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Abstract: As we age, our organ functions gradually decline. Circulating factors in the blood and the integrity of organ barriers can 
become dysfunctional, resulting in a condition known as leaky syndrome. This condition involves the unregulated exchange or leakage 
of components between organs. However, the triggers of leaky syndrome, as well as its role in aging-related disorders and illnesses, 
remain largely unknown. In this editorial, we discuss potential mechanisms that originate from the gut and resident microbes 
(microbiome) to contribute in leaky syndrome. Furthermore, we explore how the food we consume can impact the development of 
leaky syndrome, potentially influencing the biology of aging and challenges to diagnose the leaky gut condition accurately and 
clinically. 
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Aging is a natural process associated with decreased physiologic function in all organs, ie it not only affects our immune 
system, but also affects all tissues and cells, resulting in increased risk of several chronic diseases and vulnerability to 
death. The gut microbiome is now recognized as one of the key elements to maintaining host health1 and contributing to 
disease progressions such as high abundance of pathogenic bacteria (such as Escherichia coli, Staphylococcus aureus, 
and Clostridium difficile) and low abundance of SCFA producing bacteria such as Bifidobacterium, Faecalibacterium, 
Roseburia.2 Several studies over the past few years revealed that the gut microbiome and its composition changes with 
age which could have significant implications on overall health during aging,3,4 however, the mechanisms by which it 
impacts the biology of aging remain largely unknown.

The microbiome is composed of diverse microbes ie, bacteria, archaea, viruses, eukaryotic microbes, and fungi, that 
have lived in and around our body since birth.2 The gut and skin are the most extensively colonized regions of our body, 
while other areas including the mouth, eyes, ears, and reproductive organs also harbor dense populations of specific 
microbes. These microbes establish a symbiotic relationship with the host, playing a crucial role in regulating essential 
functions such as protection against pathogens, immunomodulation, and maintaining the structural integrity of the gut 
mucosal barrier, indicating a strong association between abnormalities in gut microbiota and the development of a wide 
range of diseases including autoimmune disorders,5 depression and neurodegenerative diseases such as Alzheimer’s 
disease6 and metabolic disorders.7,8 However, the mechanisms by which microbiome contributes to the development of 
these diseases are unclear. There can be several mechanisms but inflammation is a key suspect. Low-grade inflammation 
is often higher in older adults but the source of inflammation remains largely elusive. Growing evidence indicates that gut 
dysbiosis, characterized by an imbalance in gut microbial composition, tends to escalate with age. This dysbiosis, in turn, 
contributes to increased gut permeability, often referred to as “leaky gut”. This heightened permeability facilitates the 
passage of pro-inflammatory substances such as bacterial toxins and lipopolysaccharide (LPS) from the gut lumen into 
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the bloodstream or mucosal immune system, thereby triggering inflammation. Elevated inflammation is also known to 
increase the permeability of other epithelial and endothelial barriers such as intestinal epithelia (leaky gut), blood vessel 
endothelia (leaky vessels), blood–brain barrier (BBB) (leaky brain), and others, and collectively called “leaky syndrome” 
(Figure 1). The link between leaky syndrome with chronic inflammation and microbiome dysbiosis in aging biology 
remains poorly understood.

Leaky Gut
Gut permeability is precisely controlled by various gut barriers, including tight junction proteins and a dense mucin layer. 
These barriers work in concert to facilitate selective transport, allowing only nutrients and essential molecules to pass 
from the gut lumen into the blood circulation.9 However, loosening or breaking down of these barriers causes 
nonselective diffusion of ingredients and the bacterial endotoxin from the gut lumen to mucosal and blood circulation, 
which instigates inflammation.10,11 Emerging evidence shows that abnormalities in gut microbiome are key to inducing 
a leaky gut, causing inflammation.12 Increased leaky gut is a common phenomenon in patients with inflammatory bowel 
diseases like ulcerative colitis, Crohn’s disease, obesity, diabetes, cancer survivors as well as Alzheimer’s disease, which 
are all age-related disorders;9,13 and result in unhealthy aging. However, the causal and consequential relationship of the 
leaky gut with these age-related diseases remains elusive. In addition, the mechanisms by which gut microbiome breaks 
gut barriers also remain elusive, and comprehensive research efforts are needed to understand the etiology of the leaky 
gut and find therapeutic targets to mitigate it. Presently, there are no medical guidelines for treating and preventing 
bacterial translocation with leaky gut syndrome;14 however, microbiome modulators such as probiotics and prebiotics can 
improve gut barrier function and inhibit bacterial invasion.15

Leaky Blood Vessels
Leaky blood vessels refer to a condition known as vascular leakage or increased vascular permeability. Blood vessels 
have a natural barrier called the endothelium, which prevents substances from leaking out of the blood vessels into the 
surrounding tissues. However, under certain conditions, the blood vessel walls may become weakened or damaged, 
resulting in increased permeability and the leakage of fluids, proteins, and cells. Nearly two decades ago, a gut 
permeability issue was recognized as a potential cause for the decline in mental state unrelated to ammonia levels in 
advanced liver disease.16 In addition, several studies suggest that the endothelium of blood vessels becomes more 
permeable with age, increasing the risk of conditions such as sepsis, stroke, traumatic injuries, and ischemic injuries.17 

This increased permeability of blood vessels can impact various organs, including the heart, lungs, kidneys, liver, and 
others. Consequently, the concept of “leaky syndrome” emerges as an interdisciplinary understanding of the pathophy-
siology underlying many human diseases. As we age, our blood vessels become more fragile and dysfunctional. 
However, the connection between gut abnormalities, specifically leaky gut, and leaky blood vessels remains poorly 
understood. Enhancing our understanding of the aging-related leaky syndrome will pave the way for the development of 
preventive and therapeutic strategies.

Leaky BBB
The BBB is an essential fence that keeps the brain protected from several extrinsic and intrinsic antigens, pathogens, 
toxins, microbes, and their metabolites that circulate in the blood; however, the disruptions in the BBB cause severe 
damage to the brain cells and their functions.18 Several neurodegenerative diseases like Alzheimer’s disease, Parkinson's, 
Huntington’s, Amyotrophic lateral sclerosis (ALS), and others are characterized with leaky BBB.19,20 However, the 
contribution of leaky BBB in such neurodegenerative diseases is not well known. Emerging evidence indicates that the 
gut microbiota dysbiosis are linked with increased neurodegenerative pathology in the brain via increasing leaky BBB.21 

The gut microbiota generates a variety of metabolites, such as short-chain fatty acids, bile acids, neurotransmitters, and 
other bioactive molecules within the gut. These metabolites have the ability to enter the circulation and influence the 
permeability of the blood–brain barrier (BBB). However, the precise mechanisms through which these metabolites affect 
BBB permeability are still largely unknown.
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Leaky Syndrome and Diet
Diet is the most significant modulator of the gut microbiome and thus can impact leaky syndrome, inflammation, and aging 
biology. A diet with more fruits, vegetables, whole grains, dietary fiber, dairy, and less added sugars, saturated fat, and sodium 

Figure 1 A purported model of microbiome-metabolites-leaky gut inflammation axis in leaky syndrome and aging biology.
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increases the growth of beneficial microbiota, improving gut health. A high-fat diet, also called Western diet, appears to be 
a driving factor in developing abnormalities in the gut microbiome. For example, a fiber enriched diet promotes the growth of 
a beneficial microbiome, which leads to the production of beneficial metabolites like short-chain fatty acids (ie, SCFAs such as 
acetate, propionate, and butyrate), that exhibit a beneficial impact on host health, including barrier functions of intestine, blood 
vessels, and BBB. In fact, dietary interventions endowed by substantial content of polyphenols has been tested in a randomized, 
controlled, crossover study in subjects ≥60 years with proven gut permeability (high serum zonulin).22 Compared to a control diet 
supplemented, subjects on a polyphenol-rich diet showed a significant decrease of serum zonulin associated with a beneficial 
enhancement of butyrate-producing and fiber-fermenting bacteria especially in those with higher BMI or impending metabolic 
syndrome. The gut microbiota modulators such as probiotics, prebiotics, postbiotics, and synbiotics are also acceptable and good 
tools to beneficially manipulate the microbiome to promote the production of beneficial metabolites, including SCFAs, thus 
promoting healthy aging.23 However, the research on diet and other microbiome modulators to impact aging biology are 
understudied. Aging per se besides, frailty is a further aggravating factor of age-related leaky-gut syndrome. Indeed, Rashidah 
et al,24 by examining extensive literature, have shown that, frail compared to healthy elderly had a significantly different gut 
microbiota composition with lower diversity and lower abundance of SCFA producers and increased serum zonulin and pro- 
inflammatory cytokines/factors which are associated to sarcopenia.

Although, the role of leaky syndrome in aging and its related illnesses is not fully understood, emerging evidence 
indicates the modulation of microbiome using both Pharmacological and nonpharmacological interventions including 
probiotics, prebiotics, postbiotics and others reduce leaky gut, systemic inflammation and aging-related conditions 
including metabolic and neuronal functions.8,25 Antibiotics disrupt the microbiome balance, and older adults are often 
exposed to antibiotics more frequently due to their higher susceptibility to infections. However, role of antibiotics 
indeveloping leaky syndrome and aging biology is debatable and needs further research.

Challenges and Future Opportunities
Increased leakiness is also a physiological response for many acute responses, including exercise, which helps wound healing, 
muscle development, and other acute recovery events. However, the chronic appearance of leakiness in the intestine, blood 
vessels, and the BBB with aging become part of pathology in age-related disorders. Therefore, differentiating leaky syndrome as 
a physiological event versus a pathological one remains a significant challenge. In recent years, it has been demonstrated that 
under energetic stress, a specific stress-polarity signaling (SPS) is activated via AMP-kinase.26 This determines an increase of 
epithelial polarity. However, in the aging process it seems that the SPS-pathway is inhibited but its recharge on an experimental 
level can bring about a restitutio ad integrum of aging-associated dysbiosis, inflammatory changes and of loss of barrier function. 
Promising data come also from urolithin A, a main gut microbial metabolite derived from while curbing inflammatory microbiota 
phenotype.27 Its mechanism leading to tight junction proteins upregulation, albeit still under scrutiny, seems to be related to the 
activation of aryl hydrocarbon receptor (AhR)- or erythroid 2-related factor 2-dependent pathways. On a pharmacological level, 
although at experimental level mimicking human metabolic syndrome, metformin was able to decrease leaky gut abnormalities 
enhancing goblet cell and mucin mass and reducing inflammation by downregulating Wnt signaling.28

As the population is rapidly aging, older adults will supersede young adults, the age-related problems will be the 
primary health care burden in the coming years. Finding the right time windows and developing preventive and 
therapeutic strategies to curve leaky syndrome will open new opportunities to delay, prevent and/or treat age-related 
disorders – debilitating public health problems.
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