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Abstract

Alcohol-related liver disease (ALD) poses a significant global health burden, driven by com-
plex mechanisms including oxidative stress, inflammation, and gut-liver axis disruption.
While the individual roles of gut microbiota dysbiosis and ageing in ALD pathogenesis
are increasingly recognized, their synergistic interaction remains poorly understood. This
review synthesizes current evidence to argue that there is an interaction between ageing
and the gut microbiota that collectively amplifies progression of ALD. Specifically, ageing
promotes gut dysbiosis through immunosenescence (e.g., reduced IgA diversification and
antimicrobial peptide decline), intestinal barrier failure, and altered microbial metabolite
profiles (e.g., decreased short-chain fatty acids and dysregulated bile acid metabolism).
Conversely, dysbiosis-derived metabolites and endotoxins modulate ageing-related sig-
naling pathways, including SIRT1, FOXO, and Nrf2, thereby accelerating hepatic cellular
senescence, inflammation, and fibrogenesis. Furthermore, we also discussed the typical
microbial changes in ALD. These include an increase in the Proteobacteria, a decrease in
the Bacteroidetes, as well as imbalances in fungi and viruses. In ageing, similar but distinct
shifts occur, such as reduced microbial diversity, decreased short-chain fatty acid producers,
and increased intestinal permeability. Therapeutic strategies targeting the gut microbiota
(probiotics, fecal microbiota transplantation) or ageing-related pathways (SIRT1 activators)
hold promise. Future research priorities include validating ageing-associated microbial
signatures as predictors of ALD progression and testing microbiota-targeted interventions
in aged preclinical models. Collectively, this review identifies the microbiota—ageing axis
as a tractable therapeutic target for ALD and provides a framework for future mechanistic
and translational studies.

Keywords: alcohol-related liver disease; gut-liver axis; dysbiosis

1. Introduction

Alcohol-related liver disease (ALD) represents a spectrum of hepatic injury induced by
excessive alcohol consumption, progressing from simple steatosis and alcoholic hepatitis
to advanced fibrosis, cirrhosis, and ultimately liver failure [1,2]. ALD causes approxi-
mately 3.3 million deaths annually, accounting for 5.9% of global mortality [3]. Alcohol
consumption is the leading cause of cirrhosis worldwide, increasing the risk of liver disease-
related death by 260-fold [4,5], posing a significant global health challenge. Mechanistically,
alcohol is primarily metabolized in hepatocytes by alcohol dehydrogenase (ADH) and
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aldehyde dehydrogenase (ALDH) to generate acetaldehyde and acetate, with the microso-
mal ethanol-oxidizing system (CYP2E1) becoming increasingly involved at higher intake
levels. This process generates reactive oxygen species and oxidative stress that directly
injure hepatocytes [6,7]. In the intestinal tract, alcohol and its metabolites disrupt epithelial
tight junctions, increase mucosal permeability, and alter gastric acid secretion, thereby
promoting bacterial overgrowth and translocation, which initiate and perpetuate gut dys-
biosis in ALD [8,9]. Current management relies heavily on sustained alcohol abstinence,
yet achieving this remains difficult for many patients. Furthermore, treatment options
are limited, with no universally approved pharmacological therapies specifically for ALD,
making liver transplantation the key intervention for end-stage disease [10]. This pressing
clinical reality compels us to investigate its underlying mechanisms.

Various mechanisms contribute to the development of ALD, including the direct
toxicity of alcohol metabolites, oxidative stress, pro-inflammatory factors (such as TNF-«),
autophagy disorders, and even gender, which has been confirmed as a risk factor [11].
Recent studies have shown significant alterations in the gut microbiota composition of
ALD patients compared to healthy individuals, with notable differences even among
patients at different stages of ALD. These gut microbiota changes, including an increase
in Proteobacteria and a decrease in Bacteroidetes, along with intestinal barrier disruption,
contribute to disease progression [12-15]. Targeting these microbiota may provide a novel
therapeutic approach for ALD.

Moreover, ageing contributes to the development of ALD. Middle-aged and elderly
mice are more susceptible to alcohol-induced liver damage, inflammation, and oxidative
stress compared to younger mice, leading to more severe ALD [16]. For instance, recent
studies have shown that as people age, the probability of Gram-negative bacteria invading
the ileum increases, leading to excessive proliferation of B cells in the intestinal germinal
center (GC) of the ileum, and causing cellular senescence due to the accumulation of DNA
damage. The senescent GC B cells reduce the production and abundance of IgA, thereby
affecting the composition of the intestinal microbiota [17]. Interestingly, ageing is also
associated with changes in the gut microbiota, manifested as reduced species diversity and
increased intestinal permeability. Notably, specific microbial alterations observed in the
elderly, such as shifts in Proteobacteria and Bacteroidetes, are similarly observed in patients
with ALD [18]. This indicates that age-related microbial changes are associated with the
pathogenic mechanisms of ALD.

Beyond compositional shifts, gut microbiota metabolites, such as bile acids, short-chain
fatty acids, and endotoxins, regulate ageing and are closely associated with ALD develop-
ment. At the cellular level, the ageing process drives the accumulation of senescent cells
within the liver, which acquires a distinct pro-inflammatory and tissue-damaging secretory
phenotype; this cellular senescence exacerbates chronic liver injury, fuels inflammation
and fibrosis, and creates a microenvironment conducive to disease progression, including
hepatocellular carcinoma [19]. Furthermore, signaling pathways related to both ageing and
ALD, such as those involving sirtuin 1 (SIRT1), forkhead box, class O (FOXO) and nuclear
factor erythroid-derived 2-like 2 (Nrf2), play crucial roles in disease progression [20]. The
gut microbiota may influence the progression of ALD by modulating ageing processes.
Moreover, ageing-related genes alter the intestinal flora, influencing the progression of
ALD. Interactions between the gut microbiota and ageing represent a promising therapeutic
target for ALD.

Currently, dysbiosis of the gut microbiota promotes the progression of ALD, while age-
ing also contributes to ALD-related liver damage by exacerbating liver inflammation and
oxidative stress. Furthermore, certain microbial metabolites regulate ageing, and ageing
has been shown to alter the composition of the gut microbiota and impair intestinal barrier
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function. However, it remains unclear whether and through what specific mechanisms the
interaction between the gut microbiota and ageing synergistically accelerates the develop-
ment of ALD, rather than each acting independently. To address this gap, this article first
summarizes the compositional and functional changes in gut bacteria, fungi, and viruses
in the context of ALD, and then analyzes how ageing influences the pathogenesis of ALD
at the cellular and signaling pathway levels. Finally, we explore the specific mechanisms
underlying the mutual influence and regulation between the gut microbiota and ageing,
emphasizing the impact of this interaction on the progression of ALD. In summary, there is
an interaction between the gut microbiota and ageing, and it is highly likely that the two act
synergistically to exacerbate liver damage in ALD. Therefore, this review aims to provide a
theoretical basis for the precise prevention and treatment of ALD in elderly patients and to
lay the foundation for the development of targeted intervention strategies.

2. The Gut Microbiota and ALD

Alcohol intake, influenced by environmental factors, diseases, and other triggers, leads
to shifts in the gut microbiota, affecting both its composition and function. Regarding com-
position, the mucosa-associated colonic microbiome in patients with alcohol use disorders
(both with and without liver disease) compared to healthy individuals reveals an imbal-
ance (Table 1). A decrease in the median abundances of Bacteroidetes and Lactobacillus,
alongside an increase in Proteobacteria and Fusobacteria, have been observed and may be
linked to endotoxemia [21,22]. Functional changes directly affect the host’s immune sys-
tem and can be investigated through metabolomics, proteomics, and transcriptomics [23].
Furthermore, metabolic by-products of the gut microbiota, particularly bile acids, undergo
significant alterations in ALD patients compared to healthy individuals. Additionally,
changes in specific microbial strains may indicate the progression of ALD, offering insights
into its diagnosis and prognosis [24]. In this context, probiotic supplementation emerges as
a promising therapeutic strategy by directly countering these alcohol-induced dysbiotic
changes. It has been demonstrated to restore microbial balance, fortify the intestinal barrier,
and consequently reduce the translocation of bacterial products such as lipopolysaccharides,
thereby ameliorating hepatic inflammation and injury in ALD [25,26].

Table 1. Summary of Gut Microbiota Alterations in Alcohol-Related Liver Disease.

References Study Subjects (Population/Model) Methods Key Findings (Microbial Changes)
Bacteria
Metagenomic sequencing, germ-free Increase: Escherichia coli strains carrying
Yang et al. (2025) [27] AH patients & mouse models mouse colonization, bacterial the KpsM virulence factor; abundance
genetic manipulation correlates with patient mortality.
Decrease: Lachnospiraceae; abundance
. ~ . 165 rDNA sequencing, negatively correlates with liver injury
Zhangetal. (2025) [28] ALD patients & ethanol-fed mice metabolomics, proteomics markers (ALT, AST). Supplementation
alleviated liver disease.
Increase: The abundance of the
butyrate-producing bacterium
Yin etal. (2025) [29] Mouse models of ALD Metagenomic dat_a Faecalzbacultfm rod_entlum and butyrate
analysis, culturomics content in the intestinal lumen.
Decrease: Ethanol-induced overgrowth
of conditional intestinal pathogens.
Increase: Clostridiumsensustrictol
. . 16S rRNA sequenc- and Romboutsia;
Zhang etal. (2023) [30] WT and Ppara-null mice with ALD ing, Liver and Urine Metabolomics Decrease: Helicobacter, Monoglobus,
and Bacteroides.
Fungi
Chu et al. (2020) [31] AH vs. Controls quantitative PCR Increase: Candida albicans
Fungal ITS sequencing of fecal samples; Increase: Candida
Langetal. (2020)[52] AH, AUD, and Controls Serum ASCA measurement (ELISA) Decrease: Penicillium
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Table 1. Cont.

References

Study Subjects (Population/Model) Methods Key Findings (Microbial Changes)

Virus

Jiang et al. (2020)
[33

33]

Phages: Increase: Escherichia-,
Enterobacteria-, Enterococcus-,
Metagenomic sequencing of VLPs from Lactobacillus-, and
fecal samples Staphylococcus phages.
Mammalian Viruses: Increase:
Herpesviridae, Parvoviridae.

AH, AUD, and Controls

Table note: Studies included in this table were selected from peer-reviewed articles utilizing high-throughput
sequencing (165 rRNA, metagenomics, ITS, or viral metagenomics) in human subjects or animal models of
alcohol-related liver disease. Abbreviation: AH, alcohol-related hepatitis; ALD, alcohol-related liver disease;
ALT, alanine transaminase; AST, aspartate transaminase; WT, wild-type; Ppara, peroxisome proliferator-activated
receptor alpha; ITS, internal transcribed spacer; AUD, alcohol use disorder; ASCA, anti-saccharomyces cerevisiae
antibody; ELISA, enzyme-linked immunosorbent assay; VLPs, virus-like particles.

2.1. Change in Gut Microbiota in ALD
2.1.1. Bacteria

The overall change in intestinal bacteria in ALD is manifested as a decrease in diversity,
a reduction in beneficial bacteria, and an increase in harmful bacteria [34]. At the phylum
level, the abundance of Verrucomicrobiota, Proteobacteria, Actinobacteria, and Fusobacteria
increases in ALD patients, while Bacteroidetes decreases [15,35,36]. However, discrepancies
exist in various reports about changes in the Firmicutes phylum [35-37]. At the species
level, the abundance of Bifidobacterium, Lactobacillus, and Enterococcus in the alcohol group
is significantly lower than in the healthy group [38]. Enterobacteriaceae abundance in the
feces of alcohol-related cirrhosis patients is 27 times higher than in healthy volunteers,
making it the most common translocating bacterium in cirrhosis patients [39].

2.1.2. Fungi

Similar to bacteria, changes in the fungal community manifest as reduced diversity
and overgrowth of certain fungi, particularly Candida albicans [40,41]. At the phylum level,
ALD patients exhibited significantly increased relative abundance of the Ascomycota and
reduced abundance of the Basidiomycota phylum compared to healthy controls [42,43]. At
the genus level, there was an increase in the abundances of Candida and Debaryomyces, and
a decrease in the abundance of the beneficial genus Saccharomyces [32,42]. At the species
level, increased abundance of Candida albicans is a common feature of fungal dysbiosis in
ALD [40,44]. In contrast, the beneficial yeast Saccharomyces cerevisiae is often found to be
depleted in ALD patients [32].

2.1.3. Virus

A recent investigation revealed heightened viral diversity in fecal samples from
individuals with ALD, particularly among those diagnosed with alcoholic hepatitis
(AH). In these patients, phages targeting Escherichia, Enterobacteria, and Enterococcus were
more prevalent, alongside notable rises in mammalian viral families such as Parvoviridae
and Herpesviridae [33].

In summary, a marked alteration in the composition of the gut microbiota is a charac-
teristic feature of ALD.

2.2. The Role of Gut Microbiota in the Diagnosis and Progression of ALD

The gut microbiota plays a pivotal role in the progression of ALD, with specific micro-
bial characteristics demonstrating potential for promoting disease progression, diagnosis,
and differential diagnosis. For instance, oral cytolysin-positive Enterococcus faecalis exacer-
bate ethanol-induced liver injury in mice, indicating the bacterium’s involvement in disease
pathogenesis [45]. Moreover, cytolysin is associated with mortality in AH [24]. Research
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shows that severe AH exhibits increased fecal abundance of Bacilli, Lactobacillales, and Veil-
lonella compared to healthy controls, alongside decreased abundance of Eubacterium_g23,
Oscillibacter, and Clostridiales. This suggests that the microbiota can distinguish disease
severity [46,47]. Furthermore, the increased abundance of Bacteroides and Prevotella in ALD
patients compared to heavy drinkers without liver disease highlights their potential role
in distinguishing ALD from alcohol use disorder [14]. While microbial characteristics can
distinguish alcohol users from AH patients, they may not predict the severity of moderate
to severe disease in AH [15]. In addition to bacterial composition, bacterial metabolites such
as endotoxins and short-chain fatty acids have also been implicated in disease progression
and may serve as complementary diagnostic tools [48].

Fungi such as Candida albicans, Saccharomyces cerevisine and Malassezia restricta are also
involved in the progression of ALD and promote alcoholic liver injury. Especially Candida
albicans, its exotoxin candidolysin directly damages hepatocytes without altering intestinal
barrier function. This is associated with disease severity and mortality in AH patients [31].
Similarly, specific immune responses against fungi, such as serum anti-saccharomyces
cerevisiae antibody (ASCA), are relatively higher in AH patients and are also associated
with an increased mortality rate in AH patients [32]. The Malassezia restricta drives liver
inflammation by activating the Dectin-2 immune pathway, which is associated with an
increased severity of ALD [49]. Some fungi also have potential for diagnostic differentiation.
For example, Candida, Malassezia and Scopulariopsis are usually increased in ALD, while
Kazachstania and Mucor are significantly increased in NAFLD [50].

As previously mentioned, Enterococcus faecalis is significantly increased in patients
with AH, and the presence of cytolysin-positive Enterococcus faecalis correlates with the
severity of liver disease and mortality. 89% of cytolysin-positive AH patients died within
180 days of admission, compared to only 3.8% of cytolysin-negative patients. Furthermore,
mice receiving FMT from cytolysin-positive patients exhibited more severe ethanol-induced
liver injury, steatosis, inflammation, and fibrosis than those receiving transplants from
cytolysin-negative patients [51]. Furthermore, metagenomic analysis revealed a unique
enrichment of Herpesviridae sequences in AH patients. This enrichment level was also
significantly correlated with clinical disease severity and mortality risk [33].

Collectively, these findings underscore the bacteria, fungi, and viruses as key players
in ALD pathogenesis, offering promising avenues for diagnostic biomarkers and targeted
therapeutic interventions. However, the composition of the microbiota alone cannot fully
explain the variations in ALD severity, particularly the increased susceptibility observed in
the elderly population [16,52]. This suggests that the host’s ageing state may exacerbate the
effects of liver injury by altering the gut microbiota [53]. As detailed below, many of the
microbial changes observed in ALD (e.g., reduced Bacteroidetes, increased Proteobacteria,
decreased SCFA producers) strikingly parallel those reported in the ageing gut, suggesting
that ageing may prime the microbiota toward a pro-inflammatory configuration that
amplifies alcohol-induced injury. Therefore, understanding how ageing interacts with the
gut microbiota is crucial. In the following sections, we will focus on how ageing influences
the pathogenesis of ALD at the cellular and molecular levels, laying the groundwork for
subsequent discussions on the interactions between the two.

3. Changes Associated with Ageing in ALD

Recent studies have revealed the progression of ALD is closely intertwined with the
ageing process. Physiological ageing increases susceptibility to ALD by impairing hepatic
repair mechanisms, while ALD-driven pathological senescence accelerates liver function
decline through oxidative stress, telomere shortening, and epigenetic dysregulation. In ad-
dition, ethanol metabolism produces acetaldehyde and ROS, directly causing DNA damage
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and telomere shortening, and activating the p53/p21 and p16-INK4a-Rb ageing pathways
in liver cells [54,55]. At the same time, ethanol intake depletes the NAD* reserves in the
liver, reduces the deacetylation effects mediated by SIRT1 on FOXO and Nrf2, weakens the
antioxidant defense capacity, and exacerbates ageing caused by oxidative stress [16,56-58].
This interplay occurs at multiple levels, from cellular senescence to ageing-related gene
expression. Complementing this view, single-nucleus multiomic profiling has revealed that
dysregulated RNA splicing in ALD prevents hepatocytes from transitioning to a prolifera-
tive progenitor-like state, trapping them in an unproductive intermediate state that may
underlie regeneration failure and contribute to progressive cellular dysfunction [59].

3.1. Cellular Senescence and Inflammation

Cellular senescence in ALD is induced through telomere shortening (replicative senes-
cence) and oxidative stress or acetaldehyde damage (stress-induced senescence). A key
driver of pathology is the senescence-associated secretory phenotype (SASP), through
which senescent cells release pro-inflammatory factors. SASP factors IL-8 and IL-17 activate
Kupffer cells, recruit neutrophils infiltrating the liver, and promote the formation of neu-
trophil extracellular traps (NETs), which release abundant ROS leading to hepatocyte
lipid peroxidation [60].

The role of neutrophils in ageing-associated ALD is complex. The conventional view
holds that neutrophils are short-lived and prone to death, with their subsequent clearance
by macrophages via “efferocytosis” aiding in maintaining tissue homeostasis and exert-
ing anti-inflammatory effects [61]. However, in ALD, chronic alcohol exposure delays
neutrophil apoptosis and primes them for NET formation [62,63]. NETs release abundant
ROS and proteases that inflict lipid peroxidation upon hepatocytes, inducing secondary
senescence in previously non-senescent cells and establishing a self-perpetuating cycle [64].
Thus, neutrophils in ageing-associated ALD do not merely undergo senescence them-
selves; rather, their dysfunctional persistence and NET release actively drive senescence in
hepatocytes and exacerbate liver injury.

A recent longitudinal transcriptomic analysis of paired liver biopsies from AH patients
confirmed that senescence-associated gene signatures are progressively upregulated during
ALD progression and partially reversed upon disease resolution, further supporting a
pathogenic role for senescence in AH [65]. Beyond transcriptional signatures, hepatocellular
senescence has been linked to elevated circulating levels of SASP factors, particularly
growth differentiation factor 15, which correlates with disease severity, corticosteroid
response, and 90-day mortality in AH patients [66].

3.2. Key Ageing-Related Genes

Ageing-related genes involved in DNA repair, cell cycle regulation, and metabolism
are critically involved in ALD pathogenesis. Their altered expression often has both
beneficial and detrimental effects. Ageing genes such as SIRT1, the FOXO family, and
Nrf2 play crucial roles in maintaining the liver’s antioxidative defenses, metabolic balance,
and cell survival. When the expression of these genes is diminished or their function is
impaired, the liver’s ability to defend against alcohol-induced damage may be weakened,
accelerating the development of ALD.

The sirtuin family is involved in energy metabolism, DNA repair, and antioxidative
defense through their deacetylase activity. Researchers have found that SIRT1/miR-223
expression exhibits an age-dependent decline, and the acetylation level of C/EBP« in
elderly individuals is elevated by 2.5-fold compared to younger individuals. This height-
ened acetylation directly suppresses miR-223 transcription, thereby accelerating ALD
progression [52]. Restoring SIRT1 improved liver morphology and reduced fibrosis in these
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models, highlighting its therapeutic potential [16]. Additionally, Nicotinamide Riboside
(NR) reduces oxidative stress and improves mitochondrial function in ALD through the
SIRT1-PGC-1« axis [67]. Thus, activating SIRT1 through NR supplementation may be a
promising therapeutic strategy for ALD management.

Meanwhile, FOXO transcription factors regulate cell survival and genomic stability by
controlling genes involved in apoptosis, cell cycle arrest, and DNA repair [68,69]. Alcohol
exposure suppresses FOXOL1 expression, which is regulated by the transcription factor
MIR148A and significantly reduced in human AH samples [70]. The functional loss or
reduced expression of FOXO genes may lead to the downregulation of liver antioxidative
enzymes, such as superoxide dismutase (SOD) and catalase (CAT), thereby diminishing the
liver’s capacity to clear ROS and promoting the production of pro-inflammatory cytokines
in 3T3L1 adipocytes, further exacerbating the progression of ALD [57].

Nrf2 is a key antioxidative stress transcription factor that protects cells from oxidative
damage by upregulating the expression of various antioxidative and detoxifying enzymes.
In the context of 4.2% ethanol feeding, liver-specific Nrf2 knockout mice exhibited more
severe liver damage compared to Nrf2 floxed control mice [71]. Bardag-Gorce et al. found
that Nrf2 levels were significantly reduced in the liver of an ALD rat model, potentially
compromising the liver’s antioxidative defense mechanisms and making cells more sus-
ceptible to the toxic effects of alcohol metabolites such as acetaldehyde [72]. The reduction
in Nrf2 activity may also affect the liver’s detoxification capacity against other harmful
substances, exacerbating liver damage and fibrosis. Moreover, studies have found that
reversing ethanol-induced Nrf2 downregulation has potential protective effects against
alcohol-related liver damage in mice [73].

Increased expression of ageing genes plays a key role in ALD development by promot-
ing inflammation, oxidative stress, and fibrogenesis, thereby exacerbating liver damage.
Conversely, the reduced expression or functional loss of certain ageing genes may also
exacerbate ALD. Therefore, disease intervention strategies targeting these genes may offer
new directions for the treatment of ALD. Crucially, these age-related changes in the host do
not occur in isolation, but rather interact with and are further exacerbated by the alterations
in the gut microbiota described earlier. For example, age-induced impairment of the intesti-
nal barrier function facilitates the transmembrane transfer of microbial metabolites, whilst
age-related suppression of the SIRT1/FOXO/Nrf2 signalling pathway renders hepatocytes
more susceptible to damage from microbe-derived endotoxins. This mutually reinforcing
interaction between host ageing and gut dysbiosis constitutes the “microbiota—ageing axis”,
which we shall explore in detail at the mechanistic level in Section 4.

4. Gut Microbiota and Ageing

Having discussed the microbial changes in ALD and the age-related alterations that
increase host susceptibility separately, we now examine the bidirectional interactions
between them. As mentioned earlier, the gut microbiota and host ageing do not act
independently; rather, they mutually promote the progression of ALD. This section focuses
on three related mechanisms, intestinal barrier integrity, immune inflammation and the
production of microbial metabolites, to illustrate how the interaction of these factors
exacerbates liver damage.

4.1. Intestinal Barrier Integrity in the Microbiome-Ageing Axis

Indeed, alterations in microbiota lead to compromised intestinal barriers and increased
gut permeability [74]. Dysbiosis in the microbiome can precede and predict age-related
intestinal barrier failure [75]. Gut bacteria or bacterial products such as PAMPs and
MAMPs leak into the bloodstream, disseminating to other areas. This induces inflammation
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characterized by the production of reactive oxygen species, TNF, IL-1$3, IL-18, and IL-6 [76].
This inflammation stimulates a systemic immune response in the host, resulting in a
chronic pro-inflammatory state. The decline in protective bacteria such as Clostridium and
Bifidobacterium, essential for maintaining intestinal barrier integrity, increases the risk of gut
leakage and systemic endotoxemia [77]. Such changes could potentially have detrimental
implications for healthy ageing and longevity.

Ageing promotes disruption of epithelial barrier integrity, translocation of bacterial
products, and elevation of serum pro-inflammatory cytokine levels. For example, intestinal
fatty acid binding protein (I-FABP) is a key indicator of microbial-related epithelial cell
damage and destruction, as well as a biomarker of intestinal permeability. Compared to
young mice receiving PBS, young mice receiving elderly donor microbiota showed a ~30%
increase in serum I-FABP, indicating that ageing microflora promotes increased intestinal
permeability [78]. Studies also indicate that the physical barrier function of the intestinal
epithelium may be impacted by ageing. There is evidence that intestinal permeability may
increase with age. In older individuals, ileal tissue shows elevated IL-6 levels compared to
younger cohorts. Increased claudin-2 also contributes to higher intestinal permeability [79].
Importantly, in the ageing intestinal epithelial stem cells (IESCs), while the expression and
distribution of flagellin-specific TLR5 remain unchanged, the intracellular signaling path-
ways activated upon binding with TLR5 demonstrate age-related alterations. Ageing may
influence the loss of intestinal homeostasis through increased activity of c-Jun N-terminal
kinase (JNK) in IESCs [80].

Recent experiments show that supplementing beneficial microbes alleviates inflamma-
tion, delays ageing, and improves intestinal and liver functions [81]. Early in 2016, van Beek
et al. demonstrated that the thickness of the colonic mucus layer, which decreased through
the process of ageing, could be restored in ageing by supplementation with L. plantarum, a
specific lactobacillus strain [82]. Mucolytic bacteria such as Akkermansia metabolizes and
stimulates the production of mucins, which serve as a protective layer in the gastrointestinal
tract, preventing direct microbial interaction with epithelial cells [83]. Certain bacterial
strains have been shown to mitigate age-related mucin loss and provide health benefits,
such as extending lifespan in progeroid mice and reducing liver dysfunction and inflam-
matory blood markers [84]. While progeroid mouse models recapitulate certain features
of accelerated ageing, they do not fully reflect physiological ageing in humans, limiting
direct translational conclusions. For example, supplementing with Akkermansia muciniphila
reduces inflammation and immune-related processes in older adults, promoting healthy
ageing [85]. Studies have shown that FMT from healthy elderly individuals can alter the
composition of the gut microbiota, thereby potentially slowing the ageing process [84,86].
While ageing fruit flies show increased gut permeability and reduced lifespan due to
changes in their microbiome, data from other animal models, like middle-aged killifish,
demonstrate that lifespan can be extended by supplementing with a younger microbiome,
highlighting the potential benefits of gut microbiota modulation as a therapeutic strategy
for ageing hosts [75]. However, these findings derive from non-mammalian models with
distinct gut architecture and immune systems from humans; thus, direct extrapolation to
human ageing or ALD requires caution.

4.2. Immune Modulation and Inflammation in the Microbiome—-Ageing Axis

Changes in microbial composition induce subclinical gut inflammation in older adults,
increasing the risk of chronic diseases [87]. Over time, this inflammatory state damages the
immune system, hindering its ability to properly clear mutated and ageing cells. Chronic
low-grade inflammation is a hallmark of ageing and age-related diseases, with increased
inflammatory mediators often resulting from a decline in immune efficiency, known as

https://doi.org/10.3390 /microorganisms14071469


https://doi.org/10.3390/microorganisms14071469

Microorganisms 2026, 14, 1469

9 of 22

immunosenescence [88]. Thus, the changes in the gut microbiome are likely regulated
by alterations in the immune response associated with ageing, particularly the impact of
inflammatory mediators. There is also evidence to suggest that the gut microbiota may
play a crucial role in age-related inflammatory responses [89].

Ageing is accompanied by changes in diet, lifestyle and physical activity, as well as a
decline in immune function. Compared to healthy younger individuals, the elderly gut
displays a distinct loss of diversity-associated taxa [90]. Studies have shown that changes in
the composition of the gut microbiome in the elderly are associated with increased levels of
inflammatory markers [90,91]. Small intestine biopsies from individuals aged 67-77 show
significantly lower IL-8 production by intestinal epithelial cells in response to flagellin from
commensal and pathogenic microbes, compared to younger individuals [79]. This suggests
that chronic activation of the innate and adaptive immune systems might contribute to
changes in the bacterial composition of the gut.

The species that influenced the clustering of age groups included Muribaculaceae, Lach-
nospiraceae, Lactobacillus, Clostridium, and Prevotella. In the aged group, Prevotella sp., Lacto-
bacillus intestinalis, and Faecalibaculum rodentium were significantly more abundant, while
Enterorhabdus caecimuris, Turicimonas muris, and Muribaculaceae bacterium DSM 103720 were
enriched in the young group [78]. Interestingly, in healthy individuals aged 70-82 years
and an elderly cohort with diabetes or other age-related conditions, no significant gut
microbiome changes were detected, except for an increase in the proportion of the genus
Akkermansia [92]. These findings suggest that the changes in the microbiome may be linked
more to the process of ageing itself rather than to age-related illnesses, with specific bacterial
taxa potentially contributing to these disorders. In contrast, studying the gut microbiota of
centenarians reveals unique patterns. Although centenarians from different regions show
variations in microbial composition, influenced by geography, diet, and genetics, there are
commonalities distinguishing them from those experiencing unhealthy ageing [93-95]. A
general increase in microbial species richness is observed. Remarkably, across multiple
long-lived groups, there is a decrease in Proteobacteria and an increase in Bacteroidetes.
Additionally, the abundance of families like Lachnospiraceae, Ruminococcaceae, and Akkerman-
sia is notably higher in these populations. These findings suggest the presence of universal
features in a ‘longevity-associated” microbial community, offering novel insights into the
changes in gut microbiota associated with healthy ageing.

However, although dysbiosis is known to provoke inflammatory responses, changes
in the microbiome due to other factors such as diet may also exacerbate inflammation and
immune alterations. Thus, it is difficult to interpret whether intestinal inflammation results
from microbiota shifts or host-reactive changes, suggesting that immunosenescence and
ecological dysregulation may be interdependent.

4.3. Microbial Metabolites in the Microbiome—Ageing Axis

Microbial metabolites serve as a crucial functional link connecting the gut microbiota
and ageing. Research shows that with ageing, the gut microbiome’s capacity to produce
short-chain fatty acids decreases, marked by a loss of associated genes and glycolytic
potential, while proteolytic functions become more prominent in older individuals [96].
Notably, these microbial changes are also associated with the plasma levels of inflammatory
cytokines such as IL-6 and IL-8. Moreover, research has indicated that with increasing age,
there is a reduction in the genes associated with the production of SCFAs, leading to an
overall decrease in saccharolytic capacity [96]. Several key microbial metabolites are closely
linked to the ageing process, particularly the metabolism of aromatic amino acids such as
tryptophan and phenylalanine.
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Beyond the direct impacts, ageing also influences the gut microbiota indirectly by
affecting the chemical composition of the intestinal mucosa, particularly its glycosyla-
tion patterns. Microbes bind to mucin O-glycans via mucin-binding proteins (MUBs),
multi-modular cell surface adhesins in lactobacilli, which play a role in bacterial-mucus
interactions and colonization. This glycan-mediated interaction between the mucosal layer
and gut bacteria is crucial for selecting and maintaining local microbial communities [80].
In germ-free mice receiving microbiota transplants from aged donor mice, researchers
observed a decline in Akkermansia muciniphila, a mucin-degrading bacterium [97]. This
suggests that ageing may thin the mucus layer, increasing intestinal permeability. These
alterations could reshape the gut environment, exerting significant effects on the microbial
communities and inflammation within the gut. However, research in this area remains in
its infancy.

As O’'Toole and Jeffery noted, physiological changes in the intestines of older in-
dividuals, including diet and physical activity alterations, can impact gut microbiota
composition [98]. Ageing is often accompanied by a reduction in the quantity and variety
of fiber-rich foods, increasing the risk of malnutrition. Paradoxically, malnutrition may be
associated with increased microbial diversity, particularly with an enriched Clostridium
sub-group [98]. In recent years, numerous studies have indicated that modulating the
gut microbiota through the supplementation of probiotics, prebiotics, and FMT promote
the production of beneficial metabolites, such as SCFAs [99]. This optimization of the
gut microenvironment enhances microbial diversity, mitigates inflammation, and holds
promise for potentially delaying the ageing process.

4.4. The Interaction Between Ageing and Intestinal Flora Microbiota Regulates ALD

It has been recognized that gut microbiota imbalance occurs with age, and its relation-
ship with the development of ageing-related diseases has received increasing attention. In
the context of ALD, the interplay between ageing and gut microbiota can be understood
through a cascade of interconnected events. Figure 1 presents a conceptual model illus-
trating this self-reinforcing loop, in which ageing, gut dysbiosis, and ALD progressively
amplify one another.

Ageing alters gut microbiota composition and function, which directly contributes to
ALD progression. As summarized in Table 2, ageing is characterized by reduced microbial
diversity, decreased SCFA-producing taxa, and increased potentially pathogenic bacteria.
For instance, with ageing, an increase in harmful bacteria in the gut leads to elevated
levels of endotoxins, which in turn activates inflammatory signaling pathways in the
liver, exacerbating inflammation and liver fibrosis [77]. Age-related dysbiosis reduces
anti-inflammatory metabolites like SCFAs, weakening protection against alcohol-induced
liver injury [99]. Simultaneously, the increase in specific pathogenic or harmful bacteria
during ageing, such as members of the Enterobacteriaceae family, may exacerbate intestinal
permeability, promoting inflammation and liver damage [100]. A reduction in Akkermansia
muciniphila, linked to intestinal mucosa production, is observed in both the elderly and
AUD patients, hinting at a connection between the two [14,37,97]. This parallel decline is
noteworthy because it suggests that chronic alcohol consumption may drive gut microbiota
changes that phenocopy those seen in physiological ageing. These ageing-associated
microbial changes compromise the intestinal barrier. Ageing is also accompanied by
changes in gut microbiota metabolites, particularly a reduction in SCFAs. These SCFAs
play a crucial role in maintaining the structural integrity of the intestinal wall and in
regulating immune responses. Consequently, endotoxins and other microbial products
translocate across the damaged gut epithelium into the portal circulation, reaching the
liver. Once in the liver, these endotoxins activate inflammatory cascades. Ageing and ALD
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are both accompanied by elevated circulating pro-inflammatory cytokines, including IL-6,
IL-1, TNF-«, and C-reactive protein, which are associated with increased morbidity and
mortality in liver diseases of the elderly [101-103].

T Inflammatory 1 SIRT1/
cytokines (IL-6, FOXO / Nrf2
TNF-a) signaling
1 Intestinal i -
permeability sl )
(I-FABP) .
-
¢ ’°0, L Lachnospiraceae,
Ageing 69%.0’6‘, L Faecalibacterium,
) 6"'/'9 %, 1 Proteobacteria,
\'j{- 6/5‘7‘ T Enterobacteriaceae
“
T SASP H
Gut-liver '
Accelera\es( axis & Gut 1 Candida albicans
cellular Dysbiosis
feedback Y :
loop #e X *
4 R\ oy
Hepatocyte / \°c°“° T HTe rﬁ::g/erlsdae,
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inflammation ALD ‘6"6\‘i~lé\‘\
\§\°‘°Qo“'° /—%
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. ’ &
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Kupffer cell L SCFAs, T LPS
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ROS, TNF-a

Neutrophil
infiltration & Fibrosis /
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Figure 1. Circular mechanistic model of the ageing—gut microbiota—ALD axis. Ageing downregulates
protective SIRT1/FOXO/Nrf2 pathways, increases intestinal permeability, and promotes systemic
inflammation, which drives gut dysbiosis characterized by reduced SCFAs, elevated LPS, and over-
growth of pathogenic bacteria, fungi, and viruses. Dysbiosis and barrier disruption allow microbial
products to translocate to the liver via the portal vein, exacerbating ALD through hepatocyte injury,
Kupffer cell activation, and neutrophil extracellular trap (NET) formation. ALD-induced cellular
senescence further accelerates ageing, closing the positive feedback loop. This model highlights
that interrupting any node may halt disease progression. Abbreviations: ALD, alcohol-related liver
disease; FOXO, forkhead box class O; I-FABP, intestinal fatty acid-binding protein; LPS, lipopolysac-
charide; NET, neutrophil extracellular trap; Nrf2, nuclear factor erythroid-derived 2-like 2; SASP,
senescence-associated secretory phenotype; SCFA, short-chain fatty acid; SIRT1, sirtuin 1.

Table 2. Summary of Gut Microbiota Alterations in Ageing and Longevity.

References Study Subjects (Population/Model) Methods Key Findings (Microbial Changes)

Bacteria

Decrease: diversity after age 65, especially
>80 years. Healthy ageing associated with
Bradley & Haran (2024) [18] Humans across lifespan (1-100+ years) Narrative review diverse microbiome enriched in
anti-inflammatory metabolite producers
(e.g., SCFA producers).

Decrease: Lachnospiraceae, Ruminococcaceae,
Faecalibacterium, Roseburia.
Increase: Akkermansia muciniphila,
Xiao et al. (2025) [104] Review of ageing-associated microbiota Comprehensive review Christensenellaceae in centenarians; core
longevity-associated taxa include
Eisenbergiella tayi, Methanobrevibacter smithii,
Desulfovibrio fairfieldensis.
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Table 2. Cont.

References

Study Subjects (Population/Model) Methods Key Findings (Microbial Changes)

Chen et al. (2024) [105]

Increase in long-lived individuals:
Eisenbergiella tayi, Methanobrevibacter smithii,
Hungatella hathewayi, Desulfovibrio
fairfieldensis; E. tayi involved in
protein N-glycosylation.

Long-lived populations vs. elderly & Fecal metagenomics + Mendelian
young adults randomization

Parker et al. (2022) [78]

Serum I-FABP increased ~30% in young
mice receiving elderly donor microbiota;
aged gut promoted intestinal permeability.
Aged group enriched: Prevotella sp.,
Lactobacillus intestinalis, Faecalibaculum
rodentium. Young group enriched:
Enterorhabdus caecimuris,
Turicimonas muris, Muribaculaceae.

Young vs. aged mice FMT, 165 rRNA sequencing

Fungi/Archaea

Pang etal. (2023) [106]

Gut mycobiome develops with ageing;
long-lived individuals possess unique
fungal signatures with “youth-associated”
microbial patterns.

Centenarians (20-117 years, n = 1575) Metagenomic sequencing

Metabolites

Yin et al. (2023) [107]

Gut microbiota-derived indole derivatives
Ageing models Metabolite analysis activate GPR30/ AMPK/SIRT1 pathway,
alleviating neurodegeneration in ageing.

Houetal. (2023) [99]

Dietary genistein increases
microbiota-derived SCFA levels, modulates
gut homeostasis, extends healthspan
and lifespan.

Ageing models Dietary intervention

Table note: Studies selected from peer-reviewed articles (2022-2025) on gut microbiota alterations associated with
ageing, frailty, or longevity. Abbreviations: FMT, fecal microbiota transplantation; SCFA, short-chain fatty acid.

Similarly, the gut microbiota influence the expression of ageing genes through their
metabolites, thereby promoting the development of ALD. Inhibition of SIRT1 is linked
to ageing and ALD, while its upregulation promotes healthy ageing, improving ge-
nomic stability and metabolic efficiency [108]. Recent research shows that indole deriva-
tives from gut microbiota alleviate neurodegenerative changes in ageing by activating
the GPR30/AMPK/SIRT1 pathway, which also mitigates hepatitis [107]. Additionally,
5-methoxyindoleacetic acid produced by Lactobacillus rhamnosus GG has been found to
activate Nrf2 in the liver of fruit flies and mice, effectively protecting against oxidative
liver damage caused by acute alcohol exposure [109]. Other tryptophan derivatives from
gut microbiota, such as indole acetaldehyde and indole-3-acetic acid, have been shown to
activate the AhR/Nrf2 pathway, thereby alleviating oxidative stress and endothelial cell
damage in the liver [110]. Furthermore, microbial metabolites enhance intestinal barrier
integrity and slow ALD progression through the Nrf2 pathway [111]. Transplanting fecal
microbiota from young mice to elderly mice reduces inflammatory signals, upregulates the
FOXO pathway, and improves gut microbiota composition and metabolome. This signif-
icantly lowers the expression of common ageing markers like Vwf, Ehd3, Aspa, Cysltr2,
Nt5c3, and Itga6 [112]. Targeting specific strains and ageing pathways could potentially
reverse ALD development as research advances.

Consequently, there is a bidirectional interaction between the two. Ageing promotes
dysbiosis of the gut microbiota and impaired barrier function, while metabolites produced
by the microbiota influence the activity of ageing-related signaling pathways (such as SIRT1,
FOXO, and Nrf2), which determine the liver’s sensitivity to alcohol. These interrelated
processes synergistically accelerate the development of ALD. Metabolic pathways like the
urea cycle, choline metabolism, and bile acid biosynthesis are sensitive to gut microbiome
changes, but how these regulate ageing pathways remains unclear, highlighting areas for
future research [113-116]. More studies on the interactions between gut microbiota and
ageing in ALD are needed. This is crucial for developing effective treatment strategies.
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Particularly, those aimed at modulating the gut microbiota and improving intestinal health
to mitigate disease progression, thereby providing new targets for clinical intervention.

4.5. Causal Hierarchy of the Microbiota—Ageing—ALD Axis

To better distinguish potential driving factors from amplifying factors in the
microbiota—ageing-alcoholic liver disease (ALD) axis, we propose an exploratory hier-
archical framework organized as “Initial Perturbations — Amplification Loop — End
Effects”. It is important to emphasise that this framework serves primarily as a tool for
integrating fragmented evidence and generating testable hypotheses, rather than as a
definitive description of established causal cascades.

Initial Events (Triggers): Alcohol metabolism generates acetaldehyde and reactive
oxygen species (ROS) via CYP2E1, directly causing DNA damage and telomere shorten-
ing, and activating the p53/p21 and p16-INK4a-Rb aging pathways in liver cells [54,55].
Oxidative stress damages proteins, nucleic acids, and lipids in the liver, disrupting re-
dox homeostasis and inducing inflammation that aggravates ALD progression [117].
In the intestinal tract, chronic alcohol consumption disrupts epithelial tight junctions,
increases mucosal permeability, and promotes bacterial overgrowth and translocation,
which initiate gut dysbiosis [8,9]. Concurrently, physiological aging drives immunose-
nescence through gut bacteria-induced B cell senescence in intestinal germinal centers,
resulting in decreased IgA production and diversity, which in turn leads to gut microbiota
imbalance [17,118]. However, the chronological distinction among these “initial” events re-
mains ambiguous—ageing and alcohol exposure often occur in parallel or as superimposed
hits, and their relative contributions need to be disentangled using longitudinal animal
models and birth-cohort studies in humans. Evidence sources: human cohort associations
and animal model interventions.

Amplification Cycle (Self-Reinforcing Loop): Gut dysbiosis in ALD is characterized by
increased Proteobacteria, decreased Bacteroidetes, reduced SCFA production, and elevated
endotoxin levels [119]. Microbial metabolites such as LPS suppress protective aging-related
SIRT1/FOXO/Nrf2 pathways, weakening hepatic antioxidant defenses and making hep-
atocytes more vulnerable to alcohol-induced damage [16,56-58]. Conversely, reduced
SCFAs impair immune regulation and intestinal barrier integrity, further exacerbating
dysbiosis [99]. Moreover, senescence-associated secretory phenotype (SASP) factors (IL-8,
IL-17) released from senescent cells can activate Kupffer cells, recruit neutrophils, and
promote neutrophil extracellular trap (NET) formation, which releases abundant ROS and
proteases that inflict lipid peroxidation upon hepatocytes, inducing secondary senescence
in previously non-senescent cells in vitro and in animal models [120]. These interconnected
events form a potential positive feedback loop. Importantly, the organism also possesses
compensatory stress responses (e.g., transient Nrf2 upregulation and adaptive autophagy
activation, i.e., hormesis); under low-dose or early-stage insults, these protective mecha-
nisms may partially offset the damage, and the amplification loop likely dominates only
under sustained or high-intensity stimulation. Grape-derived nanovesicles have been
shown in preclinical studies to exert hepatoprotective effects by increasing Nrf2 nuclear
translocation and upregulating Foxo3a/Sirtl to induce autophagy, highlighting the thera-
peutic potential of targeting these pathways [121]. Evidence sources: animal models and
cell lines; supporting correlational data from human cohorts.

End Effects (Clinical and Pathological Outcomes): Sustained suppression of SIRT1/FOXO/
Nrf2, combined with chronic inflammation and cellular senescence, accelerates the progression
from steatosis to fibrosis, cirrhosis, and liver failure [19]. Transcriptomic analysis has revealed
increased expression of senescence-associated genes and enrichment of SASP gene signatures
in patients with cirrhosis and alcoholic hepatitis, with plasma GDF15 levels correlating with
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disease severity and 90-day mortality [66]. Targeted clearance of senescent cells has been shown
to alleviate ALD by restoring cellular function and immune balance [122]. Microbiota—ageing
crosstalk exacerbates ALD severity and increases mortality risk in elderly patients. Evidence:
human cohorts, animal models, and in vitro experiments.

Summary of Bidirectional Causality: The relationship between gut microbiota and
aging-related genes in ALD is bidirectional and mutually reinforcing. Aging promotes gut
dysbiosis through immunosenescence and barrier failure; dysbiosis-derived metabolites
suppress SIRT1/FOXO/Nrf2 pathways, accelerating hepatic senescence; senescent hepato-
cytes release pro-inflammatory factors that further disrupt gut barrier function, closing the
loop. Mendelian randomization analysis supports causal relationships among gut micro-
biota, inflammatory cytokines, and ALD, with inflammatory cytokines potentially acting as
mediating factors in the pathway from gut microbiota to ALD [123]. however, it should be
noted that this approach captures the cumulative effect of long-term genetic predisposition
and cannot resolve the rapid dynamic feedback loops described in our framework. Thus,
the bidirectional loop remains largely a hypothetical construct based on correlational and
preclinical intervention data. To rigorously test this closed-loop model, future studies
should employ combinatorial interventions that simultaneously target microbiota recon-
struction and senescent cell clearance, rather than single-pathway blockade experiments.
Strength of evidence: most mechanistic insights derive from animal models and in vitro
experiments, with supporting correlational data from human cohorts. Definitive causal
validation in humans is extremely limited, and this hierarchical framework should be
viewed as a tool for guiding experimental design and hypothesis refinement, rather than as
a final conclusion on disease mechanisms.

5. Conclusions

The pathology of ALD is complex, and growing research suggests a mutual influence
between gut microbiota and ageing that may accelerate ALD progression. Studies have
shown that the gut microbiota indirectly influences the progression of ALD by regulating
ageing-related genes such as SIRT1 and FOXO. Changes in the Firmicutes and Bacteroidetes
phyla, along with shifts in metabolites like SCFAs and LPS caused by ageing, profoundly
affect the course of ALD. For instance, upregulation of the FOXO pathway has been
associated with improve the composition and metabolome of the gut microbiota, which may
contribute to alleviating ALD severity. Specifically, FOXO activation enhances hepatic and
systemic antioxidative defenses by upregulating superoxide dismutase (SOD) and catalase
(CAT), thereby reducing oxidative stress and systemic inflammation that otherwise drives
dysbiosis. By extension, this could in theory mitigate the inflammatory drive that promotes
dysbiosis, although direct evidence for this causal sequence in ALD models remains
limited. Second, by suppressing pro-inflammatory cytokine production and, in some
contexts, neutrophil extracellular trap (NET) formation, which may help control chronic
inflammation and limit pathobiont expansion, yet these observations derive largely from
non-ALD settings (e.g., adipocytes and neurodegenerative models) and await verification
in alcohol-related liver injury. Third, FOXO may influence intestinal barrier integrity,
potentially through modulation of tight junction proteins and mucin production, but this
putative mechanism has not been directly demonstrated in ALD. And fourth, through
its interplay with Nrf2 and AMPK pathways, FOXO could theoretically influence host
metabolic outputs (including bile acid profiles and short-chain fatty acid utilization) that
selectively shape microbial composition, though this remains speculative. Collectively,
while these interconnected pathways offer a plausible framework, direct causal evidence
in ALD is currently lacking, and caution is warranted when extrapolating these findings
to clinical translation. Conversely, downregulation of ageing pathways like FOXO and
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Nrf2 alters gut microbiota composition and diversity, worsening the disease. The interplay
between gut microbiota and ageing pathways not only accelerates ALD progression but also
offers new insights for disease treatment. Future research should focus on the mechanisms
of interaction between gut microbiota and ageing pathways, targeting them as potential
strategies for ALD intervention. This will not only enhance our understanding of the
pathogenesis of ALD but also provide potential targets for clinical treatment.

While animal models offer valuable insights, their relevance to human conditions
remains uncertain. Given the complexity of gut microbiota and its regulation by envi-
ronmental factors, the effects of microbial communities on both ageing and ALD are still
unclear. Future studies should emphasize understanding the roles of bacterial strains,
microbial genes, and metabolites in healthy ageing. This could facilitate the development of
personalized treatments and new therapeutic strategies. Moreover, probiotics, particularly
genetically engineered strains, show great potential as treatment strategies due to their abil-
ity to precisely deliver therapeutic molecules. However, the efficacy of these approaches
requires further validation through extensive clinical trials, especially with promising
microbes such as Lactobacillus and Akkermansia muciniphila. Additionally, interventions
targeting the intestinal barrier are critical for improving ALD outcomes. Regulating gut
microbiota to maintain intestinal barrier integrity slows ageing and enhances liver function.
To advance the transition from mechanistic understanding to therapeutic translation, we
propose the following specific research priorities based on the interaction between the
microbiome and ageing: (1) Validate age-related microbial signatures as predictors of ALD
progression. Longitudinal cohort studies are needed to determine whether baseline gut
microbiota composition in middle-aged and older adults can predict the severity of alco-
holic liver damage independently of alcohol consumption levels. Specifically, prospective
cohorts with age stratification (e.g., <50, 50-65, and >65 years) should be designed to clarify
whether microbial biomarkers, such as reduced Faecalibacterium, elevated Enterobacteri-
aceae, or decreased SCFA producers, can predict ALD progression in elderly populations.
(2) Most current studies on ALD use young animals; future experiments should specifically
evaluate probiotics, prebiotics, and FMT in aged or geriatric mouse models subjected to
chronic, high-dose ethanol exposure. Priority should be given to testing FMT from healthy
young donors and specific probiotic strains (e.g., Akkermansia muciniphila, Lactobacillus rham-
nosus GG) in aged ALD models, with outcomes including intestinal permeability, hepatic
inflammation, and fibrosis. (3) Although correlations exist between short-chain fatty acids,
tryptophan derivatives, and SIRT1/FOXO/Nrf2 activity, causal evidence still requires
germ-free animal models and pathway-specific inhibitors or activators. (4) Probiotic or
postbiotic candidates that demonstrate efficacy in aged animal models should be evalu-
ated in early-phase clinical trials, with outcome measures clearly stratified by age group.
(5) Beyond single interventions, combined strategies targeting both the gut microbiota and
host ageing pathways warrant investigation. For instance, the synergistic effects of SIRT1
agonists (e.g., nicotinamide riboside) administered together with probiotics or FMT should
be explored in aged ALD models, as concurrent reinforcement of microbial homeostasis
and host defence mechanisms may yield greater therapeutic benefit than either approach
alone. Implementing these strategies will provide a clearer understanding of the role of the
gut microbiota and ageing in the progression of ALD, offering new insights for delaying
disease onset and improving the quality of life for high-risk older adults.
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Abbreviations

The following abbreviations are used in this manuscript:

ADH Alcohol Dehydrogenase

ALD Alcohol-Related Liver Disease
ALDH  Aldehyde Dehydrogenase
ALT Alanine Transaminase

ASCA Anti-Saccharomyces cerevisiae Antibody
AST Aspartate Transaminase

AUD Alcohol Use Disorder

CYP2E1  Cytochrome P450 2E1

ELISA Enzyme-Linked Immunosorbent Assay
FOXO Forkhead Box, Class O

FMT Fecal Microbiota Transplantation

I-FABP  Intestinal Fatty Acid-Binding Protein
IESCs Intestinal Epithelial Stem Cells

IL Interleukin

ITS Internal Transcribed Spacer
JNK c-Jun N-Terminal Kinase
LPS Lipopolysaccharide

MUBs Mucin-Binding Proteins
NAD Nicotinamide Adenine Dinucleotide

NET Neutrophil Extracellular Trap

NR Nicotinamide Riboside

Nrf2 Nuclear Factor Erythroid-Derived 2-Like 2

Ppara Peroxisome Proliferator-Activated Receptor Alpha
ROS Reactive Oxygen Species

SASP Senescence-Associated Secretory Phenotype
SCFAs Short-Chain Fatty Acids

SIRT1 Sirtuin 1

SOD Superoxide Dismutase

TNF-oc ~ Tumor Necrosis Factor Alpha

VLPs Virus-Like Particles

WT Wild-Type
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