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ARTICLE INFO ABSTRACT

Keywords: Surfactant proteins, particularly SP-A and SP-D, S100 family members and fibronectin belong to the group of so-
Anatomical barriers called stress-related molecules and share the characteristic of being expressed at anatomical barriers such as the
Exposomes skin, pulmonary/respiratory epithelia, and the intestinal tract. In this context, they constitute part of the body’s
IS;‘;:;:EZZ?:; first line of defence, acting in concert with immune cells to counter a broad spectrum of external and internal

Age-related diseases
Surfactant proteins
S100 protein family
Fibronectin
Hierarchical biomarkers

stressors (exposomes), potentially fuelling chronic low-grade inflammation (inflammaging). The levels of the
above-mentioned molecules in the blood or local tissues result altered in a range of age-associated pathologies
and have been proposed as potential diagnostic/prognostic biomarkers, although they generally lack specificity
for a single pathological condition. Evidence from in silico analyses further suggests that most of these molecules
may be regulated by members of the microRNA-29 family, pointing towards hierarchical epigenetic mechanisms
that merit detailed investigation as potential contributors to ageing-related biomarker signatures. Despite
research advances, the identification of robust biomarkers capable of predicting disease onset at the individual
level, an essential prerequisite for precise geromedicine, remains an elusive goal in clinical practice. Although
individuals differ biologically, this does not preclude the existence of overarching principles that could be re-
flected in hierarchical biomarkers. Within this framework, a pragmatic strategy for immediate application may
involve the systematic use of currently available longitudinal data, for example, from hospitalised patients or
through dedicated software programs utilised by general practitioners.

1. Introduction

climate changes, psychological disturbances, socio-economic status
among others. Stressors trigger a coordinated stress response involving

Anatomical barriers constitute the body’s first line of defence, pro-
tecting the organism against various stressors. These include not only
pathogens or microbiota, but also a wide range of factors collectively
termed the external and internal exposomes (Wild, 2012), i.e., allergens,
pollutants, excessive or highly processed food, alcohol consumption,
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the immune system and the psycho-neuroendocrine system (Capri et al.,
2025), enabling the organism to combat single or combined stressors at
both cellular and systemic levels.

The response to stressors can be modulated by various factors,
including the persistence of the stressor itself, the level and type of
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cytokine production, and the concentration of corticosteroids, as well as
the production of self-alarmins, also known as damage-associated mo-
lecular patterns (DAMPs). Notably, the contribution of non-immune
cells to the stress response is increasingly recognized. This involves a
wide range of cell types, including epithelial cells, hepatocytes, enter-
ocytes, keratinocytes, fibroblasts, endothelial cells, mesangial cells, glial
cells, chromaffin cells, chondrocytes, osteocytes, and cardiomyocytes,
among others (Dainichi et al., 2021).

The activation and role of non-immune cells represent the other side
of the coin in the context of the response to stressors under both phys-
iological and pathological conditions. This response involves plasma
membrane receptors, intracellular and nuclear signalling pathways,
gene expression changes, and retrograde signalling from the mito-
chondria to the nucleus (Liao and Butow, 1993; Muneretto et al., 2024).
It also includes adaptive phenomena such as epigenetic modifications
and, ultimately, tissue remodeling. Stress-induced molecules, produced
by non-immune cells, can act as early danger signals or opsonins against
infections, cellular damage, tumour cells, metabolic disturbances, and
against other stressors such as radiation, pollutants, and/or oxidative
stress. In certain cases, they may directly counteract stressors, while
indirectly promoting optimal activation of the immune system. These
molecules facilitate the activation of innate and innate-like immune cells
among others, which are typically found at anatomical barriers, and
concurrently enhance the activation and effector functions of T and B
lymphocytes by promoting a pro-inflammatory environment. Therefore,
the crosstalk between immune cells and non-immune cells, as well as
their regulation, is crucial for balancing immune activation and pre-
venting excessive inflammation/hyper-inflammatory reactions or the
risk of autoimmune disease onset (Huang et al., 2024; Kroemer et al.,
2024).

This review focuses on certain stress-related molecules that act
against pathogens and other types of stressors, such as oxidative stress,
chronic inflammation, metabolic stress, and mechanical stress. These
specific selected molecules include surfactant proteins (SPs), the S100
protein family, and extracellular or blood-circulating fibronectin. This
selection of molecules, among the hundreds encoded by the human
genome (Harper and Bennett, 2016) was made based on their key roles
within the anatomical barriers having a protective function against
external and internal exposomes, as well as the role of non-immune cells
as a complementary arm of the immune response. Their presence and
function will be examined within the context of various age-related
diseases, with particular consideration of their potential microRNAs
(miRs) regulation and value as biomarkers.

2. Surfactant proteins

Surfactant proteins, including SP-A (encoded by two functional
genes, SFTPA1 and SFTPA2, which produce the SP-A1 and SP-A2 pro-
teins), SP-B, SP-C, and SP-D, constitute a small fraction of the surfactant
mass, which is enriched in phospholipids and located at interfaces with
the external environment. These sites include the skin, tongue papillae
and oral epithelium, gastric and intestinal mucosae, joints, peritoneum,
pericardium, pleura, middle ear, and lungs (Bourbon and Chailley-Heu,
2001; Mo et al., 2007; Akman et al., 2008; Ujma et al., 2017). In
particular, SP-A and SP-D belong to the collectin family of C-type lectins,
so named for their amino-terminal collagen-like region and
carboxy-terminal lectin, or carbohydrate recognition domain, which
binds carbohydrates in a calcium-dependent manner. These collectins
function as pattern recognition receptors (PRRs), binding to microbial
surfaces, apoptotic cells, and DAMPs, thereby enhancing pathogen
clearance and modulating inflammatory responses (Pastva et al., 2007).
They play diverse roles in mediating both innate and adaptive immune
functions, as well as in the clearance of apoptotic cells, allergens, and
other noxious particles that induce oxidative stress (Watson et al.,
2020); they are also involved in responses to mechanical stress.

In human skin, SP-A and SP-D bind via their collagen tails to SIRP-a

Ageing Research Reviews 114 (2026) 103003

(Signal Regulatory Protein-a), which acts as an inhibitory receptor,
thereby mediating anti-inflammatory responses in the absence of mi-
crobial ligands. Conversely, in the presence of microbial ligands, they
function as opsonins by binding these ligands and promoting a pro-
inflammatory response through recognition by innate immune cells
(Watson et al., 2020). SP-A and SP-D are also involved in skin inflam-
matory and autoimmune diseases such as psoriasis and systemic lupus
erythematosus (Hoegh et al., 2009; T. Wang et al., 2021; Elmore et al.,
2023). In the latter case, SP-D levels are reduced in the blood, likely due
to its engagement in the recognition and clearance of apoptotic bodies.
Their role in specific autoimmune diseases, at both local and systemic
levels, suggests their potential involvement in regulating disease
severity and possible synergistic effects with ageing process, although
the literature on this topic remains limited.

In the lungs SP-A and SP-D play a crucial role not only regulating the
function of the innate immune cells but also acting as stress sensors,
detecting pathogens, allergens, and air pollutants for pulmonary pro-
tection. They enhance phagocytosis by macrophages and modulate the
inflammatory response, exhibiting both anti-inflammatory and pro-
inflammatory activities, also facilitating complement activation. As
mentioned above, they function as PRRs, recognizing pathogen-
associated molecular patterns (PAMPs) and damaged self-molecules or
DAMPs, thereby facilitating their clearance by alveolar macrophages.
Alveolar epithelial type II cells (AEC2s) are responsible for producing
both SP-A and SP-D (Pastva et al., 2007). However, SP-A is crucial for
surfactant metabolism and function, preventing alveolar collapse,
whereas SP-D plays a greater role in host defence and contributes to
maintaining lung epithelial integrity (Shamim et al., 2024a).

With ageing, the lung is subjected to persistent stressors such as
elevated production of reactive oxygen species (ROS), DNA damage,
increased cellular apoptosis, and reduced autophagy. These stressors can
lead to the injury of AEC2s, likely affecting the production of SP-A and
SP-D, while alveolar flooding can further inactivate these SPs (Kuroki
et al., 1998; Cho and Stout-Delgado, 2020; Fehrenbach, 2001). Notably,
ageing impairs immune function, leading to increased susceptibility to
respiratory infections and pneumonia in older adults (Schneider et al.,
2021). In this context, recent literature has highlighted the potential role
of increased blood-circulating SP-D levels in acute respiratory distress
syndrome (ARDS) and lung injury as an evaluable biomarker (Elmore
et al., 2023).

Similarly, lung levels of SP-D are reduced in chronic obstructive
pulmonary disease (COPD), correlating with a decline in lung function.
A decrease in SP-D leads to impaired bacterial clearance and increased
inflammation, likely contributing to the disease progression (Obeidat
et al., 2017). Conversely, blood-circulating SP-D levels are elevated in
association with different gene polymorphisms, highlighting the genetic
contribution as a risk factor for COPD onset and supporting the potential
use of blood-circulating SP-D as a biomarker (Obeidat et al., 2017).

High levels of SP-D have been found in the airway tissue from in-
dividuals with allergic asthma and airway inflammation, indicating its
role in both allergic inflammation and immune responses to pathogens
(Mackay et al., 2016). Mackay and coauthors also observed a concom-
itant increase of SP-D in serum, likely due to the increased permeability
or compromised airway epithelium integrity, together with the possible
cleavage of SP-D by proteases, allowing fragments or intact SP-D to enter
the circulation. Additionally, a greater bacterial burden in the airways
may contribute to SP-D depletion in the lungs, as SP-D binds to these
pathogens, reducing its availability in bronchoalveolar lavage samples
for assessment (Mackay et al., 2016). Under physiological conditions,
SP-D proteins are normally around 1 microg/mL of fluid.

Expression of SPs has also been identified in the human gastroin-
testinal tract (Ujma et al., 2017) albeit to a lesser extent than in the
lungs. SP-A is expressed in the columnar epithelial cells lining the villi
and crypts of the small intestine, as well as in the surface epithelial cells
of the large intestine. SP-D is expressed in the epithelial lining of the
small intestine and, at lower levels, in the large intestine and stomach.
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Although the role of these proteins in these compartments is apparently
limited, SP-A and D (Shamim et al., 2024a) appear to act both in the
control of pathogens and in the regulation of immunity. Both proteins
have been implicated in controlling inflammatory bowel disease (IBD).
In particular, SP-A has been found to be overexpressed in the gut (Luo
et al., 2008), while a single-nucleotide polymorphism (G/A Alal60Thr)
in the SP-D gene has been associated with susceptibility to Crohn’s
disease (Lin et al., 2011). Interestingly, recent data in mouse model have
revealed that SP-D is synthesized in the gallbladder and delivered into
intestinal lumen and selectively binds to species of gut commensal
bacteria. Noteworthy, SP-D-deficient mice manifest intestinal dysbiosis
(Sarashina-Kida et al., 2017). This is not yet investigated in humans and
may represent a new perspective for therapeutic approaches in partic-
ular with ageing. It is well recognized that ageing process may weaken
mucosal immunity and increase susceptibility to gut infections and in-
flammatory disorders (Branca et al., 2019; Walrath et al., 2021). Thus, a
potential reduction in the SP expression could also contribute to
age-related gut dysbiosis and chronic inflammation.

SP-D serum levels have been found positively associated with the
carotid artery intima-media thickness and the coronary artery calcifi-
cation in patients with chronic kidney disease (CKD) (Hu et al., 2016),
confirming the conceivable role of SP-D as biomarker beyond
age-related pulmonary disease with potential applicability for the
assessment of the risk of atherosclerosis (Sorensen, 2018). Moreover,
higher plasma levels of SP-D have been found in patients affected by
both Type 2 Diabetes (T2D) and Chronic Heart Disease (CHD), and in
patients with CHD without diabetes (Banfi et al., 2024), thus reinforcing
the potential role of SPs as biomarkers in cardiovascular diseases
(CVDs).

Furthermore, plasma concentration of SP-D has been found increased
in COVID-19 (Corona Virus Infection Disease) patients (Gupta et al.,
2020). In fact, inflammatory activation and cytokine release trigger the
secretion of SP-D into the bloodstream, and these elevated levels
continue to rise in parallel with the progression of lung damage (Salvioni
et al., 2022).

3. S100A/B protein family

The S100 proteins (over 20) localize into the cytoplasm and nucleus
of a wide range of cells, particularly those involved in inflammation,
immunity and barrier function. They consist of calcium-binding proteins
that play a role in both intracellular and extracellular signaling. They act
as intracellular calcium sensors, exerting regulatory effects on calcium
channels and transport systems. In particular, they bind to surface re-
ceptors like Receptor for Advanced Glycation End-products (RAGEs),
which stimulates NF-kB signalling, a key driver of inflammation, thus
promoting the recruitment and activation of inflammatory cells (Leclerc
et al., 2009; Dong et al., 2022). Many S100A proteins (e.g., SI00AS8,
S100A9, and S100A12) function as DAMPs, mediating inflammation and
immune responses (Donato et al., 2009, 2013). Interestingly, S100B is
glial-specific and is expressed primarily by a subtype of mature astro-
cytes that draw blood vessels and by a subtype of oligodendrocytes (Du
et al., 2021).

S100A8 and S100A9 are mostly found as a heterodimer S100A8/
S100A9, also named Calprotectin. They are produced by neutrophils,
monocytes/macrophages, and dendritic cells, but they are also highly
expressed in mucosal surfaces (gut, lung) and in the sites of infection and
inflammation. Released during tissue damage or pathogen recognition,
they act as pro-inflammatory mediators. Several studies have reported
elevated serum levels of SI00A8 and S100A9 in patients with COPD.
Specifically, the SI00A8/S100A9 heterodimer acts as a key mediator in
neutrophil recruitment following inflammatory exposure (Newton and
Hogg, 1998), suggesting its association with inflammation and its po-
tential involvement in development and progression of COPD. Findings
indicate that higher serum levels of the SI00A8/S100A9 heterodimer
are inversely correlated with pulmonary function in acute exacerbations
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of COPD (Huang et al., 2020). Calprotectin has also been found higher in
serum obtained from T2D patients than healthy subjects (Hassan et al.,
2025). Moreover, S100A9, initially proposed as a marker of inflamma-
tion (Swindell et al., 2013), has recently been suggested for diagnosis
and treatment of IBD and of microbiome dysbiosis, as its fecal concen-
tration is directly correlated with the level of gut inflammation (Wang
et al., 2025).

Noteworthy, the engagement of RAGEs with its ligands, such as
S100A/B proteins, is able to induce inflammatory and thrombotic re-
actions, suggesting a role in the development and progression of
atherosclerotic CVDs (Yamagishi and Matsui, 2018). In particular,
S100A12 (called both Extracellular Newly identified -EN- RAGE, and
calgranulin C) secreted by neutrophils and monocytes, activates mem-
brane RAGEs, amplifying inflammatory responses. Interestingly,
S100A12 has been adopted as predictor of mortality in a study per-
formed on hemodialysis patients (HD) (Kalousova et al., 2012) and, high
plasma S100A12 has been identified as an independent predictor of
increased mortality risk in patients suffering of CKD, stage 5 (Isoyama
et al., 2015), reinforcing the hypothesis of the applicative role of these
stress-related molecules.

Other S100A proteins (e.g., S100A4, S100A6) are expressed in
epithelial cells, fibroblasts, and some tumour cells (Fei et al., 2017;
Wang et al., 2023). They are involved in cell migration, differentiation
and stress responses which are mechanisms affected by ageing process
(Kennedy et al., 2014). In this respect, either interaction or synergistic
effects between stress-related S100A proteins and cellular/molecular
ageing mechanisms may be envisaged.

As far as S100B is concerned, recent studies have shown the over-
expression of S100B in cultured enteric glial cells following exposure to
pathogenic bacteria, but not after the exposure to probiotics, thus sug-
gesting an important role for healthy microbiome homeostasis
(Grundmann et al., 2019). Di Liddo and coauthors demonstrated the
presence of S100B in feces, showing significantly different levels be-
tween healthy individuals and IBD patients, thereby supporting its po-
tential as biomarker for this disease (Di Liddo et al., 2020). In fact,
S100B levels are reduced in the feces of IBD patients, likely due to a
different interaction of S100B with modified gut microbiota, which in
turn leads to an altered detection in feces.

Recent findings have identified S100B as a key molecular factor in
the myoblasts-brown adipocytes transition (Morozzi et al., 2017). Based
on this evidence, it was proposed that S100B acts as stress-related
mediator of the harmful effects caused by the accumulation of ROS in
myoblasts and, potentially, myofibers, likely playing a role in the
pathophysiology of sarcopenia (Riuzzi et al., 2018). In addition, a new
study has demonstrated that SI00B can compensate for RAGE signaling
deficit in myoblasts grown on ad hoc substrate contaning Advanced
Glycation End (AGE) products, being able to restore proliferation and
myogenic differentiation, thus highlighting its potential therapeutic role
in muscle regeneration and sarcopenia prevention (Olson et al., 2024).

Notably, several S100 proteins, among the 25 known, are expressed
in the brain and have been associated to age-related neurodegenerative
diseases, such as Alzheimer’s disease (AD), Tauopathies and, Parkinson
Disease (PD).

As far as AD is concerned, S100B, S100A1, S100A6, S100A7,
S100A8, S100A9, and S100A12 are linked to AD pathways (Hagmeyer
et al.,, 2019). S100 molecules may act both in the initiation and pro-
gression of AD (Cristovao and Gomes, 2019). In particular, various
studies have reported elevated brain levels of S100B in AD patients (Van
Eldik and Griffin, 1994; Chaves et al., 2010) and in AD mouse models
(Yeh et al., 2015). S100B is implicated in amyloid precursor protein
(APP) cleavage and may be considered a cellular stress-response with
effect on the pathology development. In fact, elevated expression of
S100B enhances BACE1 (B-site amyloid precursor protein cleaving
enzyme) activity, leading to the increased production of toxic APP-p and
C-terminal fragments (CTF) with the amyloidogenic $-CTF (C99) (Mori
et al., 2010). Furthermore, many data collectively suggest that SI00B
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both influences and is influenced by the levels of pro-inflammatory cy-
tokines implicated in AD pathogenesis. S100B upregulates IL-6 mRNA
(Mori et al., 2010; Yeh et al., 2015) and IL-1 mRNA levels in microglia
and neurons (Mori et al.,, 2010) through Spl and NF-kB signaling
pathways (Liu et al., 2005). Similarly, various studies in animal models
have also confirmed a role of S100B in tau-accumulation by increasing
tau phosphorylation and disrupting the Wnt pathway, which is involved
in regulating tau protein stability (Sidoryk-Wegrzynowicz et al., 2017;
Moreira et al., 2021).

S100A6 and S100A6/S100B heterodimer are also strongly associated
with the AD phenotype and accumulates around amyloid p-protein (Af)
deposits in the gray matter (Boom et al., 2004). Interestingly, in PS/APP
mice, a double presenilin-1 and APP transgenic mice model with early
onset of AD, S100A6 reduces AP levels and plaque burden; it binds zinc,
thus preventing zinc-induced toxicity and further reducing Af plaque
load (Tian et al., 2019). Moreover, SI00A6 binds the CacyBP/SIP (cal-
cyclin binding protein/Siah-1 interacting protein) complex, regulating
tau dephosphorylation in neuroblastoma cells (Wasik et al., 2013).
However, SI00A6 has been recognized in the AD gene signature as one
of the proteins most strongly positively correlated with the AD pheno-
type (Wruck et al., 2016), thus suggesting a complex interaction in the
astrocyte signaling pathway as response to inflammatory chronic reac-
tion and “cell-engulfment”-related stress.

As far as PD is concerned, elevated levels of SI00B have been found
in the brain tissue of PD patients (Rydbirk et al., 2017) as well as in
animal models (Sathe et al., 2012). Notably, transient increases in serum
S100B levels have been linked to increased disease severity and sleep
disturbances in PD patients (Carvalho et al., 2015), while some genetic
variants in the S100B gene are associated with differences in the age of
PD onset (Fardell et al., 2018).

S100B also promotes microglial activation and migration via RAGE-
dependent pathways (Bianchi et al., 2010, 2011) and skews microglia
toward a pro-inflammatory M1 state (Zhou et al., 2018). In the cere-
brospinal fluid (CSF), S100B levels have been found elevated in early PD
(Sathe et al., 2012), but these findings have not been consistently
replicated (Dos Santos et al., 2018). Overall, while S1I00B shows po-
tential as a marker of PD severity and subtype differentiation, especially
in early or non-motor manifestations, its diagnostic specificity is limited
by inconsistent findings and its elevation in other inflammatory condi-
tions (Angelopoulou et al., 2021).

4. Fibronectins

Fibronectin (FN) exists in two main forms, an insoluble form found in
the extra-cellular matrix (ECM), and a soluble form found in plasma
(Sicari et al., 2023). Both forms originate from the same gene FN1, even
if some isoforms have been identified with extra domain A of FN (EDA)
and extra domain B of FN (EDB) (Lemanska-Perek and Adamik, 2019).
ECM has been proposed to be an important hallmark of immunose-
nescence and cell senescence in different tissues/organs and ageing
process (Moreau et al., 2017; Statzer et al., 2023).

FN is the second, after collagen, most abundant ECM molecule
expressed in submucosal tissues, basement membranes, and interstitial
tissues, where different cell types organize the ECM and promote the
assembly of other proteins like collagen. The structure of FN contains
three repeating modules joined together like beads on a string, called
Type I, Type II, and Type III modules and different binding domains for
collagen, fibrin, heparin and cells have been recognised.

The soluble and insoluble forms serve different physiological func-
tions, allowing FN to participate in wound healing, immune responses,
and ECM remodeling. Plasma fibronectin (pFN) is produced by the liver
and circulates in the blood as a soluble dimer. During tissue injury, pFN
binds to fibrin clots, helping to stabilize blood coagulation and promote
wound healing. It interacts with immune cells, guiding their migration
to inflammation sites, it binds integrins (a5p1, aVp3) and Toll-like re-
ceptors (TLRs), thus acting as DAMPs and influencing macrophage
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activation and tissue repair (To and Midwood, 2011; Dalton and Lem-
mon, 2021). pFN is a stress-related molecule critical in case of trau-
ma/injuries and inflammatory status, it binds to circulating degradation
products and mediates their elimination by the reticuloendothelial sys-
tem, which leads to its depletion.

FN has a crucial role in the anatomical barriers during ageing.
Despite the increased FN expression in skin fibroblasts during ageing
process (Kumazaki et al., 1993) the protein is reduced in the reticular
dermis of the skin (Perié et al., 2024), thus its incorporation into the
ECM scaffold is impaired and likely, this induces an effect on senescent
phenotype. In this respect, knockdown expression of FN in senescent
cells might delay the onset of senescence and decrease the activation of
senescence regulators. Perié and coauthors suggest that senescent fi-
broblasts might express a FN variant that induces a senescent microen-
vironment (Perié et al., 2024). Recently, compositional changes of the
lung extracellular matrix in ARDS have been observed in early and
advanced diffuse alveolar damage, highlighting the role of FN/ECM
changes in older subjects (Fan et al., 2025).

Notably, a growing literature is focusing on the role of pFN on
endothelial cells during ageing and, particularly in atherosclerotic pla-
que. In fact, pFN deposited in susceptible regions of the arteries could
contribute to early atherosclerotic lesion formation and the recruitment
of smooth muscle cells that shape the fibrous cap of advanced lesions.
This has been demonstrated in mouse model (Moore and Fisher, 2012).
In this perspective, the role of FN at the blood-brain barrier (BBB) has
recently obtained an increased attention for age-related neuro-
degeneration, since TGF-beta signaling in pericytes supports the BBB
integrity by promoting FN expression, basal membrane synthesis, and
stimulating tight junction protein expression (Geranmayeh et al., 2019).

However, high blood level of pFN has been found in patients with AD
when compared to healthy control groups (Bogdan et al., 2022) and FN1
seems to have a role in senile plaque development (Lepelletier et al.,
2017). In fact, a rare human variant of FN1 with loss of function (LOF) is
able to reduce gliosis, enhance gliovascular remodeling, and potentiate
the microglial response, suggesting that pathological accumulation of
FN1 protein could impair toxic protein clearance, which is ameliorated
with FN1 LOF in APOEe4 AD (Bhattarai et al., 2024). At the opposite
side, it has been found that blood concentration of pFN decreases with
PD progression and it is in association with BBB disruption (Zhu et al.,
2025), even if the mechanisms have not yet been clarified.

A recent study demonstrated that low pFN levels might be an inde-
pendent predictor of CHD, even if these levels are not yet able to predict
the severity of CHD (Peng et al., 2023). Moreover, age-related deami-
dation of pFN leads to the formation of isoDGR motifs (pFN/isoDGR),
which enhance binding to integrins on monocytes, macrophages, and
endothelial cells. This interaction promotes inflammatory signaling and
may contribute to the development of atherosclerosis. In fact, pFN
(isoDGR) has been found associated with human plaque destabilization
in carotid endarterectomy patients (Mol et al., 2025) and recent results
suggest that an increased FN protein deposition is produced by vascular
smooth muscle cells during atherosclerosis development
(Pearson-Gallion et al., 2025).

FN1 has also been implicated in the development and progression of
COPD. Blood pFN levels of COPD patients were significantly higher than
those in the normal group, with negative correlation between pFN levels
and lung function parameters, thus suggesting pFN as a potential
biomarker for evaluating the prognosis of COPD patients (Wang F et al.,
2025).

Interestingly, blood levels of pFN isoforms (EDA-FN) and FN-
fragments have been found associated in patients infected with SARS-
CoV-2 and suffering of COVID-19. Isoforms were significantly higher
in patients who died, than in survivors. Authors suggest FN isoforms are
potential biomarkers that can be used in clinical settings to monitor the
condition of COVID-19 patients and predict treatment outcomes
(Lemanska-Perek et al., 2022).

Table 1 summarises the most significant up- and down-expression of
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Table 1
Stress-related molecules both at anatomical barriers and into the blood (plasma
or serum) as valuable and shared biomarkers in various age-related diseases.

Stress- Age-related Tissue/district Increase/ References

related Pathology decrease

molecules

P-A and/or ARDS, Asthma Broncheo- | Kuroki et al.

SP-D alveolar lavage (1998);
sample Mackay et al.
(2016)
SP-D ARDS/Lung Serum 1 Elmore et al.
injury (2023)

SP-D COPD Serum | or 1 due Obeidat et al.
to gene (2017)
variants

SP-D CKD with Serum t Hu et al.

Atherosclerosis (2016)
SP-D T2D- CHD Plasma t Banfi et al.
(2024)
S100A8/ COPD Serum 1 Huang et al.
S100A9 (2020)
S100A9 Microbiome Feces t Wang et al.
dysbiosis (2025)
S100A PAD Artery 1 Yamagishi
et al. (2018)
S100A12 CKD Plasma 1 Isoyama
et al. (2015)
S100B IBD Feces ) Di Liddo
et al. (2020)
S100B Sarcopenia Myoblasts 1 Riuzzi et al.
(2018)
S100B AD Hippocampus, t Van Eldik
Temporal, and Griffin
Occipital, (1994);
Frontal lobes/ Chaves et al.
Serum (2010)
S100A6/ AD White Matter/ 1 Boom et al.
S100B temporal (2004)
neocortex

S100B PD mRNA levels in 1 Rydbirk et al.

brain tissue (2017)
extracts

Specific PD Serum/Frontal 1 Fardell et al.

S100B Cortex (2018)
variants

S100A8- T2D Serum 1 Hassan et al.

S100A9 (2025)

FN1/ECM ARDS Lung 1 Fan et al.

(2025)
PEN AD Serum 1 Bogdan et al.
(2022)
PFN PD Plasma 1 Zhu et al.
(2025)
PEN CHD Plasma | Peng et al.
(2023)
PEN CHD Plaque t Mol et al.
isoDGR (2025)
PEN COPD Serum t Wang et al.
(2025)

AD, Alzheimer Disease; ARDS, Acute Respiratory Distress Syndrome; CHD,
Coronary Heart Disease; CKD, Chronic Kidney Disease; COPD, Chronic
obstructive pulmonary disease; IBD, Inflammatory Bowel Disease; PAD, Pe-
ripheral Artery Disease; PD, Parkinson's disease; T2D, Type 2 Diabetes.

different stress-related molecules, such as SP-A/-D, S100A6/A8/A9/
A12, S100B proteins and pFN1 (including isoforms) as well, highlighting
similar trends of decrease or increase in different tissues shared with
various age-related diseases.

5. microRNAs and potential regulation of SP-A/D, S100 family
proteins and FN

It is recognized that non-coding RNAs, including miRs, significantly
change their patterns of expression during cellular stress (e.g., oxidative
stress, hypoxia, ER stress, heat shock, genotoxic stress) (Emde and
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Hornstein, 2014). In particular, some miRs are up-regulated, while
others are down-regulated depending on the type of stressor or expo-
some, the cell type, the duration and severity of the stress (Du et al.,
2019; Miguel et al., 2020). In this context, they can suppress
pro-apoptotic genes under mild stress to promote survival, suppress cell
cycle genes to induce arrest, or promote apoptosis/senescence under
severe or unresolved stress by targeting anti-apoptotic genes. Notably,
changes of cellular/organ-related miR profile may have systemic effects
via exosomes/microvesicles/free blood circulation, thus miRs are
increasingly proposed as sensitive biomarkers of exposome exposure
(Chaiwangyen et al., 2025) and ageing/longevity process (Morsiani
et al.,, 2021, 2022), beyond their well-known role on either tumour
Suppressors or oncogenes.

In this context, the current review highlights a bioinformatic analysis
performed by the authors by means of the miRNet v2.0 online resource
(website: https://www.mirnet.ca/) (Chang et al., 2020) able to manage
all the genes/mRNAs of FN1, SI00A6/8/9, SFTPA1 and SFTPD, in order
to reveal common miRs for their effect on specific targets predicted in
silico. Findings showed some miRs, such as miR-34a-5p, miR-182-5p,
miR-218-5p and miR-29b-3p, able to recognize a few of the
above-mentioned molecules. The unique miR able to directly or undir-
ectly regulate 5 out of 6 mRNAs (i.e, FN1, S100A6/8/9, SFTPA1) ap-
pears to be miR-29b-3p, belonging to miR-29 family. Through the use of
another bioinformatic platform i.e., miRWalk (http://mirwalk.umm.
uni-heidelberg.de/) (Sticht et al., 2018a), the predicted binding se-
quences of miR-29 family members to almost all mRNAs of the reviewed
stress-related molecules (FN1, S100A6/8/9/12, SFTPA1, SFTPA2 and
SFTPD) were further analysed and are reported in Table 2, highlighting
the predicted binding site of miR-29 family members on almost all the
investigated mRNA targets. A bioinformatic analysis was also performed
assessing the GSEA of filtered mRNA targets of the above mentioned
three miRs i.e., miR-34a-5p, miR-182-5p, miR-218-5p as showed in
supplementary material (Table 1S). Findings suggest cancer pathways at
the top of the KEGG analysis. Moreover, the analyses of filtered miR-29
family targets by GSEA and KEGG network have been reported in
Table 2S and Fig. 1S, respectively. It is interesting to observe that among
the identified pathways ECM-receptor interaction has been revealed,
consisting with the role of extracellular matrix and fibronectin molecule
at anatomical barriers, among others.

Noteworthy, literature gives evidence for a miR-29 family role on
age-related mechanisms. In fact, miR-29 family expression was signifi-
cantly upregulated in epithelial cells isolated from mouse fetal lung
during late gestation and in epithelial cells isolated from human fetal
lung explants during type II cell differentiation in culture (Guo et al.,
2016). MiR-29b-3p, also found in blood circulating exosomes (Yu et al.,
2024), has been highlighted through some studies for its role in cellular
stress, fibrosis, hypoxic-inflammatory response and ageing process in
different models and age-related diseases (O'Reilly, 2016; Heid et al.,
2017; Horita et al., 2021). Some of the mature miR-29 family members
can accumulate into the nucleus leading to the up-regulation of tran-
scription factors and genes involved in the mechanisms of cell differ-
entiation, fibrosis, and apoptosis (Horita et al., 2021). In addition,
miR-29b-3p has been found highly expressed in human bronchial
epithelial cells exposed to particulate matter (PM). MiR-29b-3p pro-
moted PM-induced pro-inflammatory cytokines expression, such as
IL-1B, IL-6, and IL-8, via inhibiting the AMPK signaling pathway, likely
representing a key regulator of cellular stress against air pollutant in the
respiratory tract (Wang et al., 2020). The increase of blood circulating
miR-29b-3p in healthy centenarians in comparison with old adults may
be interpreted as one of the adaptation phenomena to counteract
chronic reaction to the lifelong stressors and inflammation (Morsiani
et al., 2021).

Notably, miR-29 is a miR known to be upregulated during both
normal and premature ageing. In fact, it has been demonstrated that in
an established mouse model of progeria, the partial loss of miR-29 ex-
tends the lifespan, whereas its overexpression is sufficient to drive many
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Table 2
miR-29 family members targeting the specific stress-associated molecules.
Hsa-miR Refseq id Gene Score  Position  Binding
symbol Site

miR-29a- NM_001164647 SFTPA1 0.85 CDS 100,123
3p

miR-29a- NM_005411 SFTPA1 0.85 SUTR 89,106
3p

miR-29a- NM_005411 SFTPA1 0.85 CDS 171,194
3p

miR-29a- NM_001093770 SFTPA1 0.85 CDS 160,183
3p

miR-29a- NM_001093770 SFTPA1 0.85 CDS 160,183
3p

miR-29b- NM_001365518  FN1 1.00 CDS 3035,3075
1-5p

miR-29b- NM_002965 S100A9 1.00 CDS 350,366
1-5p

miR-29b- XM_017028424 S100B 0.85 3UTR 1066,1090
1-5p

miR-29b- NM_001093770 SFTPA1 0.92 CDS 113,148
1-5p

miR-29b- XM_005270132 SFTPA2 0.92 SUTR 53,88
1-5p

miR-29b- XM_005270132 SFTPA2 0.85 3UTR 1290,1313
1-5p

miR-29b- NM_001365518 FN1 0.92 CDS 6036,6053
2-5p

miR-29b- NM_001365518  FN1 0.92 CDS 3071,3107
2-5p

miR-29b- NM_001365518 FN1 0.85 CDS 1079,1102
2-5p

miR-29b- NM_002965 S100A9 0.85 CDS 346,366
2-5p

miR-29b- NM_002965 S100A9 1.00 CDS 79,123
2-5p

miR-29b- XM_017028424 S100B 0.87 3UTR 1067,1087
2-5p

miR-29b- XM_017028424 S100B 0.82 3UTR 440,468
2-5p

miR-29b- XM_005270132 SFTPA2 0.85 3UTR 1751,1782
2-5p

miR-29b- XM_005270132 SFTPA2 0.85 CDS 285,302
2-5p

miR-29b- XM_005270132 SFTPA2 0.92 3UTR 1283,1313
2-5p

miR-29¢- NM_003019 SFTPD 0.85 CDS 683,703
5p

miR-29¢- NM_005411 SFTPA1 1.00 CDS 521,553
5p

miR-29¢- NM_001093770 SFTPA1 1.00 CDS 510,542
5p

miR-29¢- NM_001093770 SFTPA1 1.00 CDS 510,542
Sp

miR-29¢- XM_005270132 SFTPA2 1.00 CDS 462,482
5p

miR-29¢c- XM_005270132 SFTPA2 0.85 CDS 181,219
5p

Score: Probability (max 1) that the miRNA-target interaction is functional,
calculated using the TarPmiR algorithm with a Random Forest model trained on
experimental data. Binding site: see the reference (Sticht et al., 2018). CDS:
Coding DNA sequence; UTR:untranslated region;

ageing-related phenotypes and leads to early lethality (Swahari et al.,
2024). Transcriptomic analysis of both young and old mice revealed
shared downregulation of genes associated with extracellular matrix
organization and fatty acid metabolism, and shared upregulation of
genes in pathways linked to inflammation. When miRs have been ana-
lysed at different time points across the lifespan of mice from 2 up to 18
months of age, the RNA content of extracellular vesicles showed a strong
association with ageing, especially the miR-29 family in adipose tissue
(Kern et al., 2023). These results highlight the functional importance of
miR-29 in controlling a gene expression program that drives
ageing-related phenotypes.

Overall, miR-29 family appears to be a critical regulator gene for
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ageing mechanisms and CVDs (Liu et al., 2021) with potential ther-
apeutical effects, even if not yet achieved. In agreement, GSEA of filtered
miR-29 targets reports the most significant pathways related to cardio-
myopathy (Table 2S). Recent literature underpins the hierarchical
not-clustered network role of miR inside the cells, and among them,
miR-29a has been demonstrated to have a hierarchical influence on the
control of focal adhesion signaling during muscle regeneration in animal
model (Luca et al., 2020).

Other mechanisms, including CpG DNA methylation and demethy-
lation, histone acetylation and deacetylation, and other histone modi-
fications in relation to the aforementioned stress-related molecules,
have received only fragmented attention to date, to our knowledge. In
this context, studies in normal lung tissue have shown that higher levels
of specific unmethylated CpG sites are associated with increased SP-Al
and SP-D transcript expressions, identifying these CpGs as key regulators
of gene activity (Lin et al., 2007). In particular, epigenetic regulation
under hypoxia, oxidative stress caused by ozone and exposure to par-
ticulate matter has been shown to affect the expression of SP-A (Silveyra
and Floros, 2012). Epigenetic investigations of the S100 family have
been undertaken, particularly for crucial CpG sites and histone modifi-
cations of SI00A6, both in vitro and in vivo model (Lesniak et al., 2007).
Similar studies have addressed S100B and its role in neurodegeneration
(Dali et al., 2025) and cancer (Lindsey et al., 2007; Bresnick et al., 2015).
By contrast, FN has attracted considerable attention, with numerous
studies focusing on miR-mediated regulation under various conditions
(Shan et al., 2009; Tang et al., 2013) including cancer (Gong et al.,
2017).

Noteworthy, an emerging body of literature suggests the existence of
hierarchical patterns within epigenetic structures, particularly in the
context of chromatin remodelling and its influence on cellular senes-
cence (Thanos et al., 2025). More broadly, a recent review points to-
wards a hierarchical model governing epigenetic ageing in mammals
(Lehmann et al., 2020). On this basis, age-related epigenetic dysregu-
lation may itself follow a hierarchical, or at least partially hierarchical,
structure, although this remains an open question.

Overall, the concept of specific circulating miRs exerting hierarchical
epigenetic effects is particularly relevant for understanding pathoge-
netic mechanisms shared by the most common age-related diseases.
From a general point of view hierarchical miR regulation refers to the
idea that miRs do not all regulate genes equally or independently.
Instead, miRs form layers or tiers of regulation, where some miRs act as
master regulators, others function at intermediate levels and some play
roles only in specific pathways, tissues, or conditions. This may create a
hierarchical network. The possibility that also dysregulation may have a
hierarchical structure appears a topic to be investigated for the discov-
ery of master regulators likely shared by different organs or anatomical
barriers.

We may hypothesise that hierarchically relevant circulating miRs,
involved in the regulation of stress-related pathways in different organs
and tissues, converge at the systemic level to shape global homeostasis.
This raises the intriguing possibility that specific signatures of circu-
lating miRs could serve as integrative biomarkers, simultaneously
reflecting local tissue stress and systemic ageing trajectories. Moreover,
targeting such hierarchically relevant miRs might represent a novel
therapeutic avenue to modulate systemic stress responses, delay age-
associated dysfunctions, and reduce the risk of chronic degenerative
diseases. To provide robustness to these hypotheses, however, longitu-
dinal studies with repeated measurements of circulating miRs over time
will be required, in order to capture their dynamic fluctuations and
establish causal relationships with ageing and disease progression.

6. The impact of exposome and ageing interactions on
anatomical barriers

Continuous exposure to external and internal exposomes can elicit
chronic stress responses at the cellular, tissue/organ, and systemic
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Fig. 1. Stress-related molecules vs Exposomes. The continuos exposure to internal and external (< i.e., together) exposomes can induce a chronic stress response
both at nuclear/cellular, and systemic levels. The response to stressors modifies gene expression through epigenetic changes and induces an increase of mediators,
stress-related molecules, that may synergistically interact with aging process/inflammaging leading to acceleration of ageing/disease onset. At anatomical barriers,
levels of many stress-related molecules may decline with age, resulting in reduced protective functions and weakened barrier integrity. Consequently, environmental
exposomes (e.g., pathogens, allergens, pollutants, nano- and microplastics, food-derived antigens, and other non-self molecules) may interact and synergize with
internal exposomes (e.g., gut dysbiosis, psychological stress, socioeconomic status among other). Chronic exposure to such combined stressors may pose a greater risk
in older individuals compared to younger ones. "Healthier external exposomes" means: decreased exposure to climate changes, decreased infective and pollutant
agents i.e., pathogens, food/water contamination or threating agents including nano-micro-plastic among others;moderate and informed sun exposure for vitamin D
production. "Healthier internal exposomes" means: improving life style behaviours i.e., no smoke, no alcohol and drugs; increase of aerobic and resistant physical
exercise in a personalised fashion, increase of relaxed activities; balanced diet/MedDiet with proper intake of vitamins/micro-macro-nutrients and normal weight
maintenance.

levels, while inducing adaptive phenomena. Stressors modulate gene senomorphics, geroprotectors, mitophagy enhancers, and glucidic/
expression through epigenetic mechanisms and the regulation of stress- metabolic regulators. This omission is partly because recent reviews
related molecules. These effects may act synergistically with ageing have already detailed their beneficial effects on health and inflamma-
processes. In this direction, stressed and dying cells release a variety of tory status (Petr et al.,, 2024; Cozza, Boccardi, 2025). However,
bioactive molecules, such as DAMPs. These include small metabolites (e. long-term clinical trial data in humans, spanning several years of
g., ATP), nucleic acids (e.g., nuclear and mitochondrial DNA), proteins treatment, are still lacking, and the impact of these interventions on
(e.g., cytokines and DAMPs), lipids (e.g., oxidised cardiolipin and oxi- stress-related molecular alterations requires further investigation.
dised LDL), and molecular debris. Together, they interact with the im- The combined impact of exposome-related stressors and intrinsic
mune system to trigger chronic inflammatory responses thereby fuelling ageing can result in reduced or altered levels of numerous defence-
inflammaging (Franceschi et al., 2017; Conte et al.2020; Kroemer et al., associated molecules, such as SPs, S100 proteins, and fibronectin,
2022). among others not discussed in this review (Alvarez-Rodriguez et al.,
In this context, Fig. 1 highlights the critical role of both internal and 2012; Shimizu et al., 2022; Quin et al., 2024). This decline weakens
external exposomes in driving stress responses at the cellular, tissue/ barrier integrity and compromises overall host protection, thereby
organ, and systemic levels, while interacting with ageing process. To increasing susceptibility to pathogenic infections and maladaptive re-
mitigate these effects, reducing exposure to harmful external and in- sponses to external noxious agents, exerting more detrimental effects in
ternal exposomes across the life course should be encouraged; however, older individuals compared with younger counterparts.
such strategy is difficult to adopt. In fact, stressors arising from climate In this direction, recent findings show that non-industrialised pop-
change (e.g., persistently high temperatures in temperate countries), ulations exhibit lower levels of systemic inflammation and inflammag-
environmental pollutants (air and water), and, not least, spill-over ing compared to industrialised populations, thus suggesting a reduced
pathogens cannot be entirely avoided. Pragmatic countermeasures burden due to a reduced exposure to stressors/exposomes in such con-
therefore lie in lifestyle modifications that improve the internal expo- texts through a decreased blood levels of pro-inflammatory cytokines
some, such as abstaining from smoking, alcohol, and recreational drugs; (Franck et al., 2025).
engaging in personalised, regular physical activity; maintaining a well- However, single biomarkers alone are rarely disease-specific, as
balanced diet with positive effects on gut microbiome (e.g., the Med- shown in Table 1 in relation with the current discussed molecules. In
Diet) and healthy/regular body weight as well as practising daily addition, blood circulating miRs alone are not able to become diagnostic
cognitive training and stress-reduction physical exercises. These ap- tools, given the highly variability among subjects and the intrinsic
proaches have the potential to attenuate systemic inflammation and variability of miRs, also observed during the circadian rhythm
promote pro-longevity health benefits (Ghosh et al., 2020; Coperchini (Heegaard et al., 2016). Thus, what is the future of biomarker research
et al., 2025). in the ageing field? The human population genome has both a common
The present review does not address the well-established field of core and individual variability (i.e., individuality). Considering the
anti-ageing pharmacological interventions, including senolytics, ageing process as a continuum (Franceschi et al., 2018), three types of
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investigative approaches can be envisaged: i. To search for early, com-
mon and age-associated biomarkers among individuals in a
cross-sectional model with cohorts of subjects in conditions of acceler-
ated and decelerated ageing, and not necessarly for age-related diseases
(e.g. the European project MARK-AGE; Capri et al., 2015). ii. To search
for biomarkers in single individuals as predictors of age- related diseases
adopting a longitudinal time course; iii. To search for both i. and ii.
where the various models may likely highlight common biomarkers with
hierarchical and/or temporarly characteristics.

In this perspective, the considerable effort required to identify per-
sonalised molecular signatures of ageing and disease onset remains a
distant goal, particularly in terms of their translational application in
clinical settings. Such endeavours necessitate longitudinal cohorts,
costly omics analyses, and advanced AI methodologies to derive
individual-level insights. The use of either various types of omics at
different biological layers, such as epigenomics, transcriptomics, pro-
teomics, metabolomics or Computed Tomography(CT)/Imaging ana-
lyses for each indivual has been mentioned many times by various
researchers (Li et al., 2024; Zack et al., 2025), but the cost of this
approach is very high and only specific Al application, such as
explainable AI may be useful to deeply understand the molecular un-
derpinning mechanisms (Franceschi et al., 2025; Kalyakulina et al.,
2025; Vershinina et al., 2025). These approaches would underpin the
personalised, continuous adaptation of organs, tissues, and the whole
body to lifelong exposure to internal and external exposomes, but
currently are not applicable in a clinical setting or from general practi-
tioners. Likely, in a next future CT/Imaging and NMR across life span of
patients/individuals may be analysed and interpreted by specific Al
methodology together with haemato-biochemical analysis in the clinical
setting.

6.1. Conclusions

SP-A and SP-D, members of the S100 protein family, and FN are
examples, among hundreds encoded in the human genome, of stress-
related molecules, some of which are produced by non-immune cells.
These molecules reflect both local (cellular/organ) and systemic re-
sponses to pathogens and other stressors. Their action is mediated by a
complementary mechanism between immune and non-immune cells,
particularly relevant at anatomical barriers, which constitute the first
line of defence against external and internal exposomes. MiR-epigenetic
regulation of these molecules is still a scanty research topic in humans
and likely, deserves a deeper attention due to their role at the interface
with external environment. Their dysregulation, through either hyper-
activation or hypoactivation of the immune system (Fulop et al., 2020),
can compromise health over the life course, influenced by individual
genetics and exposome interactions that drive personalised epigenetic
changes and inflammatory profiles. Probably, age-related epigenetic
dysregulation may have hierarchical structure in the population, but this
is an open field to be further investigated in order to improve the
specificity of age-related and/or disease onset biomarkers. Moreover,
chronic dysregulation of stress-related molecules may contribute to
organ-specific ageing patterns, or “organ ageotypes.” In this context, the
ageing process can affect each organ differently across individuals, both
hierarchically and temporally, thereby influencing the timing and na-
ture of age-related disease onset (Prattichizzo et al., 2024). This field of
research is particularly promising, and the identification of
organ-specific biomarkers capable of detecting accelerated ageing and
predicting the onset of age-related diseases is an area of intense study
(Cardoso et al., 2018; Sayed et al., 2021; Salvioli et al., 2023; Herzog
et al., 2025).

From this perspective, organ-related biomarkers combined with
biological clocks at single individual and longitudinal approach could
enable the characterisation of personalised ageing trajectories and organ
ageotypes. Such an approach can allow the early detection of organ-
specific molecular dysfunctions and create opportunities for timely
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intervention through preventive medicine. However, the identification
of early organ-specific biomarkers associated with disease onset remains
a major challenge for combating age-related pathologies and advancing
precision geromedicine.

A pragmatic strategy in clinical practice would consist of the sys-
tematic use of routinely available haematological, urinary, and
biochemical data from individual adults to track parameter changes
across successive follow-up visits. Such an approach not only enables the
timely detection of emerging or progressive organ-related alterations
but also provides an evidence-based foundation for implementing life-
style interventions as the primary means of mitigation. Pharmacological
treatment, in turn, should be reserved for late and complex conditions in
which non-pharmacological measures prove insufficient, thereby rein-
forcing the principle of lifestyle modification as the first-line option.
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