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Abstract 1 

Elderly-onset inflammatory bowel disease (IBD) patients exhibit a distinct natural history 2 

compared to younger IBD patients, with unique disease phenotypes, differential responses to 3 

therapy and increased surgical morbidity and mortality. Despite the foreseeable high demand 4 

for personalized medicine and specialized IBD care in the elderly, current paradigms of IBD 5 

management fail to capture the required nuances of care for elderly-onset IBD patients. Our 6 

review postulates the roles of systemic and mucosal immunosenescence, inflammaging, and a 7 

dysbiotic microbial ecosystem in the pathophysiology of elderly-onset IBD. Ultimately, a 8 

better understanding of elderly-onset IBD can lead to improved patient outcomes and the 9 

tailoring of future preventative and treatment strategies.   10 

 11 

Keywords: Inflammatory Bowel Disease; Gut Microbiota; Immunosenescence; Intestinal 12 

Barrier Permeability; Inflammaging; Aging 13 

  14 
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Introduction 1 

Inflammatory bowel disease (IBD), comprised of ulcerative colitis (UC) and Crohn’s disease 2 

(CD), is an autoimmune condition of the gastrointestinal tract resulting from an aberrant 3 

immune response to an environmental trigger in a genetically predisposed individual1. While 4 

the majority of patients are diagnosed earlier in life, 10-15% are diagnosed > 60 years of age 5 

with UC being more common than CD2. Elderly-onset CD patients usually present with colonic 6 

disease while elderly-onset UC patients present with left-sided colitis2 (Table 1). In comparison, 7 

pediatric and adult-onset CD patients more commonly have ileocolonic disease whereas 8 

pediatric-onset UC patients more commonly have pancolitis and adult-onset UC patients have 9 

proctitis or left-sided disease2 (Table 1). Moreover, in pediatric-onset IBD genetics appear to 10 

play a greater role, whereas in elderly-onset IBD environmental factors seem to have a greater 11 

impact on disease pathogenesis2,3. While several genetic mutations have been discovered that 12 

establish a relationship between susceptibility genes and an earlier onset age for IBD, no 13 

genetic mutations have yet been identified that correlate with an older onset age in elderly IBD4. 14 

In contrast, there is an increased understanding that aging is associated with pathophysiologic 15 

alterations including cellular senescence, progenitor cell dysfunction, chronic inflammation, a 16 

decline in autophagic activity5, changes in the gut microbiota composition and functionality6, 17 

which may all contribute to an increased risk of IBD. Epidemiological studies suggest that the 18 

global incidence and prevalence of elderly-onset IBD will continue to rise7 creating a unique 19 

challenge for healthcare providers. Though elderly-onset IBD patients typically have less 20 

complicated disease behaviour (Table 1), they have a similar risk of surgery, but a lower 21 

cumulative exposure to immunomodulators and biologics compared to adult-onset IBD 22 

patients8. Moreover, elderly IBD patients who require surgery for medically refractory disease, 23 

are at a greater risk for post-operative morbidity and mortality9. 24 

 25 

Despite the fact that individuals over the age of 60 account for up to 15% of all incident IBD 26 

cases, there is limited data available to support the management of elderly-onset IBD patients 27 

because this population is generally underrepresented in IBD clinical trials, and most of the 28 

current clinical data are based on observational data or indirect evidence10. Furthermore, age-29 

specific concerns such as polypharmacy, comorbidities, malignancies, and frailty are more 30 

relevant to elderly IBD patients, requiring the clinician to provide more nuanced care to this 31 

vulnerable population11,12. Increasing evidence highlights that IBD across different age groups 32 

may have a distinct pathogenesis2, which has implications for disease management. A recently 33 
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published multicenter observational study demonstrated that anti-tumour necrosis factor (anti-1 

TNF) therapy may be less efficacious in biologic naïve elderly-onset IBD patients13. These 2 

findings mirror those from other retrospective studies revealing that elderly IBD patients 3 

exhibit a lower rate of short-term clinical response and an increased frequency of secondary 4 

loss of response to anti-TNF therapies14,15.  5 

 6 

Considering the increasing incidence and prevalence of elderly-onset IBD as well as the 7 

associated economic implications, this niche population deserves more attention to facilitate 8 

both prevention and management strategies. In this review, we explore the aging-driven factors 9 

contributing to IBD in the elderly patient population, emphasizing the role of immune 10 

remodelling (termed “immunosenescence”) and aging of the gut microbiome. We propose that 11 

aging and the gut-microbiome-immune axis interact reciprocally leading to IBD in the elderly.  12 

 13 

 14 

Table 1. A comparison of disease phenotype and behavior in pediatric-, adult- and 15 

elderly-onset inflammatory bowel disease 16 

 17 
IBD, inflammatory bowel disease; GI, gastrointestinal 18 

 19 

The hallmarks of immune aging in IBD  20 

Biological aging, as opposed to chronological aging, reflects diminished reparative and 21 

regenerative capacity in tissues and organs, as well as remodeling of the immune system. The 22 

term “immunosenescence” refers to age-associated functional impairments or aberrant immune 23 

  Pediatric-onset IBD Adult-onset IBD Elderly-onset IBD 

Ulcerative Colitis 

Location Pancolitis2,16 Proctitis and left-

sided colitis17,18 

Left-sided colitis19,20 

Disease Extension  29-49%16,21,22 10-30%18,23 6.6-12.3%24 

Need for Surgery at 

5 years 

14-20%16,21 3-13%23,25 8-11%8,19,25 

Crohn’s Disease 

Location Upper GI, perianal 

and Ileocolonic2,26 

Ileocolonic2 Colonic19,20 

Disease Behavior Inflammatory, 

stricturing, 

penetrating17,27 

Inflammatory, 

stricturing, 

penetrating25 

Inflammatory19,20 

Need for Surgery at 

5 years 

17-34%26,28,29 29-31%25,29 23-29%8,20,29 
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responses30. Immunosenescence predisposes elderly people to viral and bacterial infections, 1 

autoimmunity, malignancies, and mortality31-33. As IBD is fundamentally a disease of chronic 2 

inflammation, elevated risks of chronic basal inflammation associated with aging 3 

(i.e.,“inflammaging”) and immunosenescence together may contribute to the development and 4 

propagation of IBD in the elderly. There are several aspects of the aging immune system that 5 

overlap with characteristics of immune responses in IBD. Herein, we explore the unique 6 

cellular and molecular basis for systemic and mucosal immunosenescence and postulate their 7 

role in the pathogenesis of elderly-onset IBD. 8 

 9 

Systemic immunosenescence and IBD  10 

Adaptive immunosenescence and IBD immunopathogenesis 11 

The remodelling of adaptive immunity with age can be attributed to changes in the quality and 12 

quantity of T and B cell responses34. Hallmarks of T cell immunosenescence include an 13 

accumulation of antigen-experienced memory T cells at the expense of antigen-inexperienced 14 

naïve T cells due to age-associated thymic involution35 (Fig. 1). This results in a diminished 15 

response against newly encountered antigens and further restricts repertoire diversity in the 16 

elderly. Furthermore, T cell immunosenescence is accompanied by an increase in the CD4 to 17 

CD8 T cell ratio36, an imbalance between type 1 helper (Th1) and type 2 helper (Th2) cells37, 18 

and an increase in the ratio of pro-inflammatory type 17 helper T (Th17) cells to anti-19 

inflammatory regulatory T (Treg) cells38 (Fig. 1). Similarly, the balance between Treg cells and 20 

effector T cells is also disrupted in patients with IBD39, where immune tolerance is suppressed 21 

and effector T cells such as Th1, Th2, and Th17 are activated leading to IBD progression40,41. 22 

Moreover, an age-associated accumulation of senescent (CD28-ve CD57+ve) T cells has been 23 

widely reported, particularly in the terminally differentiated EMRA cells (effector memory T 24 

cells that re-express CD45RA)42. These senescent T cells possess a pro-inflammatory pattern 25 

known as senescence-associated secretory phenotype (SASP) during aging43, which secrete 26 

pro-inflammatory cytokines (IL-6 and IL-1)42 that play a key role in IBD pathogenesis.  27 

 28 

Furthermore, chronic infection with cytomegalovirus (CMV) accelerates human T cell 29 

immunosenescence in elderly individuals44. Though the role of CMV infection in active IBD 30 

remains equivocal, studies have demonstrated that 20-40% of patients with severe and/or 31 

steroid-refractory IBD are seropositive for CMV infection45. Elderly IBD patients are also at a 32 



 6 

higher risk for CMV reactivation46. In the context of aging, persistent infections with CMV 1 

may exacerbate immunosenescence by a dual immunosuppressive mechanism: occupying 2 

"immunological space" that comprises up to 50% of the total memory T cell compartment in 3 

older individuals and causing blockade of antigen-presenting cells or cytokine secretion47. 4 

Considering the accumulation of large numbers of CMV-specific CD8+ effector T cell clones 5 

that have been demonstrated to be cytotoxic and capable of rapidly releasing proinflammatory 6 

cytokines (IFN-γ and TNF-α) in response to  stimulation48, it is a plausible hypothesis that 7 

CMV infection or reactivation may be associated with an increased risk of IBD in the elderly.  8 

 9 

In addition, data from the human colonic mucosa transcriptome also support the hypothesis 10 

that viral infection induced autoimmunity may represent a pathogenetic mechanism for IBD, 11 

particularly CD49. Herpes simplex virus (HSV) infection has been identified as an upregulated 12 

pathway in CD when compared with controls49, which involves MHC molecules that are 13 

known for the presentation of viral and self-antigens to T cells. In contrast, increased numbers 14 

of Epstein-Barr virus (EBV)-infected cells have been detected in UC as compared to CD, with 15 

elevated expression of the EBV-induced gene 3 (EBI3), a molecule belonging to the interleukin 16 

(IL)-12 family50. Human metagenome studies analysing virus-like particle (VLP) preparations 17 

from faecal samples obtained from patients with IBD indicate a significant expansion of 18 

Caudovirales bacteriophages in UC and CD patients compared with controls51. Nonetheless, 19 

the precise role viruses and bacteriophages play in IBD pathogenesis remains to be determined. 20 

 21 

Alongside viruses, several bacterial species have also been positively associated with IBD 52,53. 22 

These include Clostridioides difficile, Salmonella, Shigella, Campylobacter concisus, 23 

Mycobacterium avium subspecies paratuberculosis, enterotoxigenic Bacteroides fragilis, 24 

Fusobacterium varium, Escherichia coli, enteric Helicobacter species, and Fusobacterium 25 

nucleatum52. Overexposure of the immune system to excessive bacterial substances may lead 26 

to loss of immunological tolerance to normal commensals, eliciting intestinal inflammation 27 

and IBD development54. Finally, emerging evidence suggests that fungi may play a role in 28 

chronic intestinal inflammatory disorders. In this regard, a new study has shown that Candida 29 

albicans strains seem to dominate the colonic mucosa of patients with UC, but importantly, 30 

only some strains aggravated gut inflammation55. 31 

 32 

In addition to T cells, an age-associated decline in B cell lymphopoiesis and remodelling has 33 

also been observed in the B cell pool (Fig. 1). This entails a decline in B cell repertoire diversity, 34 
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a decrease in naïve B cells, an increase in antigen-experienced memory B cells and diminished 1 

humoral responses due to reduced protective antibody production, resulting in poor vaccination 2 

efficacy in older people56,57. Decreased antibody avidity may be attributed to down-regulated 3 

E47, a transcription factor that controls B cell function, and to a reduced activation-induced 4 

cytidine deaminase (AID) which is related to class switch recombination and Ig somatic 5 

hypermutation58. A further age-related change in antibody production occurs when 6 

immunoglobulin isotypes shift from IgD and IgM isotypes largely produced by naïve B cells, 7 

to increased levels of IgG or IgA isotypes produced by memory B cells59. Moreover, 8 

inflammatory markers occurring in the late/exhausted memory (IgD−CD27−) B cells exhibit 9 

SASP, which involves the chronic transcriptional induction and increased secretion of pro-10 

inflammatory mediators. This includes cell cycle regulators (e.g., p16INK4, which induces cell 11 

cycle arrest), inflammatory miRNAs (miR-155, miR-16, miR93), pro-inflammatory cytokines 12 

(TNF-α, IL-6 and IL-8), and metabolic pathways (AMPK)57. These factors constitute a source 13 

of chronic inflammation that may contribute to inflammaging and the development of elderly-14 

onset IBD. 15 

  16 

Lastly, a subset of atypical B cells, termed age-associated B cells (ABCs), secrete pro-17 

inflammatory cytokines (e.g., TNF-α) as well as autoantibodies and accumulate with age60. 18 

Similarly, the accumulation of ABCs has also been observed in other autoimmune diseases 19 

such as rheumatoid arthritis in the elderly61. Also regulatory B cells (Bregs), which can resolve 20 

pro-inflammatory events by secreting anti-inflammatory IL-10, IL-35, or TGF-, develop 21 

numerical and functional deficits with aging63, increasing the risk of autoimmunity and chronic 22 

inflammation with age64. Notably in patients with IBD, such a numerical deficiency or decrease 23 

in Bregs function can propagate disease progression and severity, exacerbating the intestinal 24 

inflammation that may contribute to IBD pathogenesis65. 25 

 26 

      Innate immunosenescence and IBD immunopathogenesis  27 

      The peripheral innate immune system, particularly the neutrophils, natural killer cells (NK), 28 

monocytes, macrophages and dendritic cells (DCs), are subject to profound changes with 29 

advancing age66. The dysfunction of DCs with increasing age is characterized by weakened 30 

antigen uptake and presentation as well as diminished phagocytosis of apoptotic cells30, which 31 

prolongs self-antigen exposure and can contribute towards autoimmune responses and 32 

inflammation67. In addition, DCs from older adults secrete higher basal levels of pro-33 
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inflammatory cytokines (IL-6, TNF), accompanied by decreased levels of anti-inflammatory 1 

cytokines (IL-10)67,68, contributing towards inflammaging. During aging, neutrophils exhibit 2 

impaired phagocytosis, defects in chemotaxis and impaired formation of neutrophil 3 

extracellular traps (NETs)69-71, resulting in compromised pathogen clearance and an 4 

inappropriate persistence of chronic inflammation. Macrophages also demonstrate a decrease 5 

in phagocytosis with aging, which results in a delay in the resolution of inflammation72,73. 6 

Although an age-associated expansion of NK cells has been reported in aged individuals, these 7 

aged NK cells exhibit decreased per-cell cytotoxicity, contributing to an increased 8 

susceptibility to viral infections and possibly towards the accumulation of senescent cells74,75. 9 

      Age-related redistribution of monocyte subsets has been observed with increased frequency 10 

of non-classical monocytes (CD14+veCD16++ve) exhibiting SASP in a pro-inflammatory state 11 

and secreting high levels of pro-inflammatory cytokines basally76 similar to DCs. Overall, the 12 

age-associated remodelling of the peripheral innate immune system could contribute towards 13 

a reduced clearance of senescent cells, a higher basal level of pro-inflammatory cytokines 14 

fueling inflammaging and an elevated risk of infections and autoimmune conditions, including 15 

IBD77 (Fig. 1). 16 

 17 

In addition to the immune cells mentioned above, innate host defense mechanisms also depend 18 

on pattern recognition receptors (PRRs)78, inflammasomes, and autophagy79. The PRRs are a 19 

large family of proteins that are capable of  directly recognizing pathogen-associated molecular 20 

patterns (PAMPs), damage-associated molecular patterns (DAMPS), as well as apoptotic host 21 

cells and damaged senescent cells associated with aging80. Toll-like receptors (TLRs),  the 22 

major PRRs expressed mostly by dendritic cells, macrophages and monocytes, play an 23 

important role in the innate immune response to inflammatory stimuli81. However, excessive 24 

activation of these receptors may lead to chronic intestinal inflammation and abnormal TLR 25 

signaling may trigger disease-related inflammation and an increased bacterial burden, hence 26 

being closely linked to the development of IBD81. Several members of the TLR family of 27 

receptors including TLR5, TLR8, and TLR9, are positively correlated with the presence of 28 

ulcerative colitis (UC) and the severity of endoscopic and histological inflammation, with their 29 

mRNA levels being higher in active UC in comparison to quiescent UC, as well as strongly 30 

correlated with the transcription of inflammatory cytokines (IL-6 and TNF)82. In particular, 31 

polymorphisms in the TLR5 gene, such as the R392X, N592S and L616F variants, are 32 

significantly associated with an increased risk for both UC83 and Crohn’s disease (CD)84. In 33 
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addition, TLR5 expression level is elevated in human monocytes from the elderly, 1 

accompanied by activation of downstream NF-κB and MAPK signaling pathways that enhance 2 

the secretion of proinflammatory mediators85, which may contribute to the inflammatory milieu 3 

in elderly IBD. 4 

 5 

Inflammasomes are multiprotein complexes assembled by PRRs that orchestrate 6 

proinflammatory responses and participate in innate responses by sensing microbial motifs, 7 

endogenous signals, and environmental irritants86,87. NLRP3 (NOD-, LRR-, and pyrin domain-8 

containing protein 3), one of the better studied inflammasomes, activates when stress signals 9 

from PAMPs or DAMPs are present88. This results in a series of proinflammatory responses, 10 

including the secretion of proinflammatory cytokines such as IL-1 and IL-18, as well as the 11 

initiation of pyroptosis (a proinflammatory type of programmed cell death)88. Furthermore, 12 

recent studies have highlighted the role of the NLRP3 inflammasome contributing to age-13 

related inflammation or “inflammaging” and the pathogenesis of a wide variety of age-related 14 

diseases86, as well as IBD89. 15 

 16 

In particular, inflammasome activation has been shown to interact and reciprocally influence 17 

autophagy90. While activation of the inflammasome can trigger autophagy, autophagy in turn 18 

can inhibit excessive inflammasome activation via autophagic engulfment to maintain 19 

homeostasis91. A number of IBD susceptibility genes have been discovered to regulate 20 

crosstalk between autophagy and inflammasome activation, including autophagy-related 16-21 

like 1 (ATG16L1) and immune-related GTPase M (IRGM)92. With respect to aging, it is 22 

noteworthy that autophagy could minimize aging effects by removing endogenous DAMPs; 23 

however, autophagy activity is downregulated with aging5, resulting in unrestricted 24 

inflammasome activation and consequent inflammation93. 25 

 26 

      Inflammaging and IBD pathogenesis 27 

      "Inflammaging”, a chronic low-grade systemic inflammation that increases with age, is 28 

another hallmark of immune aging68. It is speculated that an increased asymptomatic pro-29 

inflammatory state (conceptualized as a proclivity of the innate immunity system to confront 30 

pathogens) may have evolutionary advantages, leading to beneficial adaptations in the aging 31 

process which maintain homeostasis94. The inflammation factor has been found to be a 32 

significant contributor to successful aging in super semi-centenarians95. Nevertheless, as 33 

shown by the antagonistic pleiotropic theory of aging96, these protective effects over time can 34 
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lead to detrimental outcomes in the absence of adequate compensatory mechanisms. 1 

Inflammaging results from an imbalance between pro-inflammatory and anti-inflammatory 2 

networks66. It is characterized by a heightened pro-inflammatory environment associated with 3 

a subclinical accumulation of pro-inflammatory factors including IL-6, IL-1β, IL-18, IL-22, 4 

and TNFα without an effective counter-regulation by anti-inflammatory molecules such as IL-5 

10, IL-4 and TGF-166,94,97. This contributes to  the development of frailty and increased 6 

mortality in the elderly97,98, as well as chronic age-related diseases99. 7 

 8 

Similar to inflammaging, an imbalanced inflammatory and anti-inflammatory equilibrium as 9 

well as remodeling of cytokine networks have also been demonstrated to contribute to the 10 

pathogenesis of IBD, which accordingly provides a rationale for the development of tailored 11 

cytokine-targeted therapies for IBD.  These strategies aim to block pro-inflammatory cytokine 12 

signaling mediated by TNFα, IL-1β, IL-6, IL-12, IL-17, and IL-23, and/or to enhance anti-13 

inflammatory pathways through IL-2, IL-10, or TGF-181,100. Interestingly, inflammaging 14 

occurs concurrently with immunosenescence101,102. Moreover, inflammaging is triggered by 15 

chronic repeated activation of the innate immune system, which exhausts the adaptive immune 16 

system, and in turn exacerbates immunosenescence103. Therefore, immunosenescence and 17 

inflammaging may function reciprocally to shape IBD in the elderly. 18 

 19 

It is proposed that the chronic proinflammatory state of inflammaging is mediated by a number 20 

of molecular mechanisms including (Fig. 1): cellular senescence SASP factors104, 21 

mitochondrial dysfunction such as mitochondrial DNA (mtDNA) damage105, a decline in 22 

autophagy capacity that compromises cellular housekeeping and immune ‘rejuvenation’106, 23 

accumulation of damage-associated molecular patterns (DAMPs)107, dysregulation of the 24 

ubiquitin-proteasome system (UPS)108, activation of inflammasomes109,  telomere 25 

shortening110 and activation of the DNA damage response (DDR)111. In addition to these factors, 26 

gut microbiota dysbiosis is of particular importance since the gut microbiota closely interacts 27 

with the diet, intestinal barrier, metabolism, and systemic inflammation102,112,113, as well as 28 

being subject to profound remodeling with advancing age as discussed in section 3. 29 

 30 

It is notable that studies in IBD demonstrate great promise for utilizing frailty and sarcopenia, 31 

which are interrelated concepts with inflammaging, as a risk stratification tool for IBD patients 32 

at the greatest risk of experiencing adverse outcomes12,114. Furthermore, it has been reported 33 
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that 41.6% of patients with IBD have sarcopenia115, a condition characterized by progressive 1 

loss of muscle mass and function associated with aging and considered to be a key component 2 

of frailty116. Although the pathogenesis of frailty and sarcopenia is still poorly understood, an 3 

emerging theory ties the two together because of inflammaging and 4 

immunosenescence117,118. Particularly, the inflammatory cytokine components of 5 

inflammaging (e.g., TNFα, IL-1β, and IL-6) contribute to muscle wasting, either directly by 6 

increasing protein degradation and catabolism, or indirectly by promoting anabolic resistance 7 

by inhibiting the expression and activity of growth hormone and insulin-like growth factor 8 

1119,120.   9 

 10 

There are still many unknowns about the intricacies of the aging body and its clinical 11 

implications for IBD. It is generally believed that aging induces systemic immune 12 

dysfunction, pro-inflammatory cytokine responses and an accumulation of senescent cells, 13 

leading to immunosenescence and inflammaging. If this combination persists to increase the 14 

imbalance between pro-inflammatory and anti-inflammatory responses without effective 15 

counter-regulation, it may provide favorable conditions that lead to IBD in the elderly (Fig. 1).  16 



 12 

 

Figure 1. Hallmarks of immunosenescence, inflammaging, and susceptibility to IBD. During 

aging, immunosenescence (remodeling of the innate and adaptive immune systems) and inflammaging (low-grade 

inflammation) both contribute to promoting pro-inflammatory responses in the elderly. If this pro-inflammatory 

milieu is not adequately counteracted by anti-inflammatory mediators, it may provide the ideal circumstances for 

the development of IBD in the elderly. ABCs, age-associated B cells; Bregs, regulatory B cells; DAMPs, damage-

associated molecular patterns; DCs, dendritic cells; NK, natural killer cells; PRR, pattern recognition receptors; 

SASP, senescent-associated secretory phenotype; TLR, Toll-like receptor; Treg, regulatory T cell; UPS, ubiquitin-

proteasome system. Blue arrow:  increase; Red arrow: decrease. The diagram was created with BioRender.com.  
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Mucosal immunosenescence and IBD  1 

It is well established in IBD that the mucosal barrier is compromised and that both the mucosal 2 

barrier and the local immune system play a prominent role in the pathophysiology of disease121-3 

123. Emerging data illustrates an overall decline in the integrity of the intestinal epithelial barrier 4 

of the elderly, with the first signs of aging in the gut immune system occurring at mucosal 5 

surfaces earlier than in the systemic immune compartment124.  Along with systemic immune 6 

disorders, age-associated changes in the local mucosal immune system may disrupt the 7 

integrity of the epithelial barrier, leading to a leaky gut and initiating the onset of IBD. An 8 

integrated series of changes occur at the mucosal interface of aging guts including physical 9 

changes (intestinal epithelial cells and tight junctions)125-129, immunological changes (secretory 10 

IgA and mucosal immune cells)124,130-135, biochemical changes (mucus layer and anti-microbial 11 

peptides, AMPs)136-139, as well as microbial changes124,140,141. A summary of mucosal immune 12 

changes in the elderly that may represent a pathogenesis link to IBD is displayed in Table 2. 13 

  14 
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Table 2. Aging-associated changes of the intestinal epithelial barrier and mucosal 

immune system that parallel the pathophysiology of IBD 

 

Mucosal barrier 

components 

Hallmarks of aging Studied 

changes in 

IBD 

Implication in 

IBD pathogenesis 

 

 

 

 

 

 

 

 

 

Physical barrier:  

IECs 

ISCs: 

Regenerative capacity  142,143 

Proliferation  128   

Cellular motion   143 

  

 

 

 

 

 

 

Altered architecture; 

Impaired function of     

intestinal barrier 

Paneth cells:  

Secretory function  141,142 

Wnt signalling   142,144 

Wnt antagonist   144 

Dysfunctional 

Paneth cells with 

reduced secretion 

of AMPs145 

Enterocytes:  

Apoptosis     

Cell function  128 

Somatic 

mutations in 

UC146,147and 

CD147 

M cells:  

Mature cells    

Antigen uptake   148 

 

 

 

Physical barrier: 

TJs 

E-cadherin   149  

Occludin   149,150; ZO-1  150;  

JAM-A   150   

Claudin-2   150,151 

Occludin in CD   
152 and UC  153 

 

Claudin-2 in CD  
152 and UC   154   

   

 

Increased intestinal 

permeability 

 

 

Mucosal immunity 

Ag-specific SIgA response   124,131   

Attenuated antigen-      

presentation and   

protection against 

pathogens 

T cell priming by DCs   133   

Oral toleration to antigen  130 

 

ILCs:   

ILC2   135; ILC3   134 

Frequencies of 

ILC2 in CD   155; 

ILC3 in UC   156 

Biochemical 

barrier:  

Mucus layer  

Thickness of the colonic 

mucus layer   157,158 

Mucus thickness 

in UC  159   

Defects in mucus 

barrier leading to 

increased bacterial 

penetration 

 

Biochemical 

barrier: AMPs 

Reg3β   ; Reg3γ    

β-defensin 1   ; 

angiogenin-4   ; Relmβ    136;   

-defensin 5   160 

 

-defensin 5 in 

ileal CD  161 

 

Reduced mucosal 

antimicrobial activity  

 

 
Ag, antigen; AMPs, antimicrobial peptides; CD, Crohn’s disease; IECs, intestinal epithelial cells; ILCs, innate 

lymphoid cells; ISCs, intestinal stem cells; JAM-A, junctional adhesion molecule-A; SIgA, secretory IgA; TJs, 

tight junctions; UC, ulcerative colitis. 
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Physical changes in the intestinal barrier with aging 1 

The integrity of the gut epithelium is compromised with age in humans149,151 as well as in 2 

various model organisms such as C. elegans129, Drosophila129,162, mice149 and monkeys163. The 3 

aging process may negatively impact the physical barrier of the gut epithelium by affecting two 4 

key components of intestinal barrier function: intestinal epithelial cells (IECs), and cell-cell 5 

junctional complexes known as tight junctions (TJs),  which are implicated in the pathogenesis 6 

of IBD41,122. 7 

 8 

The intestinal epithelium barrier comprises specialized cells with diverse functions that emerge 9 

from intestinal stem cells (ISCs) at the base of crypts164. However, ISCs are highly prone to 10 

stem cell exhaustion, an integrative hallmark of aging105, as evidenced by a reduced tissue 11 

regenerative capacity after damage and a slower turnover of the epithelium with aging142,143.  12 

The current emerging molecular mechanisms underlying ISC exhaustion may be related to 13 

increased DNA damage and an age-related dysfunction of the DDR165, increased apoptosis128 14 

and a decline in stemness maintaining Wnt signalling142,144. As the gut ages, the reduced mitotic 15 

rate142 coupled with an increased level of apoptosis in active ISCs128 lead to decreased cell 16 

proliferation within the crypt, and the ROCK pathway-dependent cellular motion of ISCs is 17 

also impaired in aging crypts143 (Table 2). Of note, the regenerative potential of human and 18 

mouse intestinal epithelium declines with age not only due to defects in stem cells themselves, 19 

but also in their niche, which supports and regulates ISCs144,166. Transcriptomic data suggests 20 

that this functional decline may be caused by a decrease in the canonical Wnt signalling, 21 

particularly Wnt3, mainly secreted by ISCs and their neighbouring Paneth cells and 22 

subepithelial mesenchymal cells in aged intestinal crypts142,144.  23 

 24 

IECs have an essential role in maintaining homeostasis of the intestinal epithelial barrier by 25 

modulating responses to the gut microbiota167. Several types of specialized IECs including 26 

absorptive enterocytes, Paneth cells, goblet cells and microfold cells (M cells) are negatively 27 

affected by aging, especially with respect to their function and composition126,168,169 (Table 2). 28 

Generally, proteomic analysis demonstrates that aging affects epithelial immunity, metabolism, 29 

and cell proliferation as well as the composition of the epithelium changes region-dependently 30 

in aged mice170, which could account for the altered architecture and dysfunction of the aging 31 

gut. To date, it is unclear what role each epithelial cell subtype plays in the breakdown of the 32 

epithelial barrier that underlies IBD. However, aberrant IEC responses to IBD-associated 33 

microbial sensing, TNF stimulation, and dysregulated inflammatory pathways in IECs (such 34 
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as interferon-, NF-κB, RIPK, and ER stress)171-173 may compromise intestinal barrier integrity, 1 

thereby promoting intestinal inflammation.  2 

 3 

The TJ barrier defects, characterized by discontinuous tight junction strands, have been 4 

implicated in the pathogenesis of IBD41. The underlying cellular mechanisms include altered 5 

expression of TJ proteins including occludin, claudins, zonula occludens (ZOs), and junctional 6 

adhesion molecule (JAM)167. In aged humans, colonic tissue exhibits discontinued TJ strands 7 

accompanied by a decline in E-cadherin and occludin levels149 as well as an increase in claudin-8 

2151, resulting in a profound decrease in transepithelial electrical resistance (TEER) which 9 

indicates impaired integrity of the epithelial barrier151. The remodeling of the intestinal 10 

epithelial tight junction proteins in aged non-human animals such as mice and baboons exhibits 11 

a similar pattern, with reduced levels of E-cadherin149, occludin149,150, ZO-1150, and JAM-A150, 12 

and increased levels of claudin-2150. In particular, occludin downregulation in patients with 13 

IBD152,153, and claudin-2 upregulation in both CD152 and UC154 patients is known to result in 14 

enhanced tight junction permeability for cations, providing the molecular basis for leaky gut 15 

(Table 2). The altered intestinal TJ permeability may result from the accumulation of pro-16 

inflammatory cytokines such as TNF-α, IL-1β, IFN-γ, and IL-6 secreted by IECs, which 17 

modulate TJ protein expression and function, or activate regulatory pathways linked to the TJs 18 

complex174-176. Interestingly, pro-inflammatory cytokine levels tend to increase with advancing 19 

age because of inflammaging.  20 

 21 

Immunological changes in the intestinal barrier with aging  22 

The GI tract is generally acknowledged as the largest immunologic organ with regards to 23 

lymphocyte numbers, as the gut-associated lymphoid tissue (GALT) accommodates nearly 70% 24 

of the total immune cells in the body177. Aging is also associated with progressive alterations 25 

in mucosal immune responses driven by both impaired immune cells and gut mucosal 26 

regulatory immunity, referred to as mucosal immunosenescence178, which is functionally 27 

distinct from its systemic counterpart. 28 

 29 

The major change seen in the aged mucosa is a failure to elicit an antigen (Ag)-specific 30 

secretory IgA (SIgA) antibody (Ab) response, which forms the first line of local defense against 31 

potentially invasive microorganisms and is central to the normal function of the GI tract as an 32 

immune barrier179. Although conflicting results have been reported on the magnitude of IgA-33 

mediated responses in aging126, Ag-specific mucosal SIgA Ab responses, which are particularly 34 
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supported by the GALT inductive immune system, are markedly lower in aged animals124,131, 1 

suggesting that Ag-specific mucosal immune responses are attenuated. Further, adoptive 2 

transfer of adipose tissue-derived mesenchymal stem cells from young donors restored a 3 

youthful Ag-specific SIgA Ab response in aged mice132. These findings suggest a possible 4 

failure of induction of SIgA Ab responses for protection in aging.  5 

 6 

The mechanisms underlying the impaired Ag-specific SIgA Ab responses as well as lack of 7 

oral tolerance induction that occur in the aging state have been proposed to involve decreased 8 

DCs and follicular DC functions in Peyer's patches, in addition to impaired T cell responses130. 9 

Aging deficits in mucosal DCs derived from the small intestine are characterized by a 10 

diminished capacity to prime T cell responses, failure to stimulate TGF-β secretion and 11 

differentiation of CD4+ LAP+ Treg cells133. In addition, mucosal innate lymphoid cells (ILCs) 12 

are a heterogeneous group of innate immune cells that have been implicated in the pathogenesis 13 

of chronic intestinal inflammation in IBD122,123, by playing a critical role in maintaining the 14 

integrity of the mucosal barrier. In aged humans, intestinal group 3 ILC3 (ILC3) that produce 15 

the Th17 cell-associated cytokines decrease with aging, whereas classical NK cells exhibit a 16 

compensatory increase134. Parallel to this aging-related change, ILC3 levels have been shown 17 

to decrease in colonic mucosa samples of patients with UC156. Furthermore, intestinal samples 18 

from CD patients have shown increased frequencies of ILC2155, which is also consistent with 19 

age-associated increases in ILC2135. A dysregulated mucosal immune response is the central 20 

driver of IBD, and aberrant functions of mucosal DCs and ILCs may contribute to elderly-onset 21 

IBD.  22 

 23 

Biochemical changes in the intestinal barrier with aging  24 

The intestinal mucus layer, which is formed by glycoprotein mucins secreted by goblet cells, 25 

coats IECs and functions as a biochemical defense barrier against microbial invasion180. In 26 

aged mice or accelerated aging mice models, the colonic mucus layer becomes thinner or 27 

absent157,158,181, which may be due to a lack of mucus-secreting goblet cells in the colonic 28 

crypts158. Aging-induced deterioration of the protective mucus layer is associated with 29 

increased bacterial penetrability, alterations in immunity and microbiota composition, as well 30 

as increased susceptibility to colonic inflammation158. In line with this, active UC is associated 31 

with thinner colonic mucus layers that are more permeable to bacteria159, along with a decrease 32 



 18 

in core mucus components such as MUC2 and FCGBP, a decrease in sentinel goblet cells and 1 

a reduced secretory response to microbes182, contributing to the development of UC. 2 

 3 

The antimicrobial peptides (AMPs), produced by Paneth cells41, are another major component 4 

of the biochemical barrier as they localize to the mucus layer and act in conjunction with the 5 

mucus layer to prevent bacterial attachment and invasion180,183,184. In addition, intestinal AMPs 6 

can influence treatment outcomes, as anti-TNF therapy responders and non-responders in UC 7 

patients exhibit distinct patterns of mucosal AMP expression138. In aged mice, the transcript 8 

levels of Paneth cell-derived AMPs such as ileal -defensin and lysozyme are decreased, while 9 

other AMP genes are increased, including regenerating islet-derived protein (Reg)-3β and -3γ, 10 

β-defensin 1, angiogenin-4, and resistin-like molecule beta (Relmβ)136. The mechanism 11 

underlying the age-related up-regulation of AMPs may be mediated by cytokines137. In contrast 12 

to the observations in aged mice, a study of elderly people suggests that several serum AMPs 13 

levels are not affected by aging, as elder individuals produce comparable levels of cathelicidin 14 

(LL-37) and β-defensin-2 (hBD-2) as healthy young adults139. However, it is noteworthy that 15 

the secretion of human -defensin 5 is lower in the elderly than in middle-aged individuals160. 16 

This parallels the reduced expression of -defensin 5 shown in patients with ileal CD, which 17 

compromises mucosal host defenses and predisposes patients to CD161.  18 

 19 

Aging gut microbiome and IBD 20 

The gut is home to the largest microbial community of the body and is the most diverse and 21 

well-studied commensal ecosystem. However, a disrupted (‘dysbiotic’) gut microbiome, has 22 

been extensively characterized in IBD, where it is closely associated with a reduction in the 23 

total number, and diversity of microbial species41,185-187. Furthermore, dysbiosis is a hallmark 24 

of aging. The microbiota profile of older adults is different from that of young adults for several 25 

reasons associated with senescence, including aging-related changes in lifestyle and dietary 26 

intake, decreased locomotion, weakened immune strength, altered gut morphology and 27 

physiology, recurrent infections, hospitalizations, polypharmacy and frailty140,188-191. The 28 

causal relationship between changes in the microbiome and host aging has yet to be determined. 29 

The substantial alteration of the microbiome in aging may negatively impact gut physiology 30 

by leading to reduced gut motility, decreased mucus secretion, and impaired intestinal barrier 31 

dysfunction140. This results in a cascade of inflammatory events that enhance the risk of 32 
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developing aging-associated pathologies including frailty, neurodegeneration, type-2 diabetes, 1 

cancer, and cardiovascular disease192.  It is likely that overlapping or shared microbiome 2 

alterations across these aging-linked disorders are, in part, a consequence of general 3 

physiological decline, including inflammation and loss of mucosal barrier, which have been 4 

summarised by DeJong et al193. Importantly, Ghosh et al have demonstrated that cross-disease 5 

microbiome alterations overlap with those changes associated with healthy aging and unhealthy 6 

aging 190,194. 7 

 8 

Although dysbiosis likely contributes to IBD pathogenesis41,123, the cause-effect relationship 9 

between microbial dysbiosis and IBD has not yet been fully elucidated195,196. In IBD, microbial 10 

dysbiosis manifests as an overall decrease in bacterial diversity, along with decreased 11 

protective bacteria [Bacteroidetes (Bacteroides fragilis), Firmicutes (Lactobacillus, F. 12 

prausnitzii and Clostridium strains)], and Actinobacteria [(Bifidobacterium)]122,197-200 and 13 

increased pathogenic species [Proteobacteria (Gamma proteobacteria, and Escherichia coli) 14 

and Fusobacteria (Fusobacterium nucleatum)]122,197,201. Furthermore, multi-omics approaches 15 

applied in cross-sectional and longitudinal studies have revealed that metagenomic, 16 

metatranscriptomic and stool metabolomic profiles are disrupted during IBD activity202. 17 

Dysbiosis in IBD involves an increase in facultative anaerobes at the expense of obligate 18 

anaerobes, disruptions of microbial transcription, and a decrease in beneficial metabolite pools, 19 

including short-chain fatty acids (SCFAs) such as butyrate and propionate, as well as secondary 20 

bile acids (lithocholate and deoxycholate)202,203.  21 

 22 

Similarly, aging is associated with a decrease in the diversity of intestinal commensal microbes, 23 

manifested by a loss of beneficial commensal bacteria, and an increase in opportunistic and 24 

potentially pathogenic commensal microbes. Generally, the composition of the intestinal 25 

microbiota in older adults (>65 years) is extremely variable between individuals and differs 26 

from the core microbiota and diversity levels in younger adults204. Particularly, the intestinal 27 

commensal bacteria (bifidobacteria, lactobacilli, bacteroides) that are responsible for 28 

maintaining immune tolerance are reported to be reduced in the elderly, while Proteobacteria 29 

is elevated188,191,205-207 mirroring changes noted in IBD patients122,197,198. Furthermore, the 30 

aging-associated changes in gut commensals are also accompanied by a decrease in 31 

microbiome-associated metabolites such as vitamin B12, vitamin B7, creatine, butyrate, as well 32 

as their respective microbial metabolic pathways, thus contributing to muscle atrophy and 33 

increasing frailty208,209. 34 
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 1 

To date, there is a lack of human research exploring the interaction between IBD-microbiome 2 

associations and aging. However, a recent study reveals that aging influences microbiome 3 

composition as well as microbiome-disease signatures in IBD194. In this study based on gut 4 

microbiomes derived from over 2,500 individuals, age was identified as a strong covariate of 5 

disease signatures across multiple diseases, including IBD. In particular, IBD was associated 6 

with distinct bacterial species across three age groups [young (20-39), middle-aged (40-59), 7 

and elderly (above 60)] with a decrease in the prevalence of Clostridium, Lachnospiraceae, 8 

Escherichia, Blautia producta and Streptococci in the elderly with IBD compared to the 9 

young194. Currently, the relationship between the IBD-associated gut microbiome and disease 10 

pathogenesis in elderly-onset IBD is poorly understood due to a lack of direct evidence and 11 

relatively small sample sizes in existing studies.  12 

 13 

Aging microbial-immune crosstalk in the initiation of elderly-14 

onset IBD 15 

The advancements in genomics over the past few years have revealed how the host immune 16 

system contributes to the determination of the gut microbiota and, in turn, how the microbiota 17 

modulates the immune system210. The interplay between the immune system and the 18 

microbiome is balanced for the maintenance of homeostasis, however abnormalities in these 19 

tightly controlled regulatory circuits could be linked to aging-related disorders. Although the 20 

exact pathogenesis of IBD remains unknown, IBD is believed to be associated with a 21 

breakdown in intestinal homeostasis pathways due to a dysfunctional communication between 22 

the epithelial barrier, intestinal flora, and immune system81,211.  23 

 24 

During aging, immunosenescence and an aging gut microbiome develop as both the immune 25 

system and the intestinal microbial ecosystem undergo profound remodeling. As such, it raises 26 

the question of whether immunosenescence and age-related changes in the microbiota are 27 

causally related. Recent studies have demonstrated the role of the microbiota in the regulation 28 

of immunosenescence using microbiome modulation. Fecal microbiota transplantation (FMT) 29 

has been demonstrated to be an effective tool for manipulating the aging processes, by 30 

reversing aging-associated dysbiosis and restoring secondary bile acids in progeroid mice, 31 

thereby counteracting the aging process and extending lifespan212. In a multi-omics human 32 

study, reversal of immunosenescence features was observed in patients with severe or 33 
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fulminant Clostridioides difficile infection undergoing successful FMT treatment213, 1 

suggesting that changes in the gut microbiome may influence immunosenescence pathways. 2 

Similarly, in middle-aged mice, syringaresinol (SYR), a polyphenolic lignan, reverses 3 

immunosenescence through enhancing beneficial bacteria (Lactobacillus and Bifidobacterium) 4 

while reducing opportunistic pathogens (Akkermansia), suggesting that SYR contributes to the 5 

reversal of immunosenescence via modulation of gut integrity and microbiota diversity214. In 6 

addition, transferring gut microbiota from old to young mice promotes inflammation in the 7 

small intestine, upregulates inflammation-associated immune pathways (PRRs, Th cell 8 

differentiation, B cell development), and enhances leakage of inflammatory bacterial 9 

components into the circulation, indicating that aged microbiota contributes to 10 

inflammaging215. These findings suggest that the restoration of a youthful microbiome 11 

promotes the rejuvenation of an aged host by counteracting immunosenescence and 12 

inflammaging, which may slow down aging and its associated diseases. 13 

 14 

The ‘leaky gut’, or increased intestinal permeability, is one of the key consequences of aging-15 

onset dysbiosis. The age-related deterioration of intestinal barrier function is proposed to lead 16 

to the leakage of gut microbes into the systemic circulation, thus increasing systemic 17 

inflammation and hyper-inflammatory responses, which ultimately increases the host’s 18 

susceptibility to various age-related diseases113,216. In turn, the translocation of microbes and 19 

their by-products, identified as microbe-associated molecular patterns (MAMPs) or PAMPs, 20 

may contribute to inflammaging112,113. Mice with aging gut microbiomes produce more pro-21 

inflammatory cytokines, such as IL-6 and TNF as well as a breakdown of the intestinal 22 

barrier113. Dysbiosis with advancing age is also linked with a reduction in commensal bacteria-23 

derived metabolites, such as SCFAs and bile acids. In parallel, dysbiosis in IBD patients is 24 

associated with a decrease in the number of SCFAs and butyrate-producing bacteria, in 25 

particular the members of the Firmicutes phylum217,218. Butyrate, a key SCFA, is a beneficial 26 

mediator of intestinal barrier integrity, as it promotes epithelial cell proliferation and increases 27 

the expression of tight junction components such as occludin, ZO-1 and claudin-2219. Moreover, 28 

butyrate and secondary bile acids (3β-hydroxydeoxycholic acid, isoDCA) play a vital role in 29 

reducing intestinal inflammation through promoting the expansion of Tregs
220,221 or regulating 30 

Breg functions222. Therefore, age-related loss of SCFAs and bile acids may further lead to the 31 

breakdown of the intestinal barrier and bacterial translocation, and subsequently chronic 32 

intestinal inflammation. 33 

 34 
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There is a reciprocal relationship between immunosenescence, the aging gut microbiome, and 1 

an impaired intestinal barrier. In the past decade, research has focused on the complex 2 

interactions between the microbiome, host immunity, and intestinal epithelial barrier, revealing 3 

a wide range of mechanisms involved in the crosstalk between these three entities, and how 4 

aberrations within this communication network may contribute to the molecular etiology of a 5 

number of multifactorial diseases, including IBD211,223-225. During aging, this immune-6 

microbiota-intestinal barrier cross-talk may be largely mediated by PRRs [i.e., TLRs, 7 

nucleotide-binding oligomerization (NOD)-like receptors (NLRs), and the RIG-like receptors], 8 

which sense signals derived from microbial products (such as PAMPs and MAMPs) to initiate 9 

immune responses and elicit protective barrier responses81,211,226. For example, the Crohn’s 10 

disease-associated PRR NOD2 triggers a series of immune responses when activated by 11 

bacteria-derived muramyl-dipeptide (MDP), including the activation of NF-κB, autophagy, and 12 

production of AMPs and pro-inflammatory mediators224,227,228. Moreover, PRR signals 13 

modulate epithelial barrier function by inducing proliferative and growth factors (COX2, PGE2, 14 

and amphiregulin) as well as strengthening tight junctions between IECs229,230. PRRs also play 15 

an important role in limiting bacterial colonization and translocation by stimulating IEC 16 

production of AMPs such as defensins and Reg3γ225,231. Particularly, the PRR members 17 

associated with IBD susceptibility play an important role in controlling dysbiosis and colon 18 

inflammation, including NOD2232, TLR5233, NLRP6234, and NLRP12235. However, chronic 19 

activation of PRRs by microbial exposure, which increases with aging, can drive systemic and 20 

local inflammatory responses resulting in a multitude of pro-inflammatory molecules, thus 21 

fueling inflammaging81,211,236. Inflammaging underpins microbial dysbiosis and has been 22 

linked to increased gut permeability237,238. In addition, recent research has suggested that a 23 

“gut-muscle axis” exists in IBD patients, wherein inflammation, gut dysbiosis, and 24 

malnutrition interact leading to frailty and sarcopenia239. Nestled within this concept is a vital 25 

role of the aging gut microbiome, as physical frailty and sarcopenia are marked by a loss of 26 

microbial diversity and the depletion of specific microbes such as saccharolytic and butyrate-27 

producing bacteria118,240. It is speculated that gut dysbiosis may alter the immune response and 28 

host metabolism, promoting inflammaging which up-regulates several molecular pathways that 29 

are associated with sarcopenia and frailty239, and in turn could contribute to disease 30 

pathogenesis in elderly-onset IBD patients. 31 

 32 

In summary, advancing age is accompanied by modifications in the microbiome, host immune 33 

system, and intestinal barrier, which are inextricably linked. Although we are still unable to 34 
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ascertain the specific causal relationships between these events associated with aging, a vicious 1 

cycle is hypothesized in which immunosenescence, inflammaging, and an ageing microbiome 2 

form part of a feed-forward feedback mechanism which could contribute to the pathogenesis 3 

of elderly-onset IBD (Fig. 2).  4 
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 1 
Figure 2. Immunosenescence, the aging microbiome, and leaky gut - a vicious cycle in IBD. 

Aging has a detrimental effect on the microbiome through multiple factors, including an urban environment, diet, 

medications, smoking, decreased movement, frailty, and genetic and epigenetic factors, causing a decrease in gut 

microbial diversity and function. Dysbiosis with aging is accompanied by deterioration of bacterial-epithelial cell 

interactions. A reduced mucus layer and defects in TJ proteins together lead to an increased intestinal permeability 

(‘leaky gut’), resulting in continuous translocation of microbial products from the lumen into the circulation. This 

leads to the sustained release of pro-inflammatory factors, which in turn trigger local and systemic inflammation 

(inflammaging). The dysbiotic microbiome further influences the immune system through microbial signaling, 

accompanied by immunosenescence. Reduced production of SIgA by plasma cells decreases the ability of the 

mucosal barrier to prevent microbial penetration. Moreover, defects in immune cells, such as defects in Paneth 

cells that subsequently result in a reduced secretion of α-defensins, lead to a diminished ability to mount an 

adequate mucosal and systemic immune response. In addition, the excessive bacterial sensing PRR responses (e.g., 

NOD2, TLRs) and antimicrobial pathways may exacerbate the chronic local and systemic inflammation. MAMPs, 

microbe-associated molecular patterns; MDP, muramyl dipeptide; MyD88, myeloid differentiation factor 88; 

PAMPs, pathogen-associated molecular patterns; PRR, pattern recognition receptors; SCFAs, short-chain fatty 

acids; SIgA, secretory Immunoglobulin A; TLRs, Toll-like receptors; TJs, tight junctions. Blue arrow:  increase; 

Red arrow: decrease. The diagram was created with BioRender.com. 

 2 

Contribution of other factors to IBD pathogenesis in the elderly 3 

Aging is an extremely complex, multifactorial process encompassing a wide spectrum of 4 

factors that contribute to diminished function and increased risk of morbidity and mortality. In 5 
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addition to immunosenescence, inflammaging and the aging microbiome, other variables may 1 

also predispose to elderly-onset IBD including epigenetic modifications, glycosylation, and 2 

environmental exposures. 3 

 4 

Emerging evidence from cohort studies of the elderly suggests that age-associated changes in 5 

epigenetic signatures may contribute to inflammaging and immunosenescence, and hence 6 

could be associated with aging-related pathologies. Epigenetic and transcriptomic analyses 7 

have linked aging-related changes in DNA methylation at cytosine-phospho-guanine (CpG) 8 

sites with circulating levels of inflammaging biomarkers,  such as IL-6241, C-reactive protein 9 

(CRP)242, TNF, IL-8 or IL-10243. Epigenetic mechanisms also influence immunosenescence by 10 

manipulating the plasticity of immune cells during the aging process244. Likewise, altered 11 

epigenetic methylation patterns of IBD-associated genes have been observed in blood and 12 

tissue samples from IBD patients245-248, in particular genes involved in inflammation and 13 

immune response, such as α-defensin 5 (DEFA5) and TNF246 which are implicated in IBD 14 

pathogenesis. In addition, there is evidence that IBD patients have dysregulated miRNA 15 

levels249-251, and miRNAs may influence specific IBD characteristics, such as the loss of barrier 16 

integrity and dysregulation of the immune system252-255, implying that therapeutics based on 17 

miRNAs may be beneficial to patients256. 18 

 19 

Glycosylation, one of the most common post-translational modifications of proteins, also 20 

undergoes profound changes associated with aging, cancer and inflammatory conditions257. N-21 

glycome has been found to be closely associated with the clinical characterization of IBD, 22 

including disease localization, activity, and response to therapy258,259, and may therefore play 23 

a role in disease pathophysiology. In CD and UC patients, a wide range of N-glycosylation 24 

patterns in plasma differ from those found in healthy controls, including fucosylation, bisection, 25 

galactosylation, and sialylation258. Moreover, the intestinal mucus of patients with IBD is 26 

characterized by decreased glycosylation levels and impaired mucin synthesis, resulting in 27 

barrier dysfunction260. Also, changes in the glycosylation of IgG antibodies have been 28 

associated with IBD259,261. Specifically, a decrease in IgG galactosylation and sialylation in 29 

IBD has been linked to a more pro-inflammatory antibody-mediated immune response and 30 

advanced disease severity259,261. Interestingly this change in IgG glycosylation also occurs with 31 

aging, shifting towards a pro-inflammatory glycotype and potentially contributing to 32 

inflammaging262-264. Thus, the IgG glycopattern and total glycosylation patterns in the elderly 33 

may predispose to the development of inflammatory diseases such as IBD.  34 
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 1 

Lastly, a variety of other influences may add to the complexity of understanding the 2 

pathogenesis of elderly-onset IBD. Smoking and smoking cessation265,266, dietary pattern and 3 

nutritional intake267-269, and vascular endothelial dysfunction270, as well as environmental 4 

triggers such as air pollution271,272, antibiotics273, infections/vaccinations274, and non-steroidal 5 

anti-inflammatory drugs (NSAIDs)275, may contribute to dysbiosis and aberrant immune 6 

responses in the elderly. In addition, over 240 genes have been linked with IBD 7 

susceptibility276,277, including those involved in bacteria-sensing (e.g., NOD2), the autophagy 8 

pathway for microbe clearance (e.g., ATG16L1, IRGM, and LRRK2), epithelial barrier function 9 

(e.g., ECM1), innate and adaptive immunity regulation (e.g., IL23R and IL10), and integrity of 10 

the mucus layer (MUC2); however, genetic predisposition is less likely to be a major 11 

contributor to elderly-onset IBD as compared to early-onset IBD2.  12 

 13 

Summary and future perspectives  14 

This is the first review which has theorized potential mechanisms for the pathogenesis of 15 

elderly-onset IBD. There is mechanistic evidence that inflammaging, immune remodelling and 16 

alterations in the gut microbiota with aging may lead to an unyielding cycle that contributes to 17 

elderly-onset IBD. Admittedly, our knowledge in this nascent field is limited, and many 18 

unknowns remain regarding the complicated crosstalk between aging and the gut-microbiome-19 

immune axis that results in either healthy aging or IBD in advanced age. Although clear 20 

differences have been demonstrated in both the systemic and mucosal immune systems as well 21 

as the gut microbiome between the young and elderly, the impact of these changes on the 22 

development of IBD has yet to be explored. Irrespective of the age of onset, aberrant immune 23 

responses appear to be crucial to the development of IBD, and while in pediatric-onset IBD 24 

this is driven primarily by genetics, in elderly-onset IBD we propose that the immunologic 25 

changes arise primarily from immunosenescence and inflammaging. It is imperative to bridge 26 

the knowledge gap between pediatric-onset, adult-onset and elderly-onset IBD regarding the 27 

different risk factors and pathophysiological mechanisms at play. For this to be achieved, future 28 

longitudinal studies across various geographies and nationalities should utilize multi-omics 29 

platforms for high-throughput profiling on humans202,278,279, integrating multiple layers of data 30 

on immune modifications, gut microbial composition and function, environmental exposures, 31 

genetics, epigenetics, and clinical phenotype. By leveraging various omics signatures280 32 

together with humanized gnotobiotic rodent models that allow functional validation, we can 33 
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obtain multidimensional insights into the molecular pathways and risk factors associated with 1 

elderly-onset IBD.  2 

 3 

Furthermore, upon better understanding the pathogenesis of elderly-onset IBD, pharmacologic 4 

treatments based on the advances in molecular pathways involved in the reciprocal interactions 5 

between immunosenescence and the aging microbiome, such as those discussed in this review, 6 

may help personalize therapeutic options. Non-biologic or small molecule therapies including 7 

microbiota-targeted dietary and probiotic interventions190,267,281, FMT281, metabolite-based 8 

treatments282, microbial engineering283, epigenetic reprogramming284-287 or even senolytic 9 

drugs288 are areas that warrant further investigation. There are also promising prospects for 10 

developing aging-driven biomarkers as potential predictors of disease or prognosticators of 11 

suboptimal clinical outcomes. Though elderly-onset IBD patients comprise a niche population 12 

within IBD, obtaining a better understanding of their disease pathogenesis should prove 13 

valuable for improving the care for all elderly IBD patients.   14 

 15 

Funding 16 

This work was supported by the Innovations in IBD grant from Crohn’s and Colitis Canada. 17 

 18 

Conflicts of Interest 19 

The authors declare no competing interests. 20 

 21 

Author contributions 22 

All authors contributed to the conceptualization, writing, preparation of figures, and review 23 

and editing of the manuscript. 24 

 25 

Data Availability Statement 26 



 28 

No data were analysed in this work. 1 

References 2 

 3 

1. Abraham C, Cho JH. Inflammatory bowel disease. New England Journal of Medicine 4 

2009;361:2066-78. 5 

2. Ruel J, Ruane D, Mehandru S, Gower-Rousseau C, Colombel J-F. Ibd across the age 6 

spectrum—is it the same disease? Nature Reviews Gastroenterology & Hepatology 7 

2014;11:88-98. 8 

3. Zammarchi I, Lanzarotto F, Cannatelli R, et al. Elderly-onset vs adult-onset ulcerative 9 

colitis: A different natural history? BMC Gastroenterology 2020;20:147. 10 

4. Connelly TM, Berg AS, Harris L, 3rd, et al. Genetic determinants associated with early 11 

age of diagnosis of ibd. Dis Colon Rectum 2015;58:321-7. 12 

5. Aman Y, Schmauck-Medina T, Hansen M, et al. Autophagy in healthy aging and 13 

disease. Nature Aging 2021;1:634-50. 14 

6. Odamaki T, Kato K, Sugahara H, et al. Age-related changes in gut microbiota 15 

composition from newborn to centenarian: A cross-sectional study. BMC Microbiol 16 

2016;16:90. 17 

7. Coward S, Clement F, Benchimol EI, et al. Past and future burden of inflammatory 18 

bowel diseases based on modeling of population-based data. Gastroenterology 19 

2019;156:1345-53.e4. 20 

8. Rozich JJ, Dulai PS, Fumery M, Sandborn WJ, Singh S. Progression of elderly onset 21 

inflammatory bowel diseases: A systematic review and meta-analysis of population-22 

based cohort studies. Clinical Gastroenterology and Hepatology 2020;18:2437-47.e6. 23 

9. Bollegala N, Jackson TD, Nguyen GC. Increased postoperative mortality and 24 

complications among elderly patients with inflammatory bowel diseases: An analysis 25 

of the national surgical quality improvement program cohort. Clinical 26 

Gastroenterology and Hepatology 2016;14:1274-81. 27 

10. Charpentier C, Salleron J, Savoye G, et al. Natural history of elderly-onset 28 

inflammatory bowel disease: A population-based cohort study. Gut 2014;63:423. 29 

11. Ha CY, Katz S. Clinical implications of ageing for the management of ibd. Nature 30 

Reviews Gastroenterology & Hepatology 2014;11:128-38. 31 

12. Bedard K, Rajabali N, Tandon P, Abraldes JG, Peerani F. Association between frailty 32 

or sarcopenia and adverse outcomes in inflammatory bowel disease: A systematic 33 

review. Gastro Hep Advances 2022;1:241-50. 34 

13. Amano T, Shinzaki S, Asakura A, et al. Elderly onset age is associated with low 35 

efficacy of first anti-tumor necrosis factor treatment in patients with inflammatory 36 

bowel disease. Scientific Reports 2022;12:5324. 37 

14. Lobatón T, Ferrante M, Rutgeerts P, et al. Efficacy and safety of anti-tnf therapy in 38 

elderly patients with inflammatory bowel disease. Alimentary Pharmacology & 39 

Therapeutics 2015;42:441-51. 40 

15. Porcari S, Viola A, Orlando A, et al. Persistence on anti-tumour necrosis factor 41 

therapy in older patients with inflammatory bowel disease compared with younger 42 

patients: Data from the sicilian network for inflammatory bowel diseases (sn-ibd). 43 

Drugs & Aging 2020;37:383-92. 44 

16. Aloi M, D'Arcangelo G, Pofi F, et al. Presenting features and disease course of 45 

pediatric ulcerative colitis. Journal of Crohn's and Colitis 2013;7:e509-e15. 46 



 29 

17. Gower-Rousseau C, Vasseur F, Fumery M, et al. Epidemiology of inflammatory bowel 1 

diseases: New insights from a french population-based registry (epimad). Dig Liver 2 

Dis 2013;45:89-94. 3 

18. Magro F, Rodrigues A, Vieira AI, et al. Review of the disease course among adult 4 

ulcerative colitis population-based longitudinal cohorts. Inflammatory Bowel 5 

Diseases 2012;18:573-83. 6 

19. Ananthakrishnan AN, Shi HY, Tang W, et al. Systematic review and meta-analysis: 7 

Phenotype and clinical outcomes of older-onset inflammatory bowel disease. J 8 

Crohns Colitis 2016;10:1224-36. 9 

20. Charpentier C, Salleron J, Savoye G, et al. Natural history of elderly-onset 10 

inflammatory bowel disease: A population-based cohort study. Gut 2014;63:423-32. 11 

21. Gower-Rousseau C, Dauchet L, Vernier-Massouille G, et al. The natural history of 12 

pediatric ulcerative colitis: A population-based cohort study. Am J Gastroenterol 13 

2009;104:2080-8. 14 

22. Rinawi F, Assa A, Hartman C, et al. Long-term extent change of pediatric-onset 15 

ulcerative colitis. J Clin Gastroenterol 2018;52:326-32. 16 

23. Fumery M, Singh S, Dulai PS, et al. Natural history of adult ulcerative colitis in 17 

population-based cohorts: A systematic review. Clinical Gastroenterology and 18 

Hepatology 2018;16:343-56.e3. 19 

24. Fries W, Demarzo MG, Navarra G, Viola A. Ulcerative colitis in adulthood and in older 20 

patients: Same disease, same outcome, same risks? Drugs & Aging 2022;39:441-52. 21 

25. Mañosa M, Calafat M, de Francisco R, et al. Phenotype and natural history of elderly 22 

onset inflammatory bowel disease: A multicentre, case-control study. Aliment 23 

Pharmacol Ther 2018;47:605-14. 24 

26. Vernier–Massouille G, Balde M, Salleron J, et al. Natural history of pediatric crohn's 25 

disease: A population-based cohort study. Gastroenterology 2008;135:1106-13. 26 

27. Freeman HJ. Long-term prognosis of early-onset crohn's disease diagnosed in 27 

childhood or adolescence. Can J Gastroenterol 2004;18:661-5. 28 

28. Gupta N, Cohen SA, Bostrom AG, et al. Risk factors for initial surgery in pediatric 29 

patients with crohn's disease. Gastroenterology 2006;130:1069-77. 30 

29. Lakatos PL, David G, Pandur T, et al. Ibd in the elderly population: Results from a 31 

population-based study in western hungary, 1977–2008. Journal of Crohn's and 32 

Colitis 2011;5:5-13. 33 

30. Nikolich-Žugich J. The twilight of immunity: Emerging concepts in aging of the 34 

immune system. Nature Immunology 2018;19:10-9. 35 

31. Grasse M, Meryk A, Schirmer M, Grubeck-Loebenstein B, Weinberger B. Booster 36 

vaccination against tetanus and diphtheria: Insufficient protection against diphtheria 37 

in young and elderly adults. Immun Ageing 2016;13:26. 38 

32. Bartleson JM, Radenkovic D, Covarrubias AJ, et al. Sars-cov-2, covid-19 and the aging 39 

immune system. Nature Aging 2021;1:769-82. 40 

33. Lanfermeijer J, de Greef PC, Hendriks M, et al. Age and cmv-infection jointly affect 41 

the ebv-specific cd8+ t-cell repertoire. Frontiers in Aging 2021;2. 42 

34. Weng NP. Aging of the immune system: How much can the adaptive immune system 43 

adapt? Immunity 2006;24:495-9. 44 

35. Bulati M, Caruso C, Colonna-Romano G. From lymphopoiesis to plasma cells 45 

differentiation, the age-related modifications of b cell compartment are influenced 46 

by "inflamm-ageing". Ageing Res Rev 2017;36:125-36. 47 



 30 

36. Li M, Yao D, Zeng X, et al. Age related human t cell subset evolution and senescence. 1 

Immunity & ageing : I & A 2019;16:24-. 2 

37. Sandmand M, Bruunsgaard H, Kemp K, et al. Is ageing associated with a shift in the 3 

balance between type 1 and type 2 cytokines in humans? Clin Exp Immunol 4 

2002;127:107-14. 5 

38. Schmitt V, Rink L, Uciechowski P. The th17/treg balance is disturbed during aging. 6 

Experimental Gerontology 2013;48:1379-86. 7 

39. Imam T, Park S, Kaplan MH, Olson MR. Effector t helper cell subsets in inflammatory 8 

bowel diseases. Frontiers in Immunology 2018;9. 9 

40. Xavier RJ, Podolsky DK. Unravelling the pathogenesis of inflammatory bowel disease. 10 

Nature 2007;448:427-34. 11 

41. Chang JT. Pathophysiology of inflammatory bowel diseases. New England Journal of 12 

Medicine 2020;383:2652-64. 13 

42. Callender LA, Carroll EC, Beal RWJ, et al. Human cd8+ emra t cells display a 14 

senescence-associated secretory phenotype regulated by p38 mapk. Aging Cell 15 

2018;17:e12675. 16 

43. Childs BG, Durik M, Baker DJ, van Deursen JM. Cellular senescence in aging and age-17 

related disease: From mechanisms to therapy. Nature Medicine 2015;21:1424-35. 18 

44. Solana R, Tarazona R, Aiello AE, et al. Cmv and immunosenescence: From basics to 19 

clinics. Immunity & Ageing 2012;9:23. 20 

45. Lawlor G, Moss AC. Cytomegalovirus in inflammatory bowel disease: Pathogen or 21 

innocent bystander? Inflammatory Bowel Diseases 2010;16:1620-7. 22 

46. Mourad FH, Hashash JG, Kariyawasam VC, Leong RW. Ulcerative colitis and 23 

cytomegalovirus infection: From a to z. Journal of Crohn's and Colitis 2020;14:1162-24 

71. 25 

47. Pawelec G, Gouttefangeas C. T-cell dysregulation caused by chronic antigenic stress: 26 

The role of cmv in immunosenescence? Aging Clinical and Experimental Research 27 

2006;18:171-3. 28 

48. Smith CJ, Quinn M, Snyder CM. Cmv-specific cd8 t cell differentiation and 29 

localization: Implications for adoptive therapies. Frontiers in immunology 30 

2016;7:352-. 31 

49. Yang L, Tang S, Baker SS, et al. Difference in pathomechanism between crohn’s 32 

disease and ulcerative colitis revealed by colon transcriptome. Inflammatory Bowel 33 

Diseases 2018;25:722-31. 34 

50. Gehlert T, Devergne O, Niedobitek G. Epstein-barr virus (ebv) infection and 35 

expression of the interleukin-12 family member ebv-induced gene 3 (ebi3) in chronic 36 

inflammatory bowel disease. J Med Virol 2004;73:432-8. 37 

51. Norman JM, Handley SA, Baldridge MT, et al. Disease-specific alterations in the 38 

enteric virome in inflammatory bowel disease. Cell 2015;160:447-60. 39 

52. Zhang L, Liu F, Xue J, et al. Bacterial species associated with human inflammatory 40 

bowel disease and their pathogenic mechanisms. Front Microbiol 2022;13. 41 

53. Singh N, Bernstein CN. Environmental risk factors for inflammatory bowel disease. 42 

United European Gastroenterology Journal 2022;10:1047-53. 43 

54. Azimi T, Nasiri MJ, Chirani AS, Pouriran R, Dabiri H. The role of bacteria in the 44 

inflammatory bowel disease development: A narrative review. Apmis 2018;126:275-45 

83. 46 



 31 

55. Li XV, Leonardi I, Putzel GG, et al. Immune regulation by fungal strain diversity in 1 

inflammatory bowel disease. Nature 2022;603:672-8. 2 

56. Bulati M, Caruso C, Colonna-Romano G. From lymphopoiesis to plasma cells 3 

differentiation, the age-related modifications of b cell compartment are influenced 4 

by “inflamm-ageing”. Ageing Research Reviews 2017;36:125-36. 5 

57. Frasca D, Diaz A, Romero M, Blomberg BB. Human peripheral late/exhausted 6 

memory b cells express a senescent-associated secretory phenotype and 7 

preferentially utilize metabolic signaling pathways. Experimental Gerontology 8 

2017;87:113-20. 9 

58. Frasca D, Diaz A, Romero M, Blomberg BB. The generation of memory b cells is 10 

maintained, but the antibody response is not, in the elderly after repeated influenza 11 

immunizations. Vaccine 2016;34:2834-40. 12 

59. LISTÌ F, CANDORE G, MODICA MA, et al. A study of serum immunoglobulin levels in 13 

elderly persons that provides new insights into b cell immunosenescence. Annals of 14 

the New York Academy of Sciences 2006;1089:487-95. 15 

60. Riley RL, Khomtchouk K, Blomberg BB. Age-associated b cells (abc) inhibit b 16 

lymphopoiesis and alter antibody repertoires in old age. Cellular Immunology 17 

2017;321:61-7. 18 

61. Rubtsov AV, Rubtsova K, Fischer A, et al. Toll-like receptor 7 (tlr7)-driven 19 

accumulation of a novel cd11c⁺ b-cell population is important for the development 20 

of autoimmunity. Blood 2011;118:1305-15. 21 

62. Rosser Elizabeth C, Mauri C. Regulatory b cells: Origin, phenotype, and function. 22 

Immunity 2015;42:607-12. 23 

63. Duggal NA, Upton J, Phillips AC, Sapey E, Lord JM. An age-related numerical and 24 

functional deficit in cd19+cd24hicd38hi b cells is associated with an increase in 25 

systemic autoimmunity. Aging Cell 2013;12:873-81. 26 

64. Blair PA, Noreña LY, Flores-Borja F, et al. Cd19(+)cd24(hi)cd38(hi) b cells exhibit 27 

regulatory capacity in healthy individuals but are functionally impaired in systemic 28 

lupus erythematosus patients. Immunity 2010;32:129-40. 29 

65. Oka A, Ishihara S, Mishima Y, et al. Role of regulatory b cells in chronic intestinal 30 

inflammation: Association with pathogenesis of crohn's disease. Inflammatory Bowel 31 

Diseases 2014;20:315-28. 32 

66. Santoro A, Bientinesi E, Monti D. Immunosenescence and inflammaging in the aging 33 

process: Age-related diseases or longevity? Ageing Research Reviews 34 

2021;71:101422. 35 

67. Agrawal A, Agrawal S, Gupta S. Role of dendritic cells in inflammation and loss of 36 

tolerance in the elderly. Frontiers in immunology 2017;8:896. 37 

68. Teissier T, Boulanger E, Cox LS. Interconnections between inflammageing and 38 

immunosenescence during ageing. Cells 2022;11:359. 39 

69. Hazeldine J, Harris P, Chapple IL, et al. Impaired neutrophil extracellular trap 40 

formation: A novel defect in the innate immune system of aged individuals. Aging 41 

Cell 2014;13:690-8. 42 

70. Simell B, Vuorela A, Ekström N, et al. Aging reduces the functionality of anti-43 

pneumococcal antibodies and the killing of streptococcus pneumoniae by neutrophil 44 

phagocytosis. Vaccine 2011;29:1929-34. 45 



 32 

71. Barkaway A, Rolas L, Joulia R, et al. Age-related changes in the local milieu of 1 

inflamed tissues cause aberrant neutrophil trafficking and subsequent remote organ 2 

damage. Immunity 2021;54:1494-510.e7. 3 

72. Tomay F, Wells K, Duong L, et al. Aged neutrophils accumulate in lymphoid tissues 4 

from healthy elderly mice and infiltrate t- and b-cell zones. Immunology & Cell 5 

Biology 2018;96:831-40. 6 

73. Linehan E, Dombrowski Y, Snoddy R, et al. Aging impairs peritoneal but not bone 7 

marrow-derived macrophage phagocytosis. Aging Cell 2014;13:699-708. 8 

74. Hazeldine J, Hampson P, Lord JM. Reduced release and binding of perforin at the 9 

immunological synapse underlies the age‐related decline in natural killer cell 10 

cytotoxicity. Aging cell 2012;11:751-9. 11 

75. Brauning A, Rae M, Zhu G, et al. Aging of the immune system: Focus on natural killer 12 

cells phenotype and functions. Cells 2022;11:1017. 13 

76. Ong S-M, Hadadi E, Dang T-M, et al. The pro-inflammatory phenotype of the human 14 

non-classical monocyte subset is attributed to senescence. Cell Death & Disease 15 

2018;9:266. 16 

77. Mogilenko DA, Shchukina I, Artyomov MN. Immune ageing at single-cell resolution. 17 

Nature Reviews Immunology 2022;22:484-98. 18 

78. Amarante-Mendes GP, Adjemian S, Branco LM, et al. Pattern recognition receptors 19 

and the host cell death molecular machinery. Frontiers in Immunology 2018;9. 20 

79. Deretic V. Autophagy in inflammation, infection, and immunometabolism. Immunity 21 

2021;54:437-53. 22 

80. Li D, Wu M. Pattern recognition receptors in health and diseases. Signal Transduction 23 

and Targeted Therapy 2021;6:291. 24 

81. Abraham C, Abreu MT, Turner JR. Pattern recognition receptor signaling and 25 

cytokine networks in microbial defenses and regulation of intestinal barriers: 26 

Implications for inflammatory bowel disease. Gastroenterology 2022;162:1602-27 

16.e6. 28 

82. Sánchez-Muñoz F, Fonseca-Camarillo G, Villeda-Ramírez MA, et al. Transcript levels 29 

of toll-like receptors 5, 8 and 9 correlate with inflammatory activity in ulcerative 30 

colitis. BMC Gastroenterology 2011;11:138. 31 

83. Meena NK, Ahuja V, Meena K, Paul J. Association of tlr5 gene polymorphisms in 32 

ulcerative colitis patients of north india and their role in cytokine homeostasis. PLOS 33 

ONE 2015;10:e0120697. 34 

84. Sheridan J, Mack DR, Amre DK, et al. A non-synonymous coding variant (l616f) in the 35 

tlr5 gene is potentially associated with crohn's disease and influences responses to 36 

bacterial flagellin. PLOS ONE 2013;8:e61326. 37 

85. Qian F, Wang X, Zhang L, et al. Age-associated elevation in tlr5 leads to increased 38 

inflammatory responses in the elderly. Aging Cell 2012;11:104-10. 39 

86. Sebastian-Valverde M, Pasinetti GM. The nlrp3 inflammasome as a critical actor in 40 

the inflammaging process. Cells 2020;9. 41 

87. Swanson KV, Deng M, Ting JP. The nlrp3 inflammasome: Molecular activation and 42 

regulation to therapeutics. Nat Rev Immunol 2019;19:477-89. 43 

88. Paik S, Kim JK, Silwal P, Sasakawa C, Jo E-K. An update on the regulatory mechanisms 44 

of nlrp3 inflammasome activation. Cellular & Molecular Immunology 2021;18:1141-45 

60. 46 



 33 

89. Zhen Y, Zhang H. Nlrp3 inflammasome and inflammatory bowel disease. Frontiers in 1 

Immunology 2019;10. 2 

90. Deretic V, Levine B. Autophagy balances inflammation in innate immunity. 3 

Autophagy 2018;14:243-51. 4 

91. Zhou Z, Zhu X, Yin R, et al. K63 ubiquitin chains target nlrp3 inflammasome for 5 

autophagic degradation in ox-ldl-stimulated thp-1 macrophages. Aging (Albany NY) 6 

2020;12:1747-59. 7 

92. Aguilera M, Darby T, Melgar S. The complex role of inflammasomes in the 8 

pathogenesis of inflammatory bowel diseases – lessons learned from experimental 9 

models. Cytokine & Growth Factor Reviews 2014;25:715-30. 10 

93. Jessop F, Hamilton RF, Rhoderick JF, Shaw PK, Holian A. Autophagy deficiency in 11 

macrophages enhances nlrp3 inflammasome activity and chronic lung disease 12 

following silica exposure. Toxicol Appl Pharmacol 2016;309:101-10. 13 

94. Fulop T, Larbi A, Dupuis G, et al. Immunosenescence and inflamm-aging as two sides 14 

of the same coin: Friends or foes? Frontiers in Immunology 2018;8. 15 

95. Arai Y, Martin-Ruiz CM, Takayama M, et al. Inflammation, but not telomere length, 16 

predicts successful ageing at extreme old age: A longitudinal study of semi-17 

supercentenarians. EBioMedicine 2015;2:1549-58. 18 

96. Franceschi C, Bonafè M, Valensin S, et al. Inflamm‐aging: An evolutionary 19 

perspective on immunosenescence. Annals of the new York Academy of Sciences 20 

2000;908:244-54. 21 

97. Minciullo PL, Catalano A, Mandraffino G, et al. Inflammaging and anti-inflammaging: 22 

The role of cytokines in extreme longevity. Arch Immunol Ther Exp (Warsz) 23 

2016;64:111-26. 24 

98. Alberro A, Iribarren-Lopez A, Sáenz-Cuesta M, et al. Inflammaging markers 25 

characteristic of advanced age show similar levels with frailty and dependency. 26 

Scientific Reports 2021;11:4358. 27 

99. Ng A, Tam WW, Zhang MW, et al. Il-1β, il-6, tnf- α and crp in elderly patients with 28 

depression or alzheimer's disease: Systematic review and meta-analysis. Scientific 29 

reports 2018;8:12050-. 30 

100. Friedrich M, Pohin M, Powrie F. Cytokine networks in the pathophysiology of 31 

inflammatory bowel disease. Immunity 2019;50:992-1006. 32 

101. Kasler H, Verdin E. How inflammaging diminishes adaptive immunity. Nature Aging 33 

2021;1:24-5. 34 

102. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: A new 35 

immune–metabolic viewpoint for age-related diseases. Nature Reviews 36 

Endocrinology 2018;14:576-90. 37 

103. Zhu X, Chen Z, Shen W, et al. Inflammation, epigenetics, and metabolism converge to 38 

cell senescence and ageing: The regulation and intervention. Signal Transduction and 39 

Targeted Therapy 2021;6:245. 40 

104. Gorgoulis V, Adams PD, Alimonti A, et al. Cellular senescence: Defining a path 41 

forward. Cell 2019;179:813-27. 42 

105. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. 43 

Cell 2013;153:1194-217. 44 

106. Salminen A, Kaarniranta K, Kauppinen A. Inflammaging: Disturbed interplay between 45 

autophagy and inflammasomes. Aging (Albany NY) 2012;4:166-75. 46 



 34 

107. Franceschi C, Garagnani P, Vitale G, Capri M, Salvioli S. Inflammaging and ‘garb-1 

aging’. Trends in Endocrinology & Metabolism 2017;28:199-212. 2 

108. Ruano D. Proteostasis dysfunction in aged mammalian cells. The stressful role of 3 

inflammation. Frontiers in Molecular Biosciences 2021;8. 4 

109. Gritsenko A, Green JP, Brough D, Lopez-Castejon G. Mechanisms of nlrp3 priming in 5 

inflammaging and age related diseases. Cytokine & Growth Factor Reviews 6 

2020;55:15-25. 7 

110. Bonafè M, Sabbatinelli J, Olivieri F. Exploiting the telomere machinery to put the 8 

brakes on inflamm-aging. Ageing Research Reviews 2020;59:101027. 9 

111. Ioannidou A, Goulielmaki E, Garinis GA. DNA damage: From chronic inflammation to 10 

age-related deterioration. Frontiers in Genetics 2016;7. 11 

112. Biragyn A, Ferrucci L. Gut dysbiosis: A potential link between increased cancer risk in 12 

ageing and inflammaging. The Lancet Oncology 2018;19:e295-e304. 13 

113. Thevaranjan N, Puchta A, Schulz C, et al. Age-associated microbial dysbiosis 14 

promotes intestinal permeability, systemic inflammation, and macrophage 15 

dysfunction. Cell Host & Microbe 2017;21:455-66.e4. 16 

114. Kochar B, Orkaby AR, Ananthakrishnan AN, Ritchie CS. Frailty in inflammatory bowel 17 

diseases: An emerging concept. Therap Adv Gastroenterol 18 

2021;14:17562848211025474. 19 

115. Ryan E, McNicholas D, Creavin B, et al. Sarcopenia and inflammatory bowel disease: 20 

A systematic review. Inflammatory Bowel Diseases 2018;25:67-73. 21 

116. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. Frailty in elderly people. Lancet 22 

2013;381:752-62. 23 

117. Wilson D, Jackson T, Sapey E, Lord JM. Frailty and sarcopenia: The potential role of 24 

an aged immune system. Ageing Research Reviews 2017;36:1-10. 25 

118. Haran JP, McCormick BA. Aging, frailty, and the microbiome—how dysbiosis 26 

influences human aging and disease. Gastroenterology 2021;160:507-23. 27 

119. Vatic M, von Haehling S, Ebner N. Inflammatory biomarkers of frailty. Experimental 28 

Gerontology 2020;133:110858. 29 

120. Sakuma K, Aoi W, Yamaguchi A. Molecular mechanism of sarcopenia and cachexia: 30 

Recent research advances. Pflügers Archiv - European Journal of Physiology 31 

2017;469:573-91. 32 

121. Jäger S, Stange EF, Wehkamp J. Inflammatory bowel disease: An impaired barrier 33 

disease. Langenbecks Arch Surg 2013;398:1-12. 34 

122. Torres J, Mehandru S, Colombel JF, Peyrin-Biroulet L. Crohn's disease. Lancet 35 

2017;389:1741-55. 36 

123. Ungaro R, Mehandru S, Allen PB, Peyrin-Biroulet L, Colombel JF. Ulcerative colitis. 37 

Lancet 2017;389:1756-70. 38 

124. Sato S, Kiyono H, Fujihashi K. Mucosal immunosenescence in the gastrointestinal 39 

tract: A mini-review. Gerontology 2015;61:336-42. 40 

125. Nicoletti C. Age-associated changes of the intestinal epithelial barrier: Local and 41 

systemic implications. Expert Review of Gastroenterology & Hepatology 42 

2015;9:1467-9. 43 

126. Branca JJV, Gulisano M, Nicoletti C. Intestinal epithelial barrier functions in ageing. 44 

Ageing Research Reviews 2019;54:100938. 45 

127. Man AL, Gicheva N, Nicoletti C. The impact of ageing on the intestinal epithelial 46 

barrier and immune system. Cellular Immunology 2014;289:112-8. 47 



 35 

128. Moorefield EC, Andres SF, Blue RE, et al. Aging effects on intestinal homeostasis 1 

associated with expansion and dysfunction of intestinal epithelial stem cells. Aging 2 

(Albany NY) 2017;9:1898-915. 3 

129. Clark RI, Walker DW. Role of gut microbiota in aging-related health decline: Insights 4 

from invertebrate models. Cellular and Molecular Life Sciences 2018;75:93-101. 5 

130. Fujihashi K, McGhee JR. Mucosal immunity and tolerance in the elderly. Mechanisms 6 

of Ageing and Development 2004;125:889-98. 7 

131. Koga T, McGhee JR, Kato H, et al. Evidence for early aging in the mucosal immune 8 

system. J Immunol 2000;165:5352-9. 9 

132. Tsuruhara A, Aso K, Tokuhara D, et al. Rejuvenation of mucosal immunosenescence 10 

by adipose tissue-derived mesenchymal stem cells. International Immunology 11 

2017;29:5-10. 12 

133. Santiago AF, Alves AC, Oliveira RP, et al. Aging correlates with reduction in 13 

regulatory-type cytokines and t cells in the gut mucosa. Immunobiology 14 

2011;216:1085-93. 15 

134. Yudanin NA, Schmitz F, Flamar A-L, et al. Spatial and temporal mapping of human 16 

innate lymphoid cells reveals elements of tissue specificity. Immunity 2019;50:505-17 

19.e4. 18 

135. D'Souza SS, Shen X, Fung ITH, et al. Compartmentalized effects of aging on group 2 19 

innate lymphoid cell development and function. Aging Cell 2019;18:e13019. 20 

136. Tremblay S, Côté NML, Grenier G, et al. Ileal antimicrobial peptide expression is 21 

dysregulated in old age. Immunity & Ageing 2017;14:1-5. 22 

137. Castaneda-Delgado JE, Frausto-Lujan I, Gonzalez-Curiel I, et al. Differences in 23 

cytokine production during aging and its relationship with antimicrobial peptides 24 

production. Immunol Invest 2017;46:48-58. 25 

138. Magnusson MK, Strid H, Sapnara M, et al. Anti-tnf therapy response in patients with 26 

ulcerative colitis is associated with colonic antimicrobial peptide expression and 27 

microbiota composition. Journal of Crohn's and Colitis 2016;10:943-52. 28 

139. Castañeda-Delgado JE, Miranda-Castro NY, González-Amaro R, et al. Production of 29 

antimicrobial peptides is preserved in aging. Clinical Immunology 2013;148:198-205. 30 

140. Kundu P, Blacher E, Elinav E, Pettersson S. Our gut microbiome: The evolving inner 31 

self. Cell 2017;171:1481-93. 32 

141. Sovran B, Hugenholtz F, Elderman M, et al. Age-associated impairment of the mucus 33 

barrier function is associated with profound changes in microbiota and immunity. 34 

Scientific Reports 2019;9:1437. 35 

142. Nalapareddy K, Nattamai KJ, Kumar RS, et al. Canonical wnt signaling ameliorates 36 

aging of intestinal stem cells. Cell reports 2017;18:2608-21. 37 

143. Choi J, Rakhilin N, Gadamsetty P, et al. Intestinal crypts recover rapidly from focal 38 

damage with coordinated motion of stem cells that is impaired by aging. Scientific 39 

Reports 2018;8:10989. 40 

144. Pentinmikko N, Iqbal S, Mana M, et al. Notum produced by paneth cells attenuates 41 

regeneration of aged intestinal epithelium. Nature 2019;571:398-402. 42 

145. Wehkamp J, Stange EF. An update review on the paneth cell as key to ileal crohn's 43 

disease. Frontiers in Immunology 2020;11. 44 

146. Nanki K, Fujii M, Shimokawa M, et al. Somatic inflammatory gene mutations in 45 

human ulcerative colitis epithelium. Nature 2020;577:254-9. 46 



 36 

147. Olafsson S, McIntyre RE, Coorens T, et al. Somatic evolution in non-neoplastic ibd-1 

affected colon. Cell 2020;182:672-84.e11. 2 

148. Kobayashi A, Donaldson DS, Erridge C, et al. The functional maturation of m cells is 3 

dramatically reduced in the peyer’s patches of aged mice. Mucosal immunology 4 

2013;6:1027-37. 5 

149. Liu A, Lv H, Wang H, et al. Aging increases the severity of colitis and the related 6 

changes to the gut barrier and gut microbiota in humans and mice. The Journals of 7 

Gerontology: Series A 2020;75:1284-92. 8 

150. Tran L, Greenwood-Van Meerveld B. Age-associated remodeling of the intestinal 9 

epithelial barrier. The Journals of Gerontology: Series A 2013;68:1045-56. 10 

151. Man Angela L, Bertelli E, Rentini S, et al. Age-associated modifications of intestinal 11 

permeability and innate immunity in human small intestine. Clinical Science 12 

2015;129:515-27. 13 

152. Zeissig S, Bürgel N, Günzel D, et al. Changes in expression and distribution of claudin 14 

2, 5 and 8 lead to discontinuous tight junctions and barrier dysfunction in active 15 

crohn’s disease. Gut 2007;56:61-72. 16 

153. Kuo W-T, Shen L, Zuo L, et al. Inflammation-induced occludin downregulation limits 17 

epithelial apoptosis by suppressing caspase-3 expression. Gastroenterology 18 

2019;157:1323-37. 19 

154. Čužić S, Antolić M, Ognjenović A, et al. Claudins: Beyond tight junctions in human ibd 20 

and murine models. Frontiers in Pharmacology 2021;12. 21 

155. Lim AI, Menegatti S, Bustamante J, et al. Il-12 drives functional plasticity of human 22 

group 2 innate lymphoid cells. Journal of Experimental Medicine 2016;213:569-83. 23 

156. Mitsialis V, Wall S, Liu P, et al. Single-cell analyses of colon and blood reveal distinct 24 

immune cell signatures of ulcerative colitis and crohn&#x2019;s disease. 25 

Gastroenterology 2020;159:591-608.e10. 26 

157. van Beek AA, Sovran B, Hugenholtz F, et al. Supplementation with lactobacillus 27 

plantarum wcfs1 prevents decline of mucus barrier in colon of accelerated aging 28 

ercc1−/δ7 mice. Frontiers in Immunology 2016;7. 29 

158. Sovran B, Hugenholtz F, Elderman M, et al. Age-associated impairment of the mucus 30 

barrier function is associated with profound changes in microbiota and immunity. 31 

Scientific reports 2019;9:1-13. 32 

159. Johansson MEV, Gustafsson JK, Holmén-Larsson J, et al. Bacteria penetrate the 33 

normally impenetrable inner colon mucus layer in both murine colitis models and 34 

patients with ulcerative colitis. Gut 2014;63:281. 35 

160. Shimizu Y, Nakamura K, Kikuchi M, et al. Lower human defensin 5 in elderly people 36 

compared to middle-aged is associated with differences in the intestinal microbiota 37 

composition: The dosanco health study. Geroscience 2021. 38 

161. Wehkamp J, Salzman NH, Porter E, et al. Reduced paneth cell alpha-defensins in ileal 39 

crohn's disease. Proc Natl Acad Sci U S A 2005;102:18129-34. 40 

162. Rera M, Clark RI, Walker DW. Intestinal barrier dysfunction links metabolic and 41 

inflammatory markers of aging to death in <i>drosophila</i>. Proceedings of the 42 

National Academy of Sciences 2012;109:21528-33. 43 

163. Mitchell E, Davis A, Brass K, et al. Reduced intestinal motility, mucosal barrier 44 

function, and inflammation in aged monkeys. The journal of nutrition, health & aging 45 

2017;21:354-61. 46 



 37 

164. Kinchen J, Chen HH, Parikh K, et al. Structural remodeling of the human colonic 1 

mesenchyme in inflammatory bowel disease. Cell 2018;175:372-86.e17. 2 

165. Watanabe K, Ikuno Y, Kakeya Y, et al. Age-related dysfunction of the DNA damage 3 

response in intestinal stem cells. Inflammation and Regeneration 2019;39:8. 4 

166. Sato T, van Es JH, Snippert HJ, et al. Paneth cells constitute the niche for lgr5 stem 5 

cells in intestinal crypts. Nature 2011;469:415-8. 6 

167. Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating intestinal barrier integrity and 7 

its pathological implications. Experimental & Molecular Medicine 2018;50:1-9. 8 

168. Walrath T, Dyamenahalli KU, Hulsebus HJ, et al. Age-related changes in intestinal 9 

immunity and the microbiome. Journal of Leukocyte Biology 2021;109:1045-61. 10 

169. Funk MC, Zhou J, Boutros M. Ageing, metabolism and the intestine. EMBO reports 11 

2020;21:e50047. 12 

170. Gebert N, Cheng CW, Kirkpatrick JM, et al. Region-specific proteome changes of the 13 

intestinal epithelium during aging and dietary restriction. Cell Rep 2020;31:107565. 14 

171. Parikh K, Antanaviciute A, Fawkner-Corbett D, et al. Colonic epithelial cell diversity in 15 

health and inflammatory bowel disease. Nature 2019;567:49-55. 16 

172. Luo K, Cao SS. Endoplasmic reticulum stress in intestinal epithelial cell function and 17 

inflammatory bowel disease. Gastroenterology Research and Practice 18 

2015;2015:328791. 19 

173. Garcia-Carbonell R, Yao S-J, Das S, Guma M. Dysregulation of intestinal epithelial cell 20 

ripk pathways promotes chronic inflammation in the ibd gut. Frontiers in 21 

Immunology 2019;10. 22 

174. Marchiando AM, Shen L, Graham WV, et al. Caveolin-1–dependent occludin 23 

endocytosis is required for tnf-induced tight junction regulation in vivo. Journal of 24 

Cell Biology 2010;189:111-26. 25 

175. Nighot P, Ma T. Endocytosis of intestinal tight junction proteins: In time and space. 26 

Inflammatory Bowel Diseases 2021;27:283-90. 27 

176. Paradis T, Bègue H, Basmaciyan L, Dalle F, Bon F. Tight junctions as a key for 28 

pathogens invasion in intestinal epithelial cells. International Journal of Molecular 29 

Sciences 2021;22:2506. 30 

177. Shi C-W, Zeng Y, Yang G-L, et al. Effect of lactobacillus rhamnosus on the 31 

development of b cells in gut-associated lymphoid tissue of balb/c mice. Journal of 32 

cellular and molecular medicine 2020;24:8883-6. 33 

178. Sato S, Kiyono H, Fujihashi K. Mucosal immunosenescence in the gastrointestinal 34 

tract: A mini-review. Gerontology 2015;61:336-42. 35 

179. Herr AB. Secret(ory) revealed: The long-awaited structures of secretory iga. Cell 36 

Research 2020;30:558-9. 37 

180. Dupont A, Heinbockel L, Brandenburg K, Hornef MW. Antimicrobial peptides and the 38 

enteric mucus layer act in concert to protect the intestinal mucosa. Gut microbes 39 

2014;5:761-5. 40 

181. Elderman M, Sovran B, Hugenholtz F, et al. The effect of age on the intestinal mucus 41 

thickness, microbiota composition and immunity in relation to sex in mice. PLOS ONE 42 

2017;12:e0184274. 43 

182. van der Post S, Jabbar KS, Birchenough G, et al. Structural weakening of the colonic 44 

mucus barrier is an early event in ulcerative colitis pathogenesis. Gut 2019;68:2142. 45 

183. Magana M, Pushpanathan M, Santos AL, et al. The value of antimicrobial peptides in 46 

the age of resistance. The Lancet Infectious Diseases 2020;20:e216-e30. 47 



 38 

184. Meyer-Hoffert U, Hornef MW, Henriques-Normark B, et al. Secreted enteric 1 

antimicrobial activity localises to the mucus surface layer. Gut 2008;57:764. 2 

185. Schirmer M, Garner A, Vlamakis H, Xavier RJ. Microbial genes and pathways in 3 

inflammatory bowel disease. Nature Reviews Microbiology 2019;17:497-511. 4 

186. Lloyd-Price J, Arze C, Ananthakrishnan AN, et al. Multi-omics of the gut microbial 5 

ecosystem in inflammatory bowel diseases. Nature 2019;569:655-62. 6 

187. Vich Vila A, Imhann F, Collij V, et al. Gut microbiota composition and functional 7 

changes in inflammatory bowel disease and irritable bowel syndrome. Science 8 

translational medicine 2018;10:eaap8914. 9 

188. Claesson MJ, Jeffery IB, Conde S, et al. Gut microbiota composition correlates with 10 

diet and health in the elderly. Nature 2012;488:178-84. 11 

189. Ticinesi A, Milani C, Lauretani F, et al. Gut microbiota composition is associated with 12 

polypharmacy in elderly hospitalized patients. Scientific Reports 2017;7:11102. 13 

190. Ghosh TS, Shanahan F, O’Toole PW. The gut microbiome as a modulator of healthy 14 

ageing. Nature Reviews Gastroenterology & Hepatology 2022. 15 

191. O’Toole PW, Jeffery IB. Gut microbiota and aging. Science 2015;350:1214-5. 16 

192. Ragonnaud E, Biragyn A. Gut microbiota as the key controllers of “healthy” aging of 17 

elderly people. Immunity & Ageing 2021;18:2. 18 

193. DeJong EN, Surette MG, Bowdish DME. The gut microbiota and unhealthy aging: 19 

Disentangling cause from consequence. Cell Host & Microbe 2020;28:180-9. 20 

194. Ghosh TS, Das M, Jeffery IB, O'Toole PW. Adjusting for age improves identification of 21 

gut microbiome alterations in multiple diseases. eLife 2020;9:e50240. 22 

195. Aldars-García L, Marin AC, Chaparro M, Gisbert JP. The interplay between immune 23 

system and microbiota in inflammatory bowel disease: A narrative review. 24 

International journal of molecular sciences 2021;22:3076. 25 

196. Ni J, Wu GD, Albenberg L, Tomov VT. Gut microbiota and ibd: Causation or 26 

correlation? Nature Reviews Gastroenterology & Hepatology 2017;14:573-84. 27 

197. Newman KM, Moscoso CG, Vaughn BP. Chapter 45 - fecal microbiota transfer and 28 

inflammatory bowel disease: A therapy or risk? In: Faintuch J, Faintuch S, editors. 29 

Microbiome and metabolome in diagnosis, therapy, and other strategic applications: 30 

Academic Press; 2019: 425-34. 31 

198. Vila AV, Imhann F, Collij V, et al. Gut microbiota composition and functional changes 32 

in inflammatory bowel disease and irritable bowel syndrome. Science Translational 33 

Medicine 2018;10:eaap8914. 34 

199. Pittayanon R, Lau JT, Leontiadis GI, et al. Differences in gut microbiota in patients 35 

with vs without inflammatory bowel diseases: A systematic review. Gastroenterology 36 

2020;158:930-46.e1. 37 

200. Duvallet C, Gibbons SM, Gurry T, Irizarry RA, Alm EJ. Meta-analysis of gut 38 

microbiome studies identifies disease-specific and shared responses. Nature 39 

Communications 2017;8:1784. 40 

201. Strauss J, Kaplan GG, Beck PL, et al. Invasive potential of gut mucosa-derived 41 

fusobacterium nucleatum positively correlates with ibd status of the host. 42 

Inflammatory bowel diseases 2011;17:1971-8. 43 

202. Lloyd-Price J, Arze C, Ananthakrishnan AN, et al. Multi-omics of the gut microbial 44 

ecosystem in inflammatory bowel diseases. Nature 2019;569:655-62. 45 



 39 

203. Schirmer M, Denson L, Vlamakis H, et al. Compositional and temporal changes in the 1 

gut microbiome of pediatric ulcerative colitis patients are linked to disease course. 2 

Cell Host & Microbe 2018;24:600-10.e4. 3 

204. Rinninella E, Raoul P, Cintoni M, et al. What is the healthy gut microbiota 4 

composition? A changing ecosystem across age, environment, diet, and diseases. 5 

Microorganisms 2019;7:14. 6 

205. Odamaki T, Kato K, Sugahara H, et al. Age-related changes in gut microbiota 7 

composition from newborn to centenarian: A cross-sectional study. BMC 8 

Microbiology 2016;16:90. 9 

206. He F, Ouwehand AC, Isolauri E, et al. Differences in composition and mucosal 10 

adhesion of bifidobacteria isolated from healthy adults and healthy seniors. Curr 11 

Microbiol 2001;43:351-4. 12 

207. Wilmanski T, Diener C, Rappaport N, et al. Gut microbiome pattern reflects healthy 13 

ageing and predicts survival in humans. Nat Metab 2021;3:274-86. 14 

208. Langille MGI, Meehan CJ, Koenig JE, et al. Microbial shifts in the aging mouse gut. 15 

Microbiome 2014;2:50. 16 

209. Bodogai M, O'Connell J, Kim K, et al. Commensal bacteria contribute to insulin 17 

resistance in aging by activating innate b1a cells. Science translational medicine 18 

2018;10:eaat4271. 19 

210. Levy M, Thaiss CA, Elinav E. Metagenomic cross-talk: The regulatory interplay 20 

between immunogenomics and the microbiome. Genome Medicine 2015;7:120. 21 

211. Maloy KJ, Powrie F. Intestinal homeostasis and its breakdown in inflammatory bowel 22 

disease. Nature 2011;474:298-306. 23 

212. Bárcena C, Valdés-Mas R, Mayoral P, et al. Healthspan and lifespan extension by 24 

fecal microbiota transplantation into progeroid mice. Nature Medicine 25 

2019;25:1234-42. 26 

213. Monaghan TM, Duggal NA, Rosati E, et al. A multi-factorial observational study on 27 

sequential fecal microbiota transplant in patients with medically refractory 28 

clostridioides difficile infection. Cells 2021;10:3234. 29 

214. Cho S-Y, Kim J, Lee JH, et al. Modulation of gut microbiota and delayed 30 

immunosenescence as a result of syringaresinol consumption in middle-aged mice. 31 

Scientific Reports 2016;6:39026. 32 

215. Fransen F, Van Beek AA, Borghuis T, et al. Aged gut microbiota contributes to 33 

systemical inflammaging after transfer to germ-free mice. Frontiers in immunology 34 

2017;8:1385. 35 

216. Schwab L, Goroncy L, Palaniyandi S, et al. Neutrophil granulocytes recruited upon 36 

translocation of intestinal bacteria enhance graft-versus-host disease via tissue 37 

damage. Nature Medicine 2014;20:648-54. 38 

217. Parada Venegas D, De la Fuente MK, Landskron G, et al. Short chain fatty acids 39 

(scfas)-mediated gut epithelial and immune regulation and its relevance for 40 

inflammatory bowel diseases. Frontiers in Immunology 2019;10. 41 

218. Adolph TE, Meyer M, Schwärzler J, et al. The metabolic nature of inflammatory 42 

bowel diseases. Nature Reviews Gastroenterology & Hepatology 2022. 43 

219. Koh A, De Vadder F, Kovatcheva-Datchary P, Bäckhed F. From dietary fiber to host 44 

physiology: Short-chain fatty acids as key bacterial metabolites. Cell 2016;165:1332-45 

45. 46 



 40 

220. Campbell C, McKenney PT, Konstantinovsky D, et al. Bacterial metabolism of bile 1 

acids promotes generation of peripheral regulatory t cells. Nature 2020;581:475-9. 2 

221. Furusawa Y, Obata Y, Fukuda S, et al. Commensal microbe-derived butyrate induces 3 

the differentiation of colonic regulatory t cells. Nature 2013;504:446-50. 4 

222. Rosser EC, Piper CJM, Matei DE, et al. Microbiota-derived metabolites suppress 5 

arthritis by amplifying aryl-hydrocarbon receptor activation in regulatory b cells. Cell 6 

Metabolism 2020;31:837-51.e10. 7 

223. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the immune system. 8 

Nature Reviews Immunology 2017;17:219-32. 9 

224. Thaiss CA, Zmora N, Levy M, Elinav E. The microbiome and innate immunity. Nature 10 

2016;535:65-74. 11 

225. Peterson LW, Artis D. Intestinal epithelial cells: Regulators of barrier function and 12 

immune homeostasis. Nature Reviews Immunology 2014;14:141-53. 13 

226. Wilhelm I, Nyúl-Tóth Á, Kozma M, Farkas AE, Krizbai IA. Role of pattern recognition 14 

receptors of the neurovascular unit in inflamm-aging. Am J Physiol Heart Circ Physiol 15 

2017;313:H1000-h12. 16 

227. Inohara N, Ogura Y, Fontalba A, et al. Host recognition of bacterial muramyl 17 

dipeptide mediated through nod2: Implications for crohn′ s disease. Journal of 18 

Biological Chemistry 2003;278:5509-12. 19 

228. Kaparakis-Liaskos M, Ferrero RL. Immune modulation by bacterial outer membrane 20 

vesicles. Nature Reviews Immunology 2015;15:375-87. 21 

229. Abreu MT. Toll-like receptor signalling in the intestinal epithelium: How bacterial 22 

recognition shapes intestinal function. Nature Reviews Immunology 2010;10:131-44. 23 

230. Guo S, Al-Sadi R, Said HM, Ma TY. Lipopolysaccharide causes an increase in intestinal 24 

tight junction permeability in vitro and in vivo by inducing enterocyte membrane 25 

expression and localization of tlr-4 and cd14. The American Journal of Pathology 26 

2013;182:375-87. 27 

231. Asquith MJ, Boulard O, Powrie F, Maloy KJ. Pathogenic and protective roles of myd88 28 

in leukocytes and epithelial cells in mouse models of inflammatory bowel disease. 29 

Gastroenterology 2010;139:519-29.e2. 30 

232. Petnicki-Ocwieja T, Hrncir T, Liu Y-J, et al. Nod2 is required for the regulation of 31 

commensal microbiota in the intestine. Proceedings of the National Academy of 32 

Sciences 2009;106:15813-8. 33 

233. Vijay-Kumar M, Aitken Jesse D, Carvalho Frederic A, et al. Metabolic syndrome and 34 

altered gut microbiota in mice lacking toll-like receptor 5. Science 2010;328:228-31. 35 

234. Elinav E, Strowig T, Kau Andrew L, et al. Nlrp6 inflammasome regulates colonic 36 

microbial ecology and risk for colitis. Cell 2011;145:745-57. 37 

235. Chen L, Wilson JE, Koenigsknecht MJ, et al. Nlrp12 attenuates colon inflammation by 38 

maintaining colonic microbial diversity and promoting protective commensal 39 

bacterial growth. Nature Immunology 2017;18:541-51. 40 

236. Rasa SMM, Annunziata F, Krepelova A, et al. Inflammaging is driven by upregulation 41 

of innate immune receptors and systemic interferon signaling and is ameliorated by 42 

dietary restriction. Cell Reports 2022;39:111017. 43 

237. Conway J, A Duggal N. Ageing of the gut microbiome: Potential influences on 44 

immune senescence and inflammageing. Ageing Research Reviews 2021;68:101323. 45 



 41 

238. Livshits G, Kalinkovich A. Inflammaging as a common ground for the development 1 

and maintenance of sarcopenia, obesity, cardiomyopathy and dysbiosis. Ageing 2 

Research Reviews 2019;56:100980. 3 

239. Nardone OM, de Sire R, Petito V, et al. Inflammatory bowel diseases and sarcopenia: 4 

The role of inflammation and gut microbiota in the development of muscle failure. 5 

Frontiers in Immunology 2021;12. 6 

240. Picca A, Ponziani FR, Calvani R, et al. Gut microbial, inflammatory and metabolic 7 

signatures in older people with physical frailty and sarcopenia: Results from the 8 

biosphere study. Nutrients 2019;12. 9 

241. Nevalainen T, Kananen L, Marttila S, et al. Transcriptomic and epigenetic analyses 10 

reveal a gender difference in aging-associated inflammation: The vitality 90+ study. 11 

AGE 2015;37:76. 12 

242. Ligthart S, Marzi C, Aslibekyan S, et al. DNA methylation signatures of chronic low-13 

grade inflammation are associated with complex diseases. Genome Biology 14 

2016;17:255. 15 

243. Verschoor CP, McEwen LM, Kohli V, et al. The relation between DNA methylation 16 

patterns and serum cytokine levels in community-dwelling adults: A preliminary 17 

study. BMC Genetics 2017;18:57. 18 

244. Huehn J, Beyer M. Epigenetic and transcriptional control of foxp3+ regulatory t cells. 19 

Seminars in Immunology 2015;27:10-8. 20 

245. Li Yim AYF, Duijvis NW, Ghiboub M, et al. Whole-genome DNA methylation profiling 21 

of cd14+ monocytes reveals disease status and activity differences in crohn’s disease 22 

patients. Journal of Clinical Medicine 2020;9:1055. 23 

246. Moret-Tatay I, Cerrillo E, Sáez-González E, et al. Identification of epigenetic 24 

methylation signatures with clinical value in crohn's disease. Clinical and 25 

translational gastroenterology 2019;10. 26 

247. Nimmo ER, Prendergast JG, Aldhous MC, et al. Genome-wide methylation profiling in 27 

crohn's disease identifies altered epigenetic regulation of key host defense 28 

mechanisms including the th17 pathway. Inflammatory Bowel Diseases 2011;18:889-29 

99. 30 

248. Taman H, Fenton CG, Hensel IV, et al. Genome-wide DNA methylation in treatment-31 

naïve ulcerative colitis. Journal of Crohn's and Colitis 2018;12:1338-47. 32 

249. Mohammadi A, Kelly OB, Smith MI, Kabakchiev B, Silverberg MS. Differential mirna 33 

expression in ileal and colonic tissues reveals an altered immunoregulatory 34 

molecular profile in individuals with crohn’s disease versus healthy subjects. Journal 35 

of Crohn's and Colitis 2019;13:1459-69. 36 

250. Schaefer JS, Attumi T, Opekun AR, et al. Microrna signatures differentiate crohn’s 37 

disease from ulcerative colitis. BMC immunology 2015;16:1-13. 38 

251. Peck BC, Weiser M, Lee SE, et al. Micrornas classify different disease behavior 39 

phenotypes of crohn's disease and may have prognostic utility. Inflammatory bowel 40 

diseases 2015;21:2178-87. 41 

252. Rawat M, Nighot M, Al-Sadi R, et al. Il1b increases intestinal tight junction 42 

permeability by up-regulation of mir200c-3p, which degrades occludin mrna. 43 

Gastroenterology 2020;159:1375-89. 44 

253. Li Y, Zhu L, Chen P, et al. Malat1 maintains the intestinal mucosal homeostasis in 45 

crohn’s disease via the mir-146b-5p-cldn11/numb pathway. Journal of Crohn's and 46 

Colitis 2021;15:1542-57. 47 



 42 

254. Garo LP, Ajay AK, Fujiwara M, et al. Microrna-146a limits tumorigenic inflammation 1 

in colorectal cancer. Nature communications 2021;12:1-16. 2 

255. He C, Shi Y, Wu R, et al. Mir-301a promotes intestinal mucosal inflammation through 3 

induction of il-17a and tnf-α in ibd. Gut 2016;65:1938-50. 4 

256. Suri K, Bubier JA, Wiles MV, et al. Role of microrna in inflammatory bowel disease: 5 

Clinical evidence and the development of preclinical animal models. Cells 6 

2021;10:2204. 7 

257. Videira PAQ, Castro-Caldas M. Linking glycation and glycosylation with inflammation 8 

and mitochondrial dysfunction in parkinson’s disease. Frontiers in Neuroscience 9 

2018;12. 10 

258. Clerc F, Novokmet M, Dotz V, et al. Plasma n-glycan signatures are associated with 11 

features of inflammatory bowel diseases. Gastroenterology 2018;155:829-43. 12 

259. Šimurina M, de Haan N, Vučković F, et al. Glycosylation of immunoglobulin g 13 

associates with clinical features of inflammatory bowel diseases. Gastroenterology 14 

2018;154:1320-33.e10. 15 

260. Theodoratou E, Campbell H, Ventham NT, et al. The role of glycosylation in ibd. 16 

Nature Reviews Gastroenterology & Hepatology 2014;11:588-600. 17 

261. Trbojević Akmačić I, Ventham NT, Theodoratou E, et al. Inflammatory bowel disease 18 

associates with proinflammatory potential of the immunoglobulin g glycome. 19 

Inflammatory bowel diseases 2015;21:1237-47. 20 

262. Catera M, Borelli V, Malagolini N, et al. Identification of novel plasma glycosylation-21 

associated markers of aging. Oncotarget 2016;7:7455-68. 22 

263. Cindrić A, Krištić J, Martinić Kavur M, Pezer M. Glycosylation and aging. In: Lauc G, 23 

Trbojević-Akmačić I, editors. The role of glycosylation in health and disease Cham: 24 

Springer International Publishing; 2021: 341-73. 25 

264. Dall'Olio F, Vanhooren V, Chen CC, et al. N-glycomic biomarkers of biological aging 26 

and longevity: A link with inflammaging. Ageing Res Rev 2013;12:685-98. 27 

265. Ha CY, Newberry RD, Stone CD, Ciorba MA. Patients with late-adult-onset ulcerative 28 

colitis have better outcomes than those with early onset disease. Clinical 29 

Gastroenterology and Hepatology 2010;8:682-7.e1. 30 

266. Lakatos PL, Szamosi T, Lakatos L. Smoking in inflammatory bowel diseases: Good, 31 

bad or ugly? World journal of gastroenterology 2007;13:6134-9. 32 

267. Salazar N, González S, Nogacka AM, et al. Microbiome: Effects of ageing and diet. 33 

Current Issues in Molecular Biology 2020;36:33-62. 34 

268. Salazar N, Valdés-Varela L, González S, Gueimonde M, de Los Reyes-Gavilán CG. 35 

Nutrition and the gut microbiome in the elderly. Gut Microbes 2017;8:82-97. 36 

269. Shannon OM, Ashor AW, Scialo F, et al. Mediterranean diet and the hallmarks of 37 

ageing. European Journal of Clinical Nutrition 2021;75:1176-92. 38 

270. Gravina AG, Dallio M, Masarone M, et al. Vascular endothelial dysfunction in 39 

inflammatory bowel diseases: Pharmacological and nonpharmacological targets. 40 

Oxidative Medicine and Cellular Longevity 2018;2018:2568569. 41 

271. Opstelten JL, Beelen RM, Leenders M, et al. Exposure to ambient air pollution and 42 

the risk of inflammatory bowel disease: A european nested case–control study. 43 

Digestive diseases and sciences 2016;61:2963-71. 44 

272. Wong C-M, Tsang H, Lai H-K, et al. Strobe-long-term exposure to ambient fine 45 

particulate air pollution and hospitalization due to peptic ulcers. Medicine 46 

2016;95:e3543-e. 47 



 43 

273. Shaw SY, Blanchard JF, Bernstein CN. Association between the use of antibiotics and 1 

new diagnoses of crohn's disease and ulcerative colitis. Official journal of the 2 

American College of Gastroenterology | ACG 2011;106. 3 

274. Lin E, Lin K, Katz S. Serious and opportunistic infections in elderly patients with 4 

inflammatory bowel disease. Gastroenterology & hepatology 2019;15:593-605. 5 

275. Long MD, Kappelman MD, Martin CF, et al. Role of non-steroidal anti-inflammatory 6 

drugs in exacerbations of inflammatory bowel disease. Journal of clinical 7 

gastroenterology 2016;50:152. 8 

276. Graham DB, Xavier RJ. Pathway paradigms revealed from the genetics of 9 

inflammatory bowel disease. Nature 2020;578:527-39. 10 

277. Furey TS, Sethupathy P, Sheikh SZ. Redefining the ibds using genome-scale molecular 11 

phenotyping. Nature Reviews Gastroenterology & Hepatology 2019;16:296-311. 12 

278. Fiocchi C, Iliopoulos D. Ibd systems biology is here to stay. Inflammatory Bowel 13 

Diseases 2021;27:760-70. 14 

279. Mills RH, Dulai PS, Vázquez-Baeza Y, et al. Multi-omics analyses of the ulcerative 15 

colitis gut microbiome link bacteroides vulgatus proteases with disease severity. 16 

Nature Microbiology 2022;7:262-76. 17 

280. Agrawal M, Allin KH, Petralia F, Colombel J-F, Jess T. Multiomics to elucidate 18 

inflammatory bowel disease risk factors and pathways. Nature Reviews 19 

Gastroenterology & Hepatology 2022. 20 

281. Vaiserman AM, Koliada AK, Marotta F. Gut microbiota: A player in aging and a target 21 

for anti-aging intervention. Ageing Research Reviews 2017;35:36-45. 22 

282. Suez J, Elinav E. The path towards microbiome-based metabolite treatment. Nature 23 

Microbiology 2017;2:17075. 24 

283. Marsh JW, Ley RE. Microbiome engineering: Taming the untractable. Cell 25 

2022;185:416-8. 26 

284. de Lima Camillo LP, Quinlan RBA. A ride through the epigenetic landscape: Aging 27 

reversal by reprogramming. Geroscience 2021;43:463-85. 28 

285. Pouikli A, Tessarz P. Epigenetic alterations in stem cell ageing-a promising target for 29 

age-reversing interventions? Brief Funct Genomics 2022;21:35-42. 30 

286. Cheung P, Vallania F, Warsinske HC, et al. Single-cell chromatin modification profiling 31 

reveals increased epigenetic variations with aging. Cell 2018;173:1385-97.e14. 32 

287. Galow AM, Peleg S. How to slow down the ticking clock: Age-associated epigenetic 33 

alterations and related interventions to extend life span. Cells 2022;11. 34 

288. Sacco A, Belloni L, Latella L. From development to aging: The path to cellular 35 

senescence. Antioxidants & redox signaling 2021;34:294-307. 36 

 37 

 38 


