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Abstract: With the global aging population, the impact of aging on various organ systems is becoming increasingly significant. The
gastrointestinal tract, a key site of immune activity and microbial colonization, undergoes functional decline that is closely associated
with a range of intestinal and systemic diseases. While aging-related fibrosis has been extensively studied in organs such as the lungs,
liver, heart, and kidneys, its role in intestinal fibrosis remains underexplored. This review discusses mechanisms by which aging may
promote or increase the risk of intestinal fibrosis, including immunosenescence, cellular senescence, gut microbiota dysbiosis, and
dysregulated growth factor signaling. Additionally, both traditional and emerging therapeutic strategies are summarized to guide future
interventions.
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Introduction

Aging is widely defined as a complex natural process involving a gradual decline in organismal function.' It is estimated
that the proportion of the global population aged 65 years and older will increase from 10% in 2022 to 16% in 2050, and
aging has become a major risk factor for multiple chronic diseases. In recent years, the molecular and cellular features of
aging have been progressively summarized into multiple “hallmarks of aging”. The twelve classical hallmarks include:
genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mito-
chondrial dysfunction, cellular senescence, stem cell exhaustion, altered intercellular communication, impaired autop-
hagy, chronic inflammation, and microecological dysregulation.? In 2025, researchers further proposed potential new
hallmarks such as extracellular matrix remodeling and psychosocial isolation, suggesting that aging is a multidimensional
process involving biological, environmental, and psychological interactions.® Notably, all of these hallmarks have been
linked to alterations in the alternative splicing (AS) process, indicating its central role in regulating age-associated
phenotypes®* Although these features provide a theoretical framework for understanding aging, the precise organ-
specific mechanisms and interconnections remain unclear, and effectively delaying aging-related diseases remains
a major challenge.’

The gastrointestinal tract is one of the most immunologically active organs in the human body and serves as a major
reservoir for complex microbial communities.® Its robust immune activity and continuous interactions with the gut
microbiota play a pivotal role in maintaining systemic homeostasis. With advancing age, the gastrointestinal system
undergoes significant changes, including compromised mucosal barrier function, alterations in microbial composition,
dysregulated immune responses, and persistent low-grade inflammation.” These age-related changes not only impair
intestinal function but also have widespread effects on overall health.

Studies have shown that fibrosis in organs such as the lungs, liver, heart, and kidneys increases significantly in the
elderly, and aging may contribute to fibrotic remodeling through shared underlying mechanisms.® In the gastrointestinal
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tract, aging-related symptoms such as constipation and reduced motility may be associated with structural changes and
fibrotic alterations. Moreover, intestinal fibrosis is commonly observed in patients with chronic inflammatory conditions,
such as inflammatory bowel disease (IBD). Notably, the aging gut shares several biological features with IBD—including
immune dysregulation, chronic inflammation, and dysbiosis—which may predispose older individuals to intestinal
fibrogenesis.”'® Thus, intestinal fibrosis could represent an important hallmark of both intestinal and overall aging,
highlighting the significance of understanding its mechanisms and treatment strategies. This review explores how aging
promotes intestinal fibrosis and discusses potential therapeutic approaches.

The Process of Intestinal Fibrosis
Under physiological conditions, tissue repair after intestinal injury proceeds through a tightly regulated and dynamic
sequence involving four overlapping phases: hemostasis, inflammation, proliferation, and remodeling.'" Initially, clot
formation prevents blood loss, while neutrophils and monocytes are recruited to eliminate pathogens and cellular debris,
forming the inflammatory response. During the proliferative phase, fibroblasts are activated to secrete type I and III
collagen and to support the formation of granulation tissue, while angiogenesis restores vascular supply to the injured
site. In the final remodeling phase, myofibroblasts, which emerge transiently to facilitate tissue contraction and ECM
remodeling, undergo apoptosis or revert to a quiescent state once re-epithelialization is complete. This resolution is
crucial for preventing excessive scarring and maintaining tissue homeostasis. Throughout this process, the extracellular
matrix (ECM) exists in a highly dynamic and tightly balanced state, constantly synthesized, degraded, and remodeled by
fibroblasts to meet the evolving demands of tissue recovery.'? Upon completion of repair, the inflammatory response
resolves, cellular activity subsides, and ECM composition returns to baseline, restoring tissue architecture and function.
However, when intestinal injury is chronic, recurrent, or unresolved—or when the wound healing response itself
becomes dysregulated—this orderly process fails. Structural reconstruction is impaired, and mesenchymal cells (includ-
ing fibroblasts, myofibroblasts, and smooth muscle cells) undergo transient or sustained expansion.'> These activated
cells continuously produce ECM components, and when ECM synthesis exceeds its degradation, excessive matrix
deposition ensues. This eventually leads to scarring, loss of function, and irreversible architectural disruption, marking
the transition from normal tissue repair to pathological intestinal fibrosis. Mechanistically, this process can be divided
into three major stages: initiating triggers, activation of myofibroblasts, and ECM accumulation.'*

Triggers

The process of intestinal fibrosis usually begins with the initiation of intestinal inflammation, which may be triggered by
intestinal damage due to infection, autoimmunity, mechanical injury, or other external factors. Intestinal cell death
triggers an inflammatory response that leads to destruction of the surrounding ECM.'> However, although fibrosis begins
with inflammation, once the fibrotic process has begun, inhibition of inflammation alone is not sufficient to control the
process.'® In a fibrotic mouse model of Salmonella typhimurium infection eradication of pathogens causing inflammation
did not prevent the fibrotic process from occurring,'” and the severity of inflammation was not associated with collagen
deposition,'® suggesting that although inflammation may be a prerequisite for triggering fibrosis, inflammation is not the
only driver of fibrotic progression, which also explains the limited efficacy of many anti-inflammatory therapeutic
agents. "'’

Activation of Myofibroblasts

In response to tissue injury, quiescent fibroblasts differentiate into myofibroblasts, a transitional phenotype between
fibroblasts and smooth muscle cells (SMCs). Myofibroblasts acquire contractile properties through the expression of
cytoskeletal proteins such as a-smooth muscle actin (a-SMA), facilitating wound contraction and tissue closure. In
parallel, they synthesize large amounts of extracellular matrix (ECM) components, particularly type I collagen, which
provide mechanical support, stabilize the myofibroblast phenotype, and contribute to tissue remodeling and force
transmission. >’

However, under conditions of chronic inflammation or repetitive injury, the normal wound healing process is

disrupted. Persistent exposure to proinflammatory cytokines, oxidative stress, cell death, and tissue hypoxia reshapes
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the local signaling microenvironment, ultimately shifting the tissue response from repair to fibrosis. Key cytokines such
as transforming growth factor-B (TGF-), interleukin-4 (IL-4), and interleukin-13 (IL-13) are upregulated in chronic
inflammatory settings and act through signaling pathways including Smad, STAT6, and PI3K/Akt to activate fibroblasts
and SMCs.?? These cells are thereby driven toward a myofibroblast phenotype, leading to excessive production of
collagen and fibronectin and the sustained activation of fibrotic processes. Moreover, during fibrosis progression,
myofibroblasts exhibit not only persistent activation and proliferation but also resistance to apoptosis. This apoptosis-
resistant phenotype enables their prolonged survival within tissues, contributing to excessive ECM accumulation and scar
formation, which eventually result in irreversible structural remodeling and organ dysfunction'? (Figure 1).

Deposition of ECM

Continuous ECM deposition leads to progressive intestinal fibrosis, causing structural remodeling and impaired gut
function. Matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) regulate ECM turnover. In fibrosis, an
imbalance between MMPs and TIMPs facilitates excessive ECM accumulation. Additionally, transforming growth
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Figure | Healthy gut: normal tissue repair. External factors such as infection, autoimmunity, or mechanical injury can cause intestinal injury, leading to epithelial disruption
and ECM degradation. Fibroblasts differentiate into activated myofibroblasts (a-SMA+), which secrete ECM proteins to promote wound healing and tissue repair. During
resolution, myofibroblasts undergo apoptosis or revert to a quiescent state, thereby restoring tissue homeostasis. In this process, epithelial-mesenchymal transition (EMT)—
where epithelial cells transiently acquire mesenchymal features—contributes to wound closure. Under normal physiological conditions, EMT is tightly regulated and does not
result in fibrosis. T cells are also involved in coordinating this repair process. A dynamic balance among different T cell subsets helps regulate inflammation, limit tissue
damage, and promote resolution. Together with microbiota homeostasis and controlled EMT, these immune interactions ensure effective repair without progression to
fibrosis.
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factor-beta (TGF-B) promotes ECM deposition by enhancing the contractile phenotype of mesenchymal cells, further
contributing to fibrotic stiffening. Mechanistically, progressive tissue stiffening reinforces a pathological positive feed-
back loop mediated by the Ras homolog family member A (RhoA)/Rho-associated coiled-coil-containing protein kinase
(ROCK)/myocardin-related transcription factor (MRTF) signaling pathway.>*** This axis enhances actomyosin contrac-
tility and sustains myofibroblast activation, thereby driving fibrotic progression. Specifically, increased matrix stiffness
and profibrotic stimuli such as TGF-B activate RhoA, which subsequently triggers ROCK. This promotes actin
polymerization and stress fiber formation, facilitating MRTF activation and nuclear translocation, ultimately leading to
enhanced transcription of profibrotic genes.*>*® Furthermore, persistent collagen accumulation results in chronic tissue
hypoxia. Elevated vascular endothelial growth factor (VEGF) expression promotes pathological neoangiogenesis, which
further exacerbates fibrotic remodeling and perpetuates disease progression.'?

Factors in the Aging Gut That Promote Fibrosis

Immunosenescence and Fibrosis

Macrophage Senescence

Macrophages play a pivotal role in intestinal tissue repair and homeostasis maintenance, particularly during the over-
lapping phases of inflammation, proliferation, and remodeling. Their functional plasticity is essential for preserving the
integrity of the intestinal microenvironment. Based on phenotypic characteristics, surface marker expression, and
cytokine secretion profiles, macrophages are broadly categorized into classically activated M1 (pro-inflammatory) and
alternatively activated M2 (anti-inflammatory) subsets.?” M1 macrophages are primarily engaged in the initiation of
inflammation and are characterized by high expression levels of inducible nitric oxide synthase (iNOS/NOS2), inter-
leukin (IL)-1B, IL-6, C-C motif chemokine ligand 5 (CCLS5), C-X-C motif chemokine ligand 9 (CXCL9), and matrix
metalloproteinase-9 (MMP9). These factors contribute to the disruption of epithelial tight junctions and the induction of
apoptosis, thereby amplifying mucosal inflammation.”®?° Moreover, M1 macrophages actively modulate extracellular
matrix (ECM) dynamics by regulating ECM turnover and MMP activity, thereby influencing tissue remodeling either
directly or indirectly. In the context of inflammatory bowel disease (IBD), particularly during active disease stages,
intestinal macrophages exhibit a pronounced shift toward the M1 phenotype. This polarization is accompanied by
activation of multiple pro-inflammatory pathways, including those mediated by Toll-like receptors, IL-8, interferon-y
(IFN-y), and tumor necrosis factor (TNF). Notably, upregulation of the triggering receptor expressed on myeloid cells 1
(TREM1) signaling pathway has been shown to promote fibroblast and myofibroblast proliferation, thereby exacerbating
intestinal fibrosis*® (Figure 2).

Aging further exacerbates this process. Several studies have demonstrated that aging does not significantly alter the
total number of macrophages in tissues such as the macula, skeletal muscle, and intestinal muscularis; however, it
induces a phenotypic shift from anti-inflammatory M2 macrophages toward a pro-inflammatory M1 phenotype, thereby
contributing to heightened tissue inflammation and fibrosis.>'** Senescent macrophages exhibit elevated expression of

senescence-associated p-galactosidase (SA-B-Gal), cyclin-dependent kinase inhibitor 2A (p16™4?

), and a typical senes-
cence-associated secretory phenotype (SASP). These alterations are believed to enhance fibrosis by promoting the
secretion of pro-inflammatory mediators and disrupting intercellular communication.**~** Notably, impaired crosstalk
between senescent macrophages and myofibroblasts may contribute to insufficient tissue repair and further drive fibrotic
progression.>® These findings suggest that age-related changes in macrophage phenotype and function are critical factors
in the pathogenesis of fibrosis in aging tissues.

Although M2 macrophages are traditionally considered to have anti-inflammatory and tissue repair functions,
increasing evidence suggests that they may play a dual role in fibrosis. M2 macrophages, through the secretion of
cytokines like TGF-p and PDGF, not only promote tissue regeneration but also activate fibroblasts and induce the
differentiation of myofibroblasts, thereby driving fibrosis progression.>® Further studies found that M2 type can
differentiate into functionally distinct subtypes, among which M2a and M2c are closely related to fibrosis. For instance,

M2a macrophages have been found to promote collagen deposition in kidney fibrosis through the “macrophage-to-
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Figure 2 Aging Gut: Fibrosis. Chronic inflammation caused by pathogens, immune imbalance, or persistent injury drives abnormal proliferation and activation of fibroblasts,
leading to excessive extracellular matrix (ECM) deposition and fibrosis. Senescent T cells release profibrotic cytokines (TGF-B, IL-4, IL-13), while neutrophils produce
reactive oxygen species (ROS), enhancing oxidative stress and tissue damage. Together, they promote myofibroblast activation and ECM accumulation. Macrophages also play
dual roles: M| macrophages secrete IFN-y, TNF, and IL-8 to amplify inflammation, whereas M2 macrophages, though typically linked to repair, may under chronic conditions
release TGF-B and sustain fibrosis. Epithelial barrier disruption and bacterial translocation further aggravate mucosal injury, ultimately shifting the gut from normal repair
toward irreversible fibrosis.

myofibroblast transition” (MMT) mechanism.?” Similar phenomena have been observed in fibrosis in the lungs, heart,
and skin, with the infiltration of M2 macrophages correlating with the severity of the disease.*®

In intestinal fibrosis, studies have shown that in the TNBS-induced rat colitis model, the stenotic regions contain
a high density of CD163+, CD206+, and arginase-positive M2 macrophages. These cells promote excessive proliferation
of intestinal smooth muscle cells by secreting TGF-B1 and enhance their survival under hypoxic conditions.>® Similar
findings have been observed in Crohn’s disease (CD) patients. Moreover, compared to newly diagnosed patients, these
fibrosis-promoting M2 macrophages are more abundant in chronic CD patients, indicating that they not only persist in
inflamed tissues but also accumulate further as the inflammation becomes chronic.***! However, the role of M2
macrophages in intestinal fibrosis is not always consistent. For instance, in a DSS-induced colitis model, although M2
macrophages contribute to fibrosis progression, exosomes derived from the exosomes derived from M2b macrophages
have been shown to reduce the severity of colitis and promote mucosal healing.**** Despite these observations, the
precise mechanisms underlying the role of M2 macrophages in intestinal fibrosis remain unclear, and further studies are
needed to delineate how different subtypes and the microenvironment modulate the fibrosis process.**

T-Lymphocyte Senescence

T lymphocytes are central leukocytes of the immune system and play a pivotal role in adaptive immune responses,
encompassing various T helper (Th) cell subsets such as Thl, Th2, and Th17, as well as regulatory T cells (Tregs), and
coordinating functions with B cells. Thl cells produce interferon-gamma (IFN-y), which exerts a dual role in
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inflammation regulation and tissue repair. Recent studies have revealed that, although IFN-y is a key pro-inflammatory
cytokine, it can exert broad anti-fibrotic effects in chronic fibrotic environments by downregulating TGF-f and its
downstream connective tissue growth factor (CTGF), upregulating indoleamine 2,3-dioxygenase 1 (IDO-1), and improv-
ing the immune microenvironment, with evidence across the kidney, lung, liver, and intestine.**~*® Th1-deficient murine
models exhibit exacerbated fibrosis following abdominal irradiation, which is closely associated with markedly reduced
expression of the hallmark Thl cytokine IFN-y, further confirming its critical role in intestinal anti-fibrotic responses.*’
In contrast to Thl cells, Th2 and Th17 cells are generally considered pro-fibrotic. Th2 cells regulate Thl cell-derived
IFN-y expression and promote the secretion of cytokines such as IL-4, IL-5, and IL-13, driving type 2 immune responses
and contributing to fibrosis in multiple organs, including the lungs and heart.’®>* Th17 cells additionally promote
fibroblast activation, enhance TGF-B1 expression, and drive myofibroblast differentiation through the secretion of
inflammatory mediators such as IL-17, thereby exacerbating tissue remodeling and extracellular matrix (ECM) deposi-
tion under chronic inflammatory conditions.”® Tregs, as negative regulators of immune responses, typically mitigate
inflammation and tissue damage through upregulation of Foxp3 and IL-10 and suppression of Thl7-mediated IL-
17 secretion, exerting anti-fibrotic effects.”> However, recent evidence indicates that under TGF-p stimulation, Tregs
can secrete Amphiregulin (AREG), promoting fibroblast proliferation and matrix deposition, suggesting a potential pro-
fibrotic role in specific inflammatory or tissue repair contexts.>*

With aging, the diversity and functionality of the T cell repertoire gradually decline, impairing the clearance of
damaged cells and maintenance of mucosal homeostasis.”® Tregs are particularly prone to senescence compared with
effector T cells, with a KLRG1+ Treg subset accumulating significantly in elderly humans and mice, exhibiting
mitochondrial dysfunction, DNA damage accumulation, and impaired suppressive capacity, thereby representing key
mediators of “inflammaging” and fibrosis progression.’® Moreover, senescent T cells persistently secrete IFN-y and TNF,
activating senescence-associated signaling pathways and promoting Th17 and certain Thl-like cytokine expression,
exacerbating tissue injury in chronic inflammatory environments.>> Enhanced Thl-like pro-inflammatory cytokines have
been confirmed in the intestines of aged rhesus macaques, and pathogenic gut microbiota can further drive fibrosis by
augmenting Th1/Th17 responses.**>” Furthermore, a subset of GZMK+ CD8+ T cells (Taa cells) accumulates with age,
amplifying fibroblast senescence-associated secretory phenotype (SASP) responses—such as increased IL-6, CCL2, and
CXCL1 secretion—via persistent Granzyme K production, thereby exacerbating tissue inflammation and injury and
acting as a crucial driver of age-related disease progression.’® Collectively, T cells exhibit marked subset- and context-
dependent roles in fibrosis, and the loss of immune homeostasis and sustained inflammatory activation during aging
represents a critical mechanism driving intestinal fibrogenesis.

Neutrophil Senescence

Neutrophils play both a destructive and protective role in wound healing. When the intestinal epithelial barrier is
compromised, neutrophils are the first immune cells to respond quickly, arriving at the scene of injury to remove tissue
debris and destroy invading microbes.”® However, with age, increased levels of pro-inflammatory cytokines such as
TNF-a, IL-1B, and IL-6 prolong the life span of neutrophils. Neutrophils that cannot be cleared in a timely manner
exacerbate the inflammatory response in tissues by secreting large amounts of matrix metalloproteinase-9 (MMP-9) to
disrupt epithelial cell-to-cell adhesion and releasing microRNAs such as miR-23a and miR-155 to promote DNA double-
strand breaks and impede colonic healing.®® In addition, senescent neutrophils exhibit impaired microbial killing, and
their chemotactic response is particularly reduced following priming with granulocyte-macrophage colony-stimulating
factor (GM-CSF), which normally enhances neutrophil activation and effector functions.®' These age-related changes not
only diminish their role in wound healing, but also lead to prolonged inflammation and fibroblast overactivation, which
promotes intestinal fibrosis.

Potential Link Between Cellular Senescence, Oxidative Stress, Autophagy, and Fibrosis
In recent years, cellular senescence has emerged as a critical factor contributing to tissue homeostasis imbalance.
Oxidative stress, as an important marker of cellular senescence, is particularly prominent in aged intestinal tissues.®
With advancing age, the decline in antioxidant defense mechanisms leads to excessive accumulation of reactive oxygen
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species (ROS), which in turn induces oxidative stress and causes damage to nucleic acids, proteins, and lipids.*®> ROS
activate key inflammatory signaling pathways, such as NF-xB and AP-1, thereby enhancing the expression of pro-
inflammatory cytokines like TNF-a, disrupting the intestinal epithelial barrier, and triggering chronic inflammation and
tissue injury.®* Especially in patients with IBD and ulcerative colitis, NF-kB activity was significantly enhanced and
correlated with elevated peroxidase levels, suggesting that oxidative stress plays an important role in intestinal
inflammation.®> 7 Furthermore, ROS have been shown to induce the expression of NADPH oxidase in macrophages,
amplifying the inflammatory response. Animal studies have demonstrated that inhibition of ROS production alleviates
colitis symptoms, suggesting that ROS are key mediators in the development of intestinal fibrosis.®®*** These findings
underscore the pivotal role of oxidative stress in aging-related intestinal pathology and provide a rationale for the
development of antioxidant-based therapeutic strategies.

Autophagy, a key mechanism for cellular degradation and metabolic recycling, plays a crucial role in maintaining the
intestinal epithelial barrier and suppressing inflammatory responses. In aging individuals, sustained activation of TGF-f
signaling has been shown to inhibit autophagy pathways, particularly through upregulation of mTORCI1 signaling, which
interferes with the expression and function of essential autophagy-related genes such as ATGS, ATG7, and ATGI6L1,
ultimately leading to reduced autophagic activity.”® Studies have demonstrated that impaired autophagy results in
persistent secretion of pro-inflammatory cytokines such as IL-1f, enhanced epithelial cell apoptosis, and compromised
barrier integrity.”""”> These changes promote activation of myofibroblasts and excessive extracellular matrix (ECM)
deposition, thereby exacerbating fibrosis. In patients with enteric strictures associated with celiac disease, increased
frequencies of ATG16L1 mutations have been reported, suggesting a potential direct link between autophagy deficiency
and intestinal fibrosis in humans.”®> Animal studies further support this association, as autophagy activators such as
rapamycin have been shown to restore fibroblast autophagic activity by inhibiting mTORCI signaling, significantly
attenuating colonic fibrosis.”* These findings highlight the pathological relevance of autophagy dysfunction in aging-
associated intestinal fibrosis and support its therapeutic potential.

Gut Microbial Changes Accompanying Aging

The human gastrointestinal tract harbors approximately 100 trillion microorganisms, which play a crucial role in host
immunity, metabolism, and nutrient absorption.”> The intestinal microbiota is mainly composed of Firmicutes,
Bacteroidetes, Actinobacteria, and Verrucomicrobia, maintaining a dynamic equilibrium that preserves intestinal home-
ostasis in healthy individuals.”® However, this balance can be disrupted by pathogenic factors, leading to dysbiosis that
adversely affects health, making the maintenance of a balanced gut microbiota essential for overall health and disease
prevention.”” The role of the gut microbiome in the pathogenesis of intestinal fibrosis is now being progressively
revealed, and evidence has been found in the aging gut.

We have summarized the role of gut microbes in intestinal fibrosis into the following three points: 1) increase in pro-
inflammatory microbiota 2) alteration of gut microbial metabolites, and 3) impaired intestinal barrier function. An
increased abundance of pro-inflammatory bacterial taxa from the Enterobacteriaceae family, such as adherent-invasive
Escherichia coli (AIEC) and Salmonella Typhimurium, has been observed in both patients with inflammatory bowel
disease (IBD) and mouse models of intestinal fibrosis.”® These changes were accompanied by elevated levels of type I/III
collagen expression and significantly enhanced expression of pro-fibrotic mediators such as TGF-B1, connective tissue
growth factor (CTGF) and insulin-like growth factor I (IGF-I).”” These pro-inflammatory microbiotas trigger an
inflammatory response through activation of Toll-like receptor 4 (TLR4), particularly enhancing the response of Thl
and Th17 cells, leading to excessive deposition of ECM, which in turn causes severe and persistent intestinal fibrosis.’
IL-6 and IL-1p are critical cytokines involved in the progression of inflammatory diseases, and their levels in plasma and
intestinal mucosal tissues are significantly elevated in patients with intestinal fibrosis compared to healthy individuals or
patients without intestinal mucosal lesions. IL-6 activates the JAK/STAT3 signaling pathway via both classical signaling
(membrane-bound IL-6R/gp130) and trans-signaling (soluble IL-6R/gp130), thereby promoting the differentiation of
Th17 cells and the release of pro-inflammatory factors such as IL-17 and TNF-a, exacerbating intestinal barrier
disruption.®® IL-1p intensifies the inflammatory response through the NF-kB pathway, induces epithelial cell apoptosis
and degradation of tight junction proteins, further impairing barrier function, and stimulates TGF-f secretion, which
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promotes myofibroblast activation and excessive extracellular matrix (ECM) accumulation. Additionally, studies have
confirmed that blockade of IL-1f receptor signaling can reduce the risk of developing inflammatory bowel disease (IBD)
and intestinal fibrosis.®'

Changes in gut microbiota composition also impact microbial metabolite production. In IBD patients, the abundance
of Firmicutes—particularly Faecalibacterium prausnitzii—and Bacteroidetes is significantly reduced. These bacterial
groups constitute over 90% of the gut microbiota and are major producers of short-chain fatty acids (SCFAs), including
acetate, propionate, and butyrate.®® SCFAs, the most abundant microbial-derived metabolites in the intestinal lumen, play
a critical role in maintaining gut homeostasis. They regulate gene expression by activating G protein-coupled receptors
(GPCRs) and inhibiting histone deacetylases (HDACs), thereby suppressing intestinal inflammation, preventing pathogen
invasion, and preserving barrier integrity.*> Among SCFAs, butyrate is particularly important, as it enhances mucosal
barrier function by promoting Treg differentiation and modulating Th cell responses in both in vitro and in vivo studies.
This regulatory effect helps control immune activation and limits excessive inflammatory responses in the intestinal
mucosa.®

The intestinal epithelial barrier, maintained by intestinal epithelial cells (IECs), acts as a primary defense mechanism
by separating gut microbiota from host immune cells and regulating intestinal permeability. A loss of microbial diversity
weakens this barrier, impairing its ability to prevent pathogen translocation and triggering chronic inflammation and
immune activation.®® Persistent inflammation is a major driver of intestinal fibrosis, and prolonged exposure to
inflammatory mediators further accelerates fibrotic remodeling. Additionally, mucosal immune dysfunction contributes
to an overgrowth of potentially pathogenic Gram-negative bacteria and alters microbial metabolic pathways. Bacterial
lipopolysaccharide (LPS) as a key endotoxin in the cell wall of Gram-negative bacteria, has been shown to activate
intestinal fibroblasts via the NF-kB signaling pathway, disrupt epithelial integrity, and enhance collagen contraction, all
of which contribute to the progression of intestinal fibrosis.*®

The aging gut microbiota exhibits similar patterns of microbial alterations as those observed in disease-associated
dysbiosis.*”*® Key characteristics of these changes include a decline in bacterial diversity and a reduced abundance of
core commensal bacteria, such as Bacteroidetes, Bacillus thuringiensis, and Bifidobacterium. Concurrently, there is
a significant increase in potentially pathogenic bacteria, including Escherichia, Salmonella, Yersinia, Desulfovibrio,
Helicobacter pylori, Clostridium, and Ruminococcaceae, all of which are notably less abundant in healthy young
individuals.***' When these opportunistic bacteria proliferate uncontrollably, they can trigger chronic inflammation
and contribute to the onset of age-related diseases. Even in the absence of overt infection, aging is associated with
elevated levels of pro-inflammatory cytokines, particularly IL-6 and TNF-a, in the serum, indicating a persistent state of
low-grade systemic inflammation.”? Decreased levels of SCFA, especially age-related reduction in butyrate production,
are a contributing factor to increased intestinal permeability and intestinal inflammation. Decreased mucin secretion and
decreased expression of the tight junction proteins zonulin and occludin were observed in the intestinal epithelium of
aged animals, suggesting that the aging intestinal mucosal barrier function is reduced, allowing microorganisms to
translocate to deeper intestinal layers.”> Huang et al improved intestinal barrier function in elderly individuals by
enhancing beneficial gut microbiota abundance, including Bacteroidaceae, Prevotellaceae, Coprobacillaceae, and
Faecalibacterium. These beneficial bacteria produce SCFAs, such as acetate, propionate, and butyrate, thus reducing pro-
inflammatory cytokines including IL-1p, IL-6, and TNF-a, enhancing antioxidant capacity, and maintaining intestinal
homeostasis through metabolic pathways such as butyrate-derived GABA.** In addition, high levels of LPS are released,
further activating pro-inflammatory signaling pathways that perpetuate inflammation. This progressive disruption of the
intestinal barrier is a key factor in the pathogenesis of chronic inflammation and fibrosis.”> Conway et al found that
increased intestinal barrier permeability in elderly individuals is significantly associated with thymic involution and T cell
aging, suggesting that changes in the intestinal microenvironment also accelerate tissue fibrosis through immune
pathways.”® In conclusion, Aging-induced gut microbiota dysbiosis, metabolic alterations, and barrier dysfunction create
a pro-inflammatory environment that increases intestinal permeability and promotes chronic inflammation. These
changes cumulatively contribute to the development of intestinal fibrosis, establishing a mechanistic link between
microbial aging and fibrotic progression (Figure 3).

2184  hes Clinical Interventions in Aging 2025:20



Shi et al

A

Escherichia
Imbalance in the composition D Salmonella
of the microbiota Yersinia

Desulfovibrio
Helicobacter pylori
Vibrio

Firmicutes
Bifidobacteria

\4
S ly

)

X

~ ~ ~
y

I/J ¢

(4)
Decreased Destruction of
production the mucosal

of butyrate barrier

Production of
TGF-B, CTGF,
and IGF-|

Activation of the

ot NF-kB pathway
(2) - .
Differentiation J PO
and proliferation ® 9, 9, .‘ °
of Th1 and Th17 - °
Endotoxin

cells Disordered Treg-cell differentiation
and uncontrolled Th-cell responses

Figure 3 Changes in microbial species and abundance in the aging gut. In the aging gut, a reduced abundance of probiotics (blue arrow) and an expansion of harmful bacteria
(yellow arrow) promote intestinal fibrosis through several mechanisms: (I) enhanced expression of various growth factors, including TGF-B, CTGF, and IGF-I, by pro-
inflammatory microbiota; (2) overproliferation of THI and THI7 cells induced by pathogenic bacteria, leading to excessive ECM deposition; (3) decreased production of
intestinal metabolites such as short-chain fatty acids (SCFAs), which impairs the regulatory functions of Treg and Th cells and results in mucosal immune dysregulation and
persistent inflammation; and (4) disruption of the mucosal barrier, allowing bacterial translocation and endotoxin leakage, which further damage the intestinal mucosa and
activate fibroblasts, promoting fibrosis progression.

Growth Factors Produced by Senescence

Transforming growth factor-beta (TGF-B) is a key driver of fibrosis and is primarily produced by macrophages. It has
three subtypes: TGF-B1, TGF-B2, and TGF-f3, each playing distinct roles in tissue remodeling. Among them, TGF-f/
Smad signaling is considered one of the most critical pathways in organ fibrosis, as it regulates myofibroblast prolifera-
tion, fibroblast-to-myofibroblast transition, and epithelial-mesenchymal transition (EMT). Additionally, TGF-B can
activate alternative signaling pathways, including the extracellular regulated protein kinase (ERK), phosphatidylinositol
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3-kinase/protein kinase B (PI3K/AKT), and WNT signaling pathways,” influencing cell proliferation, migration,
inflammation, and ECM deposition.

The underlying mechanisms are as follows: First, the balance between matrix metalloproteinases (MMPs) and tissue inhibitors
of metalloproteinases (TIMPs) is crucial for ECM homeostasis. MMP activity is tightly controlled by TIMPs.”” TGF-B1 and TGF-
B2 promote fibrosis by stimulating collagen synthesis and upregulating TIMPs, thereby reducing collagen degradation. In
contrast, exogenous TGF-B3 has been shown to reduce collagen deposition, exhibiting antifibrotic properties.”® Second, the
peroxisome proliferator-activated receptor-y (PPAR-y) functions as an important antifibrosis pathway by regulating connective
tissue fiber formation and the activation, differentiation, and survival of mesenchymal cells.”” PPAR-y inhibits pro-inflammatory
cytokines such as IL-4, IL-5, and IL-6, while also suppressing profibrotic mediators including platelet-derived growth factor
(PDGF), IL-1, and TGF-B.'® Although PPAR-y has demonstrated antifibrotic and anti-inflammatory effects in the liver, lung,
heart, kidney, and skin, its role in intestinal fibrosis remains poorly understood. Notably, the TGF-} system negatively regulates
PPAR-y, thereby reinforcing the fibrotic process.'®! Third, the WNT/B-catenin signaling pathway is a key regulator of cell
proliferation, metabolism, apoptosis, and EMT.'® During fibrosis, WNT signaling promotes excessive ECM deposition by
inhibiting PPAR-y activity and stimulating fibroblast-driven ECM synthesis. Activation of WNT signaling has been observed in
multiple fibrotic conditions, including those affecting the liver, skin, lung, kidney, and heart.'®"'%* Specifically, Wnt-1-induced
signaling protein 1 (WISP-1) has been shown to stimulate type II alveolar epithelial cell (ATII) proliferation in the lungs and
activate hepatic stellate cells, both of which drive ECM accumulation. These findings highlight the WNT/B-catenin pathway as
a major contributor to tissue fibrosis and suggest its potential role in aging-related fibrosis. Additionally, TGF-B signaling
enhances WNT/B-catenin activation, further amplifying fibrosis progression.'®' Fourth, TGF-B promotes myofibroblast survival
and resistance to apoptosis by activating FAK-PI3K-AKT and p38 MAPK pathways. This allows myofibroblasts to persist and
continuously deposit ECM, thereby exacerbating fibrosis. Age-related increases in TGF-B1 levels have been demonstrated in
mouse and human serum, and inhibition of overactive TGF-B1 attenuates the development of multiorgan fibrosis.'°® However,
data on the specific roles of TGF-f1, TGF-B2, and TGF-3 in aging intestinal tissues remain limited. Further studies are needed to
elucidate their unique roles in age-related intestinal fibrosis.

Current Medications for the Treatment of Intestinal Fibrosis

Conventional Therapy

At present, the treatment of intestinal fibrosis mainly includes drugs and surgical treatment. Commonly used drugs in the clinic
primarily include anti-inflammatory drugs, such as 5-aminosalicylic acid (5-ASA) and glucocorticoids. The mechanism involves
reducing the synthesis of prostaglandins; inhibiting the production of proinflammatory cytokines, oxygen free radicals, and
lipoxygenase; blocking neutrophil chemotaxis and mast cell activation; and damaging the activation of the nuclear factor NF-xB

109 110,111 and tacrolimusllZ,llS

in immune cells.'”” The immunosuppressive agents azathioprine,'® methotrexate, cyclosporine,
block the formation and repair of nucleic acids, reduce the activation of the innate immune system, induce the apoptosis of cells in
the adaptive immune system, and reduce the attack of immune cells on intestinal tissue, thereby alleviating the symptoms of
fibrosis. Antifibrotic agents, such as pirfenidone (PFD) and nintedanib, exert synergistic inhibitory effects on fibrosis through
multi-target mechanisms. Their core action involves blocking the canonical TGF-B/Smad pathway, inhibiting Smad phosphor-
ylation and nuclear translocation, and downregulating key profibrotic genes such as COL1A1 and a-SMA, thereby reducing ECM
synthesis.'"*'"> Meanwhile, these agents suppress myofibroblast activation and proliferation and induce apoptosis, decreasing the
primary source of ECM."'® In addition, PFD has been shown to regulate the Wnt/GSK-3p/p-catenin and TGF-p1/Smad2/3
signaling pathways, inhibiting epithelial-mesenchymal transition (EMT) and fibroblast-mediated fibrogenesis.''”-''®
Furthermore, PFD can target and inversely modulate collagen triple helix repeat containing-1 (CTHRCI1), thereby further
suppressing TGF-p1-induced fibroblast activation.'' Since the pathogenesis of intestinal fibrosis is complex and varied and
the condition varies greatly among different patients, it is often difficult to achieve ideal results with single-drug therapy, and the
long-term use of drugs may lead to problems such as drug resistance and side effects, which may further affect therapeutic
efficacy. Therefore, it is necessary to explore new drug types and therapeutic methods for treating intestinal fibrosis in the future to

improve therapeutic efficacy and patients’ quality of life.
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Potential Anti-Fibrosis Treatments

Antioxidant and Anti-Inflammatory Agents

The application of antioxidants in the treatment of intestinal fibrosis represents a frontier area of research. The antioxidative effects
of statins (eg, rosuvastatin), angiotensin-converting enzyme inhibitors (ACEIs), melatonin (MEL), and other agents have been
demonstrated in animal models of colitis. For instance, in a dextran sulfate sodium (DSS)-induced colitis model, rosuvastatin
markedly attenuated oxidative stress, inflammation, and apoptosis, suggesting its antioxidant, anti-inflammatory, and anti-
apoptotic properties.'*® Similarly, ACEIs'*' and MEL'** have also exhibited antioxidative effects. In addition, epidemiological
and experimental data have shown that a diet rich in polyphenols can alleviate disease progression.'*> As natural polyphenols, the
effects of resveratrol (RSV) and curcumin on ROS production may involve the direct scavenging of free radicals or the modulation
of NADPH oxidase activation.'** In a rat model of Crohn’s disease, Rahal et al reported that resveratrol can reduce the levels of
inflammatory cytokines and TGF-1 and showed the potential to inhibit tissue fibrosis by activating SIRT-1 and downregulating
NF-kB activation.'*>'** Meng et al reported that curcumin can inhibit ROS production through the TLR4-MAPK/NF-kB
pathway, thereby reducing LPS-induced vascular smooth muscle cell inflammation.'?” Epstein et al used curcumin to treat the
colon tissue cells of IBD patients. They reported that the activation of the p38 MAPK pathway was inhibited, the expression of IL-
1B and matrix metalloproteinase 3 (MMP-3) decreased, and the expression of IL-10 increased, with anti-inflammatory
properties.'*® In addition, berberine, a medicinal plant, is commonly used to treat gastrointestinal diseases. Berberine effectively
reduced the expression of NADPH oxidase, a key enzyme in cellular ROS production; lowered free radical levels; increased the
activities of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx);
restored cellular redox balance; and thereby reduced lipid peroxidation and DNA damage.'?® In a Phase 1 clinical trial of berberine
in the treatment of patients with ulcerative colitis, berberine was shown to potentiate the anti-inflammatory effects of mesalazine in

colonic tissues.'*°

Mesenchymal Stem Cell Therapy

Current studies have highlighted the multifaceted therapeutic potential of mesenchymal stem cells (MSCs) in intestinal fibrosis.
MSCs may exert anti-fibrotic effects via multiple mechanisms, including modulation of immunity, restoration of the intestinal
barrier, regulation of gut microbiota, and suppression of fibroblast activation. In IBD models, bone marrow-derived MSCs reduce
collagen deposition and epithelial-mesenchymal transition (EMT), downregulate pro-fibrotic cytokines IL-1f, IL-6, and IL-13,
upregulate anti-fibrotic IL-10, and suppress pro-inflammatory gene expression in macrophages and ERK phosphorylation in
neutrophils, thereby alleviating colitis and mitigating fibrosis.””'*' MSCs also protect and repair the intestinal barrier, with
umbilical cord-derived MSCs (UC-MSCs) enhancing tight junction proteins such as occludin, downregulating LC3A/B, and
upregulating VEGF-A and VEGFR-1, strengthening barrier integrity and reducing colitis severity and mortality.'**'??
Additionally, MSCs may exert indirect anti-fibrotic effects by modulating gut microbiota and metabolism; in TNBS-induced
colitis mice, UC-MSCs restore microbiota a-diversity, reverse dysbiosis (eg, increasing Bacteroidetes/Firmicutes ratio and
decreasing Proteobacteria), and regulate sulfur metabolism, amino acid, and bile acid synthesis.'** Importantly, MSCs directly
suppress fibroblast activation and fibrogenesis, largely mediated by their secretome. Conditioned medium (CM) derived from
umbilical cord-and placenta-derived MSCs (UC/PL-MSCs) significantly inhibits TGF-B1-induced activation of human primary
intestinal myofibroblasts (HIMFs) by reducing collagen synthesis, downregulating a-SMA, and blocking the Rho/MRTF/SRF
pathway.135 MSCs may also secrete hepatocyte growth factor (HGF) and tumor necrosis factor-stimulated gene 6 (TSG-6) to
modulate extracellular matrix (ECM) remodeling and downregulate pro-fibrotic gene expression,'*® a mechanism also reported in

liver and lung fibrosis.'>”3

Microbial Therapy

Fecal Microbial Transplantation (FMT)

FMT uses a variety of techniques and models to collect feces from healthy donors and transfer them to the patient’s
gastrointestinal tract (GI) through colonoscopy, a nasogastric tube, or an enema, refilling the intestinal tract with healthy
microbiota to restore the intestinal flora balance. FMT has been shown to be very effective in the treatment of recurrent
C. difficile infection, with an effective rate of more than 80%.'3*'*® A meta-analysis revealed that the clinical remission
rate of FMT for the treatment of ulcerative colitis was 36%, that of Crohn’s disease was 50.5%, and that of colitis was
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21.5%."*" This range is similar to that of many currently approved biological therapies widely used for ulcerative
colitis."** Owing to the chronic changes in the microbiome of IBD patients, repeated FMT may be needed. In a UC
treatment study, 32% of participants who received FMT treatment achieved clinical remission at 8 weeks, and patients
who received more FMT infusions were more likely to achieve remission.'** Although FMT has not been specifically
used for patients with fibrosis, limited evidence shows the potential of FMT in the treatment of IBD patients. At present,
the research scope of FMT, including the mode of administration, dosage, donor selection, and safety, is not wide enough.

Probiotic Therapy

Compared with FMT, probiotic therapy regulates the intestinal flora by adding “healthy” probiotics to the flora.'* The mechanism
by which probiotics maintain intestinal stability mainly includes improving intestinal barrier function, regulating glucose and lipid
metabolism, and altering intestinal thickness.'* Studies have shown that germ-free mice can maintain a more intact intestinal
barrier, mitigate thymic atrophy, and reduce the impact of aging on the immune system. These findings suggest that modulating
the gut microbiota may be a potential strategy to improve immunosenescence and alleviate intestinal fibrosis.”® Scott et al
developed yeast-based engineered probiotics that can sense proinflammatory molecules and self-regulate the proportion of
engineered yeast probiotics, which has been shown to inhibit intestinal inflammation in IBD mouse models and reduce intestinal
fibrosis and ecological disorders.*® Kiihbacher et al reported that VSL#3, a probiotic preparation mixed with lactic acid bacteria,
Bifidobacterium, and Streptococcus salivarius, can increase the total number of intestinal bacterial cells and the richness and
diversity of the bacterial microbiota (especially the anaerobic microbiota) and inhibit the diversity of fungi.'*” This probiotic
preparation has shown some benefit in treating remission in patients with mild to moderate UC by increasing the number of
mucosal regulatory T lymphocytes and decreasing the expression of the proinflammatory cytokine IL-1b mRNA. In addition,
E. faecalis prausnitzii has anti-inflammatory properties due to its ability to produce butyrate, and its metabolites have been widely
noted to prevent colitis in mice by blocking the activation of the nuclear factor k-chain enhancer of activated B cells (NF-kB) and
the production of IL-8. In patients with celiac disease, the abundance of this anti-inflammatory thick-walled bacterium is low and
is associated with an increased risk of postoperative ileal disease recurrence.'** Low levels of Faecalibacterium prausnitzii in feces
are thought to predict CD recurrence in patients in remission. Probiotics, prebiotics, and synthetic bacteria have been used to
supplement anti-inflammatory bacteria and their substrates.'*® At present, probiotics have shown potential in the treatment of
fibrosis in the kidney, lung and liver. However, considering that the microbiomes of individuals are very different, a single
classification standard and probiotic formula is unlikely to be applicable to everyone, and further exploration is needed (Table 1).

Table | Therapeutic Strategies and Mechanisms in the Management of Intestinal Fibrosis

Antioxidants

Resveratrol, Curcumin, Berberine,
Melatonin, Statins, ACE inhibitors

Faecalibacterium, Bifidobacterium)

ECM deposition
Scavenge ROS; inhibit NADPH oxidase, reduce oxidative

stress-induced inflammation and fibrosis

pro-inflammatory signaling pathways

Category Representative Agents or Main Mechanism Reference
Approaches
Conventional | 5-ASA, Glucocorticoids Anti-inflammatory; inhibits prostaglandin synthesis, NF- [107]
Therapy kB activity, and neutrophil activation
Azathioprine, Methotrexate, Immunosuppression; inhibits nucleic acid synthesis and [108-113]
Cyclosporine A, Tacrolimus immune cell activation
Pirfenidone, Nintedanib Anti-fibrotic; blocks TGF-f/Smad signaling and reduces [114-118,150]

[121,122,124,127,129,151]

Mesenchymal Bone marrow- or umbilical cord- Immune modulation; reduce inflammatory cytokines, [79,132,133]
Stem Cells derived MSCs repair epithelial barrier, decrease collagen
Microbial Fecal Microbiota Transplantation Restores gut microbiota balance; reduces pro- [141,142]
Therapy (FMT) inflammatory bacteria and increases SCFA production

Probiotics (eg, VSL#3, Enhance barrier function, modulate immunity, suppress [146—148]
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Discussion

As the global population ages, the impact of aging on various health conditions, including intestinal fibrosis, is receiving
increasing attention. While direct evidence linking aging to intestinal fibrosis remains limited, the biological character-
istics of the aging gut suggest that aging may elevate the risk of developing intestinal fibrosis. The apoptosis of immune
cells, impaired intestinal barrier function, microenvironmental alterations, oxidative stress, chronic inflammation, and
insufficient autophagy observed during aging may all contribute to this heightened risk. Intestinal fibrosis, characterized
by abnormal proliferation of fibrous tissue, is influenced by several factors, with TGF-f being a critical mediator. TGF-3
promotes fibrosis by modulating the balance of MMPs and TIMPs, as well as through pathways such as PPARy and
WNT/B-catenin. Conventional treatments for fibrosis are often limited by side effects and drug resistance, whereas
emerging therapies, including antioxidant treatments, mesenchymal stem cell therapy, and microbiota-based interven-
tions, offer promising alternative strategies. A comprehensive understanding of the molecular mechanisms linking aging
and intestinal fibrosis is essential for developing effective preventive and therapeutic approaches in the future.
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