causal evidence linking adipocyte-generated
mechanical changes to epithelial morphogenesis remains
limited. Although mechanosensitive ion channels have been
investigated in mammary lactation and involution, exist-
ing evidence primarily concerns epithelial mechanosensing
rather than a defined adipocyte-ECM mechanotransduction
axis [90]. Therefore, mechanobiology should be framed
cautiously: adipocyte—ECM remodeling plausibly shapes
the physical context of epithelial behavior, but the most
direct mammary evidence currently concerns adipocyte dif-
ferentiation and repopulation during involution [61, 63, 89].

4.2 Adipocyte-immune crosstalk during pubertal
growth, lactation, and involution

Immune remodeling in the mammary gland occurs within
an adipose-rich stromal niche and is closely coupled to



Reviews in Endocrine and Metabolic Disorders

adipocyte-associated tissue remodeling. During pubertal
ductal growth, macrophages and eosinophils are required
for normal postnatal mammary development [62], while
colony-stimulating factor 1 (CSF1)-dependent macrophage
recruitment facilitates ductal outgrowth through the fat pad
[91]. Mast cells also contribute to pubertal branching mor-
phogenesis through degranulation-dependent mechanisms
[92]. These immune-cell functions occur in the adipose-rich
stroma through which TEBs invade, and should therefore be
framed as part of adipocyte-associated stromal remodeling
rather than as an isolated immune overlay [91-93].

The connection between immune cells and adipocyte-
associated matrix remodeling is particularly clear around
TEBs. Macrophages promote collagen fibrillogenesis
around TEBs, directly linking immune-cell activity to stro-
mal ECM organization [94]. Although these studies do
not establish adipocytes as the direct source of CSF1 or
C—C motif chemokine ligand 11 (CCL11), they show that
immune recruitment and ECM remodeling occur within the
same adipose-rich niche that supports ductal invasion [91,
93, 94]. Accordingly, immune remodeling in puberty is best
interpreted as a stromal process that modifies the adipocyte-
containing fat pad and thereby indirectly supports epithelial
expansion [92, 94].

During lactation, immune—stromal interactions persist
but are less well defined with respect to adipocyte func-
tion. Lactation-associated macrophages have recently been
identified in murine mammary tissue and human milk;
these cells expand during nursing, localize near alveoli, and
depend on CSF1 signaling [95]. This finding suggests that
immune cells remain active components of the mammary
microenvironment during secretory function [95]. However,
whether these macrophage populations directly regulate
mammary adipocyte delipidation, lipid trafficking, or redif-
ferentiation remains unresolved. This limitation should be
stated explicitly, because lactation-associated macrophages
currently support the existence of an immune-active lac-
tational niche rather than a proven macrophage—adipocyte
lipid-control mechanism [95, 96].

Involution provides the strongest evidence for func-
tional adipocyte—immune coupling. Macrophages are
required not only for epithelial cell death and alveolar
regression, but also for adipocyte repopulation after
weaning [61]. Depletion of colony-stimulating factor 1
receptor (CSF1R)-positive macrophages delays involu-
tion and prevents adipocyte repopulation, whereas mac-
rophage replacement can rescue involutional remodeling
[61]. Mast-cell-associated plasma kallikrein likewise
regulates epithelial apoptosis, adipocyte differentiation,
and stromal remodeling during involution [89]. These
findings indicate that post-weaning restoration of the adi-
pocyte-rich stroma is not a purely adipocyte-autonomous

rebound; it is coordinated with immune-mediated clear-
ance, protease activity, and ECM remodeling [61, 89]. In
this setting, epithelial regression and adipocyte restora-
tion are not sequentially isolated events, but components
of a single immune—stromal remodeling program.

4.3 Integration with fibroblasts, vasculature, and
epithelial consequences

Adipocyte interactions with fibroblasts and vascular ele-
ments are less directly resolved in normal mammary
physiology, but they are important for an integrated stro-
mal framework. Fibroblasts are major ECM-producing and
ECM-remodeling stromal cells in the mammary gland and
regulate epithelial behavior through paracrine signaling and
matrix organization [97]. Within this framework, adipocytes
and fibroblasts can be viewed as complementary stromal
populations: adipocytes regulate tissue volume, lipid avail-
ability, endocrine tone, and mechanical occupancy, whereas
fibroblasts provide much of the matrix-producing and
matrix-remodeling machinery [10, 97]. Their coordinated
remodeling determines the physical and biochemical state
of the mammary stroma [9].

Vascular elements should also be considered part of
the adipocyte-interactive niche, although mammary-spe-
cific mechanistic evidence remains limited. General adi-
pose tissue development depends on coordinated ECM
remodeling, angiogenesis, and adipogenesis [87]. This
supports the idea that vascular support is likely to be
important for mammary adipose expansion and restora-
tion, particularly during periods of adipocyte hypertro-
phy and repopulation [85, 87]. In the mammary gland,
however, direct adipocyte—vascular mechanisms during
normal reproductive remodeling remain insufficiently
defined and should not be overstated. At present, vascu-
lar elements are best discussed as part of the supportive
stromal infrastructure that enables adipose remodeling,
rather than as a well-characterized mammary adipocyte-
specific signaling axis [87].

Overall, mammary adipocytes are not simply sur-
rounded by stromal components; they are active partici-
pants in a reciprocal stromal network. ECM remodeling
enables adipocyte differentiation and repopulation [63,
88, 89], immune cells coordinate clearance and adipose
restoration [61, 89], fibroblasts provide matrix-remodel-
ing capacity [97], and vascular elements likely support
adipose expansion [87]. The epithelial consequences of
this network are indirect but important: epithelial mor-
phogenesis, lactational remodeling, and post-weaning
restoration occur within a stromal environment whose
physical, inflammatory, and metabolic state is shaped
in part by adipocyte remodeling [9, 10, 85]. This
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Table 1 Adipose-related

Entity Core phenotype  Key pathogenic Adipose-related Refs
mechanisms across benign and mechanisms features
malignant breast disorders Macromastia and breast Dispropor- Local estrogenic Adipocyte hypertro- [98,
hypertrophy tionate breast amplification (ERa—  phy and inflamma- 99,
overgrowth with aromatase axis); tion (e.g. COX2); 101,
symptom burden inflammation; sus- adipose—stroma sig- 102,
ceptibility loci (e.g.  naling may sustain 108,
RALB) growth 109,
111,
153]
Gynecomastia Male breast Aromatase Increased adipos- [113—
enlargement upregulation; ity elevates local 116,
with ductal pubertal timing of sex aromatization; 118,
proliferation steroids/IGF-1; adipose inflam- 121,
leptin/metabolic mation may 122]
context; reinforce epithelial
proliferation;
male breast cancer
shows adipose-
inflammatory niche
features
Breast hypoplasia/micromastia  Insuffi- Developmental pat-  Reduced fat-pad [124—
cient breast terning defects (e.g.,  paracrine support; 129]
development TBX3/UMS); low adipose accrual
Poland syndrome can constrain
hypotheses; morphogenesis
inadequate puber-
tal drive/energy
availability
Breast cancer Malignant epi- ~ Oncogenic pathway ~ CAAs (delipidation, [12,
thelial expansion activation in epithe-  lipolysis, fatty-acid 13,
with stromal lium (PI3K-AKT- transfer); 137,
reprogramming  mTOR signaling); ATMs/CLS; 138,
hormone-receptor obesity-associated 142,
programs (ERa); metabolically acti- 143,
EMT-like invasion vated ATMs; 149]

programs (e.g., HGF—
MET); stemness/
undifferentiated states
sustained by aber-
rant developmental
pathways (e.g., Wnt/
Hedgehog)

paradoxical effects
when adipocyte
inflammation is
suppressed

adipocyte-centered stromal framework provides a more
precise basis for understanding epithelial-adipocyte
crosstalk than direct paracrine signaling alone [9, 10].

5 Clinical manifestations of dysregulated
adipose-epithelial crosstalk

The complexity of mammary development and its micro-
environment means that the etiology of benign aberrant
growth phenotypes, such as macromastia and gynecomas-
tia, remains incompletely defined. Given the tight cou-
pling between adipocytes and epithelium and the marked
dynamic changes in adipocytes across developmental and
reproductive states, dysregulation at multiple nodes of this
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interaction network could plausibly drive pathological out-
comes in breast structure and function (Table 1).

5.1 Macromastia and breast hypertrophy

Internationally, definitions and diagnostic criteria for mac-
romastia remain non-uniform. A commonly cited threshold
is a unilateral resection weight>1,500 g or>3% of body
weight [98]. The etiology of macromastia remains unclear.
Reported mechanistic evidence is largely derived from case
reports and small series, and converges on three recurrent
biological patterns that are not mutually exclusive.

One current view is that increased quantity or sensitivity
of local hormone receptors may contribute to disease biol-
ogy, a hypothesis supported by case reports showing partial
responses to anti-hormonal therapy [99]. This view remains
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contested. Some studies report no change in estrogen recep-
tor expression [100, 101], whereas a small series of juvenile
breast hypertrophy (JHB) observed an increased propor-
tion of ERa" luminal epithelial cells, potentially reflecting
puberty-specific context [102]. Puberty is a period of rapid
mammary remodeling, during which adipose progenitor
differentiation is active and the tissue is highly responsive
to endocrine and local cues, potentially favoring adaptive
shifts in receptor status. Notably, across these studies, overt
elevations in circulating hormone concentrations are gener-
ally not observed, arguing for closer attention to local estro-
gen dynamics within the breast microenvironment.

Stromal growth and remodeling programs are frequently
reported. Pseudoangiomatous stromal hyperplasia (PASH)
is described in reduction specimens from juvenile breast
hypertrophy, consistent with a stromal proliferative compo-
nent in selected phenotypes [103]. PTEN loss is a canonical
activator of PI3K—AKT-mTOR signaling and is central to
Cowden syndrome and breast neoplasia risk [104, 105]. In
a series of 198 macromastia cases compiled by Shahla Tal-
ghini, fibrocystic change was the most common benign find-
ing (47.5%), consistent with an activated breast state and
raising the possibility that stromal fibroblasts contribute to
disease biology [106]. However, their contribution to non-
syndromic macromastia remains uncertain.

The inflammation caused by adipose hypertrophy pro-
vides a plausible amplification route. Aromatase in adipose
tissue can increase local estrogen levels via cytochrome
P450 aromatase, and this effect is more pronounced in obe-
sity [107]. In non-obese women, the hypertrophy of breast
adipocytes in patients with breast hypertrophy is accompa-
nied by inflammation and an increase in cyclooxygenase-2
(COX2) [108]. Immune-mediated inflammatory macro-
mastia further supports inflammatory amplification loops
in a subset of cases [109]. Genetic association approaches
proposed additional candidates, such as RALB, generating
testable hypotheses linking growth and inflammation [110,
111]. Together, these observations suggest that macromas-
tia/breast hypertrophy may involve activation of a local
inflammatory microenvironment intertwined with adipose
tissue plasticity.

5.2 Gynecomastia

Unlike the female breast, the adult male mammary gland is
typically developmentally quiescent and retains only sparse
duct-like structures, and adipose tissue and fibrous stroma
constitute the dominant stromal components [112]. Puber-
tal gynecomastia is generally considered physiological and
self-limited. Longitudinal studies link its timing to the IGF-1
peak, a developmental window of active adipocyte differ-
entiation and heightened hormonal sensitivity [113—115].

During this period, adipose tissue exhibits marked plas-
ticity. Transient adipose expansion and increased local
endocrine activity may perturb mammary homeostasis by
enhancing estrogen-responsive ductal proliferation through
aromatase activity and leptin signaling [115-117]. Several
studies further suggest that increased adipose content can
amplify local estrogen effects, enabling abnormal epithelial
proliferation despite normal systemic hormone levels [114,
117]. This interpretation is further supported by associa-
tions between metabolic dysfunction and gynecomastia risk
[118]. In addition, gynecomastia tissue has been reported to
exhibit adipocyte hypertrophy, macrophage infiltration and
elevated inflammatory mediators, supporting the presence
of an obesity-like inflammatory remodeling milieu. Such
adipose—inflammation coupling may not only reinforce
local estrogen but also engage pro-proliferative and anti-
apoptotic pathways that sustain epithelial expansion [119,
120]. These alterations indicate partial overlap with micro-
environmental features implicated in male breast cancer and
therefore require cautious interpretation [119, 121, 122].

Links between gynecomastia and male breast cancer
have been explored through epidemiologic cohorts and
molecular comparisons. Population studies have reported
increased risks of multi-system morbidity and cancer diag-
noses in men with gynecomastia [123]. Transcriptomic
and immunohistochemical analyses have also identified
shared features between gynecomastia and male breast
cancer, including ER-associated programs, lipid-metabolic
remodeling and inflammatory signatures [118, 119, 122].
Emerging molecular work argues that gynecomastia is not
invariably a benign endpoint but, under specific condi-
tions, may share partial molecular and microenvironmen-
tal features with male breast cancer [122]. However, these
findings do not establish gynecomastia as an obligatory
premalignant lesion. Rather, they suggest that, in selected
clinical contexts, gynecomastia and male breast cancer may
share elements of an adipose-inflammatory and endocrine-
responsive microenvironment.

5.3 Breast hypoplasia and autologous fat grafting

Breast hypoplasia describes insufficient breast volume after
puberty relative to expected developmental maturation and
may be unilateral or bilateral [ 124]. Etiologies cluster into at
least three mechanistic classes. First, embryonic patterning
defects produce structural underdevelopment, exemplified
by ulnar-mammary syndrome (UMS) and Poland syndrome.
UMS is most commonly linked to TBX3 mutations. TBX3 is
required for embryonic mammary development, and its loss
is associated with mammary aplasia or hypoplasia together
with limb and nipple anomalies [125]. Poland syndrome is
characterized by unilateral pectoralis major hypoplasia or
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absence with ipsilateral breast and subcutaneous-fat under-
development. Its mechanisms emphasize localized devel-
opmental disruption, including vascular insufficiency in the
embryonic subclavian artery system[126]. Second, systemic
endocrine insufficiency can constrain pubertal breast matu-
ration, such as Turner syndrome [11]. Third, energy balance
is associated with pubertal tempo. Population studies link
lower body weight or lower adiposity indices to delayed
breast development and later pubertal milestones, whereas
higher adiposity tracks with earlier pubertal markers [127,
128]. In experimental models, selective loss of mammary
adipocytes markedly impairs ductal elongation and branch-
ing, supporting an essential permissive role for adipose tis-
sue in epithelial outgrowth [39]. In conclusion, molecular
pathology remains limited for non-syndromic idiopathic
hypoplasia and causal links between endocrine cues and
local stromal context are incompletely defined [129].
Breast hypoplasia may substantially affect body image
and quality of life, and current corrective approaches include
implants, autologous flaps, and autologous fat grafting [129,
130]. In congenital hypoplasia, clinical studies suggest that
fat grafting can reduce volume asymmetry with durable mid-
term outcomes and no major safety signals [131, 132]. In
oncologic settings, meta-analyses have not shown an over-
all increase in recurrence with fat grafting[133], although
evidence from residual tumor models provides only limited
reassurance regarding oncologic safety [134]. In parallel,
mechanistic studies indicate that adipose-derived stromal
cells can modulate normal and malignant mammary epithe-
lial phenotypes through paracrine, immune and metabolic
effects [135, 136]. Taken together, these findings support fat
grafting as a clinically relevant option for hypoplasia cor-
rection, while underscoring the need for continued surveil-
lance and mechanistic studies linking graft composition and
host microenvironment to long-term outcomes [133, 136].

5.4 Dysregulated adipose plasticity shapes a
tumor-permissive microenvironment

Mammary adipose tissue is recognized as an endocrine—
metabolic and immune-active compartment whose state
changes are linked to breast cancer initiation, progression,
and invasion [13, 137, 138]. In tumor-adjacent regions,
adipocytes often lose features of mature white adipocytes,
including reduced lipid-droplet content, increased lipolysis,
and attenuation of adipogenesis transcriptional programs
such as PPARy and C/EBPa, giving rise to cancer-asso-
ciated adipocytes (CAAs) [13, 14]. CAA formation is
described as context-dependent reprogramming rather than
passive degeneration, because it is accompanied by coordi-
nated shifts in metabolic donation and inflammatory signal-
ing within the tumor niche [13, 137].
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A core axis in this reprogramming involves functional
suppression or rewiring of adipocyte identity regulators.
PPARy output can be altered through post-translational
mechanisms. In breast cancer models, PPARy acetylation
has been shown to modify transcriptional output and influ-
ence tumor growth [139]. More broadly, interference with
adipogenesis is consistent with a transition from lipid stor-
age toward fibro-inflammatory and metabolically active
states in the tumor-adjacent adipose compartment [13, 14,
140]. Physiologic remodeling states share partial parallels
with these features. The post-lactational involution includes
adipose repopulation and stromal remodeling. Human stud-
ies have characterized weaning-associated involution as
a distinct tissue state with clinical implications for young
women’s breast cancer [65]. Experimental work further sup-
ports that involution trajectories can diverge depending on
remodeling dynamics, reinforcing the concept that transient
stromal states can differentially shape tissue context [141].

Metabolic coupling provides a second permissive layer.
Peritumoral adipose tissue is linked to lipid mobilization
and paracrine effects that promote lipolysis and remodeling
of white adipocytes [142]. Tumor cells can also engage adi-
pocytes through direct coupling mechanisms. Tumor cell—
adipocyte gap junctional communication has been reported
to activate lipolysis and contribute to breast tumorigenesis
[143]. These processes increase the availability of fatty
acids and other substrates that support tumor metabolism
and growth, reinforcing a nutrient-rich microenvironment
in adipose-proximal tumors [13, 137, 143]. A key feature
in the progression of breast cancer is the aberrant amplifi-
cation of signaling pathways that normally regulate mam-
mary development. The PI3K-AKT-mTOR axis, a central
oncogenic pathway, is activated by adipocyte-derived fac-
tors such as IGFs, HGF, leptin, and fatty acids, which pro-
mote cell proliferation, survival, and invasion [13, 144,
145]. In normal development, stromal ERa influences duc-
tal growth and branching through paracrine signaling [2,
146, 147]. However, in breast cancer, dysregulated ERa in
peritumoral adipose tissue may augment ER-positive tumor
aggressiveness by modulating growth factors such as IGF-1
and HGF, thereby enhancing the local tumor microenviron-
ment [145, 146]. Additionally, developmental pathways like
Hedgehog and Wnt/B-catenin, which organize stromal—epi-
thelial interactions, when dysregulated, promote an undif-
ferentiated tumor-associated stroma and facilitate adipocyte
dedifferentiation, indirectly supporting tumor stemness and
invasive behavior [23, 147]. Consistent with this, enhanced
HGF-MET signaling can promote epithelial-mesenchy-
mal transition (EMT)-like program and local invasion
[148]. Importantly, adipose-derived signals are not uni-
formly tumor promoting. For example, insulin-like growth
factor-binding protein 2 (IGFBP2) secretion by mammary
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adipocytes has been reported to limit invasion, demonstrat-
ing that adipose factors can impose constraints depending
on context [149].

A third axis is inflammation, which is organized as a
structural program centered on adipocyte-macrophage
interactions. Tumor-adjacent adipose tissue contains mac-
rophage populations linked to lipid handling and tumor pro-
gression [150]. Lipolytic adipocytes release free fatty acids
and chemotactic cues that recruit and activate adipose tis-
sue macrophages (ATMs), forming obesity-like crown-like
structures (CLS) [142]. In obesity, metabolically activated
ATMs connect systemic metabolic dysfunction to breast
cancer progression, including in triple-negative disease con-
texts [138, 151]. These immune programs can amplify local
inflammatory signaling and further destabilize adipocyte
identity, strengthening feed-forward loops between lipoly-
sis, immune recruitment, and tumor-supportive signaling
[137, 150]. Context dependence is also evident. Inhibiting
inflammation specifically in adipocytes has been reported to
accelerate mammary tumor development in mice, indicating
that inflammatory programs can exert stage-dependent and
microenvironment-dependent effects rather than serving as
uniformly tumor suppressive or tumor promoting [152].

6 Conclusions and future perspectives

The mammary gland is a composite organ whose architec-
ture and function depend on dynamic crosstalk between
epithelial and adipose compartments. Mammary adipose
tissue should no longer be viewed as a passive volume-fill-
ing compartment. Instead, it is a dynamic stromal regula-
tor that shapes mammary development, adult homeostasis,
reproductive remodeling, and disease susceptibility through
endocrine and paracrine signaling, matrix organization,
immune interactions, and metabolic exchange. A central
conclusion of this review is that mammary adipocyte plas-
ticity is not a single phenomenon but a layered spectrum
of fate-related, phenotypic, and metabolic changes whose
interpretation depends on developmental context and evi-
dentiary strength.

The key unresolved questions are now more sharply
defined: how to distinguish true fate transitions from delipi-
dation; how to separate mature-adipocyte plasticity from
stromal-progenitor behavior; how endocrine, immune,
and mechanical signals are integrated across developmen-
tal stages; and which murine mechanisms are truly con-
served in the human breast. Answering these questions will
require lineage-resolved genetic models, spatially resolved
single-cell approaches, and careful cross-species analysis.
These are precisely the tools needed to move mammary
adipose biology from an interesting stromal backdrop to a

mechanistically central component of breast biology and
disease.
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