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Introduction

The intestinal epithelial barrier is a dynamic structure 
comprising epithelial cells (including enterocytes, goblet 
cells, Paneth cells, M cells, and enterochromaffin cells), tight 
junctions, immune cells and structures (such as gut-associated 
lymphoid tissue), luminal contents (such as bile acids, digestive 
enzymes, antimicrobial peptides), microbiota, and mucus [1]. 
These components form a semipermeable structure facilitating 
passage of dietary nutrients and beneficial microbial-derived 
metabolites, while preventing passage of toxins, dietary 
antigens, and microbes (and their inflammatory components 
such as endotoxin or lipopolysaccharide) [2]. 

Disruption of the epithelial barrier and the resultant increase 
in intestinal permeability initiate an inflammatory cascade 
which has been implicated in numerous gastrointestinal 
conditions (e.g., inflammatory bowel disease, celiac disease) 
and conditions associated with other digestive tract organs, 
specifically the pancreas (e.g., facilitating a role of intestinal 
dysbiosis in autoimmune pancreatitis) [3] and chronic liver 
disease (e.g., in spontaneous bacterial peritonitis [4] or 

hepatic encephalopathy) [5]. However, disruption of the 
intestinal barrier is also documented in non-gastrointestinal 
conditions including metabolic diseases, immune-mediated 
inflammatory diseases, and neuropsychiatric diseases [1,2]. 
We have previously described the physiology of mucus within 
the intestinal tract as it relates to maintenance of the gut 
epithelial barrier, and how certain lifestyle and environmental 
factors either harm or support the mucus layer [6]. 

The aims of this review are to summarize the physiology 
of mucus within the gastrointestinal tract and its role in 
gastrointestinal homeostasis and disease states, and to review 
what is known about intestinal mucus in neurological disease 
states. 

Physiology of Intestinal Mucus 

Mucus is a gel-like substance composed primarily of water 
and mucins, and it forms a protective coating over the entire 
gastrointestinal tract. Mucus helps to preserve intestinal 
permeability by forming a physical barrier, protecting 
epithelial cells from luminal contents such as gastric acid, 
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digestive enzymes, pancreaticobiliary secretions, bile acids, 
dietary components, allergenic antigens, environmental 
toxins, and microbes [6]. In the small intestine, a single thin 
mucus layer is enriched with antimicrobial peptides. The 
colon features two mucus layers: a densely adherent and 
microbially sterile inner mucus layer and a looser outer layer 
colonized by the commensal microbiota. The microbiota 
utilize mucins (particularly MUC2) as substrate, and result in 
products which support the growth and sustenance of other 
beneficial microbes [6]. One especially important class of such 
metabolites are the short-chain fatty acids (e.g., butyrate, 
acetate, propionate), which nourish intestinal epithelial cells, 
regulate luminal pH, reduce local and systemic inflammation, 
and stimulate mucus production [6]. Mucosal biofilms, which 
are distinct microbial communities residing within the mucus 
layer, respond to the diverse luminal contents and can benefit 
the host. On the other hand, the microbes within the biofilm 
may turn pathogenic and become enriched with pathobionts 
which colonize the inner mucus layer, disrupting the gut 
epithelial barrier and inducing persistent inflammation [7]. 

Factors Which Affect the Integrity of the Mucus Layer

Many of the factors which either damage or fortify the gut 
epithelial barrier do so via effects on mucus [6,8]; hence, it is 
important to understand control of mucus. Diet is a principal 
determinant of the health of intestinal mucus. Diets high in 
fiber preferentially promote the growth of beneficial gut 
bacteria, which in turn elaborate short-chain fatty acids that 
have direct stimulatory effects on mucus production [9,10]. 
Conversely, a lack of dietary fiber requires microbiota to 
utilize mucus glycoproteins as a source of nutrition, thereby 
degrading the barrier [11]. Western-style diets, characterized 
by insufficient fiber, high fats, simple sugars, and processed 
or ultra-processed foods, are associated with reduced mucus 
production and thinning of the mucus layer, leading to 
increased intestinal permeability and inflammation [6,9]. 
Consumption of meat is also associated with thinning of the 
mucus layer and impaired mucus barrier function [12]. 

In addition to typically lacking adequate fiber and containing 
excess refined sugars, ultra-processed foods are particularly 
deleterious to the mucus layer due to their emulsifier 
content. Emulsifiers are common food additives which aid 
in texturizing foods. However, many of these agents (e.g., 
carboxymethylcellulose, polysorbate 80, sodium stearoyl 
lactylate, etc.) act as detergents, depleting the mucus layer 
and allowing bacterial encroachment into the normally sterile 
inner layer [13,14]. Alcohol consumption also affects the mucus 
layer by acutely dissolving lipids from the mucus layer, rapidly 
reducing mucosal surface hydrophobicity, [15] and chronically 
altering the gene expression of MUC2 (a secreted protein 
produced by epithelial goblet cells and a main component of 
mucus) and goblet cell function [16]. 

In addition to fiber, other dietary components which support 
the mucus layer include polyphenols [17] and omega-3 fatty 
acids [8]. Certain prebiotics and probiotics also aid in fortifying 
mucus [6]. Akkermansia muciniphilia has emerged as a 
promising probiotic, given its affinity for mucus and effects in 
stimulating mucus secretion and enhancing barrier function 
[19]. 

Role of Mucus in Gastrointestinal Diseases

Given the important role intestinal mucus plays in 
maintaining the gut epithelial barrier, alterations to mucus are 
implicated in numerous disease states. Inflammatory bowel 
diseases (IBD) such as ulcerative colitis (UC) and Crohn disease 
(CD) feature abnormalities of the epithelial barrier, including 
intestinal mucus specifically. Autoantibodies directed against 
colonic mucins, particularly MUC1 (a transmembrane mucin 
normally expressed on the apical borders of secretory 
epithelial cells), and other mucin core proteins have been 
demonstrated in a subset of patients with UC, particularly in 
40% of those with chronic continuous UC and 19% of those 
with relapsing-remitting UC [20]. These antibodies contribute 
to mucosal injury via antibody-dependent cell-mediated 
cytotoxicity, depleting mucus and inducing chronic epithelial 
cell damage, increased intestinal permeability, and chronic 
inflammation [21]. Indeed, depletion of surface mucus and of 
goblet cells in the epithelial lining are characteristic features 
of colonic mucosal biopsies in UC. Moreover, visible biofilms 
have also been detected in 34% of patients with UC (compared 
to 6% of controls). This was associated with accumulation of 
toxic bile acids as well as dysbiosis, with enrichment of the 
pathobiont Ruminococcus gnavus, a known mucolytic within 
the biofilm of patients with UC [22,23]. Ultra-processed foods 
and, particularly, emulsifiers have been implicated in the 
pathogenesis of IBD [24]. 

Similar to UC, CD also features endoscopically-visible biofilms, 
observed in 22% of cases [22]. Pathogenic biofilms are also a 
known important feature of CD, enriched with organisms such 
as adherent invasive Escherichia coli (AIEC) [25], and fungi such 
as Candida species [26]. The dysbiosis and pathogenic biofilms 
in CD degrade mucus and damage goblet cells, contributing 
to barrier dysfunction, increased intestinal permeability, and 
chronic inflammation [27]. Even when CD is in remission, there 
are still demonstrable abnormalities in microbial composition 
and mucin production [28]. 

Irritable bowel syndrome (IBS), which is a disorder of gut-
brain interaction, also features abnormalities relating to 
mucus. Patients often note the passage of mucus in the stool. 
Furthermore, similar to UC and CD, IBS has endoscopically-
visible biofilms in 57% of patients [22]. Glycocalyx is also thinner 
in diarrhea-predominant IBS, and depletion of the jejunal 
barrier has been shown to contribute to the sensitization of 
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enteric nerves, an important etiological factor for abdominal 
pain [29]. Additionally, bile acid malabsorption (BAM), which 
occurs in about 35.3% of patients with IBS-D [30], is also 
associated with alterations in mucus handling; for example, 
both chenodeoxycholic and deoxycholic acid are surfactants 
with detergent properties [31] which can contribute to mucin 
depletion and mucosal inflammation [6]. 

Abnormalities in intestinal mucus have also been implicated 
in celiac disease, [32] colorectal cancer, [33] small intestinal 
bacterial overgrowth [34], and enteric infections [35]. 

Role of Intestinal Mucus and Barrier Function in 
Neurological Diseases

The intestinal microenvironment is involved in the “gut 
component” of several axes involving other organs (gut-
liver, gut-pancreas, gut-brain axes) that influence several 
organ systems via nutrition, barrier function, and microbial 
metabolites. Moreover, the gastrointestinal tract harbors 
extensive neuronal networks in the enteric nervous system. 
It is, therefore, not surprising that intestinal barrier function 
has been implicated in neurologic health and disease, and 
such interactions are observed in several inflammatory 
gastrointestinal disorders (e.g., IBD and celiac disease) as 
well as being associated with considerably increased risk of 
neurological diseases such as multiple sclerosis, Parkinson 
disease, Alzheimer disease, and others [36-40]. 

Many of the risk factors implicated for the most common 
neurological or neurodegenerative diseases match 
those documented for gastrointestinal disorders. Factors 
documented in neurodegenerative diseases as directly 
damaging the gut epithelial barrier include the Western 
diet [41] and exposure to environmental toxins [42]. While 
the effects of barrier dysfunction have been reviewed 
extensively elsewhere [43,44], less focus has been given to 
the contributions specifically from alterations in mucus. In the 
following section, we summarize the findings of abnormalities 
in intestinal permeability and intestinal mucus which have 
been identified in common neurologic conditions. 

Multiple sclerosis

Multiple sclerosis (MS) is characterized by immune-mediated 
destruction of central nervous system components, particularly 
myelin. MS is associated with dysbiosis and increased intestinal 
permeability [45–50]. In fact, barrier dysfunction may precede 
the onset of symptoms [51] and even correlates with both 
disease activity and MS progression, suggesting that barrier 
dysfunction may directly drive neuroinflammation [48,52]. 

Table 1 shows a summary of studies of intestinal permeability 
in diverse neurological diseases [45,54–70]. The published 
literature provides some evidence of altered barrier function 

in MS, but Table 1 also shows that the observations are 
controversial and any conclusions are speculative, particularly 
since measurements of serum zonulin (a protein critical 
for regulation of intestinal permeability via regulation of 
epithelial cell tight junctions) using the commercial ELISA are 
of questionable significance since it has been reported that 
the assay does not detect a precursor of haptoglobin2 (which 
is a function of zonulin), but it recognizes another protein, 
possibly properdin [53]. 

Experimental models of autoimmune encephalomyelitis 
(prototypic animal model of MS) have shown that barrier 
dysfunction, manifested as increased intestinal permeability, 
overexpression of the tight junction protein, zonulin, and 
alterations in intestinal morphology (increased crypt depth 
and thickness of the submucosa and muscularis layers), 
precedes the development of neuroinflammation and 
supports disease progression [71]. 

On the other hand, there appears to be more convincing 
evidence regarding alterations in intestinal mucus in MS. 
Thus, among patients with relapsing and progressive MS, fecal 
levels of MUC2 are reduced, and this is associated with an 
overabundance of mucus-degrading bacteria and increased 
serum zonulin (measured by commercial ELISA) in progressive 
MS compared to relapsing-remitting MS, and with no 
increased fecal zonulin in either group compared to healthy 
controls [72]. 

Other studies have similarly shown dysbiosis, particularly 
featuring a shift toward mucus-degrading bacteria [43,73]. 
Akkermansia muciniphila has consistently emerged as 
overrepresented in most of these studies, and has even been 
shown to induce inflammation [73]. However, in other studies, 
A. muciniphilia abundance has been regarded as protective 
[74]. This phenomenon underscores the central tenet in 
microbiome science where microbes are not universally “good” 
or “bad”, but instead exert context-specific biological effects, 
dependent on numerous host factors such as genetics, diet, 
environment, epithelial barrier status, etc [75]. In summary, 
in the context to MS, A. muciniphila can either be protective 
or cause excess mucus degradation and barrier dysfunction, 
depending on broader host factors. 

Parkinson disease

Parkinson disease (PD) is a neurodegenerative disease 
characterized by progressive degeneration of dopaminergic 
neurons in the substantia nigra, ultimately depleting 
dopamine in the striatum, and manifesting primarily as 
progressive motor dysfunction and cognitive impairment. 
Gastrointestinal dysfunction in PD is common and often 
precedes the development of the characteristic motor 
symptoms of the disease [76,77]. Intestinal barrier dysfunction 
is well documented in PD, and a prevailing hypothesis for the 
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Table 1. Summary of studies of intestinal permeability in neurological diseases.

Population Barrier dysfunction Epithelial damage Comment Ref.

Multiple sclerosis

20 MS and 8 with MS 
and IBD

25% of MS patients with high LMR [54]

22 RRMS and 18 HC Increased LMR but reduced mannitol 
concentration in MS vs. HC

- Unclear why reduced 
mannitol absorption if 
LMR increased

[45]

57 RRMS; 69 progressive 
MS

Serum zonulin higher when a concurrent MRI 
confirmed blood-brain barrier (BBB) disruption 
and correlated with MS progression at 1y

IBABP elevated in RRMS Zonulin assay may 
measure properdin, not 
zonulin

[48]

49 newly diagnosed 
RRMS and 58 healthy 
controls

Out of panel of 30 biomarkers for 
inflammation and epithelial barrier function, 
MS had higher fecal calprotectin and 
soluble urokinase plasminogen activator. No 
difference in zonulin, soluble intercellular 
adhesion molecule 1, or soluble vascular 
adhesion molecule-1

- [55]

72 newly diagnosed 
patients with RRMS 
or CID and 50 healthy 
controls

Higher plasma occludin levels higher in MS; 
levels improved by 25% on therapy

Occludin and zonulin: 
do not correlate 
with biomarkers of 
inflammation or predict 
disease activity at baseline 
or after 12 months

[56]

25 MS before and 
after treatment with 
dimethyl-fumarate

64% with high LMR at baseline; these patients 
had 15x greater odds of MRI improvement 
on therapy. However, there was no consistent 
effect of therapy on permeability. 

- [57]

18 RRMS and 18 
controls

Serum zonulin increased in MS compared with 
controls and positively correlated with disease 
duration 

- [49]

18 RRMS and 10 Healthy 
controls

Increased LMR Normal fecal zonulin [58]

 

9 MS treated with 
monthly FMT for up to 6 
months

LMR was elevated in 2/5 at baseline which 
improved following FMT

- [59]

26 RRMS, 19 secondary 
progressive MS in 
relapse, 18 with RRMS 
in remission, 20 healthy 
controls

Serum zonulin highest in relapsed RRMS, 
significantly higher than all other groups

- [60]

Parkinson disease

15 PD and 15 HC LMR significantly higher in PD [61]

9 PD with no GI 
symptoms and 10 HC

Increased sucralose permeability; normal 
lactulose, mannitol and LMR results; reduced 
plasma LPS binding protein; no difference in 
endotoxin or sCD14 

- Suggests colonic not 
small bowel increased 
permeability

[62]
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pathogenesis of PD (i.e., the Braak hypothesis) is that an initial 
insult within the gastrointestinal tract (such as an enteric 
infection, environmental toxin, or dietary components) 
increases intestinal permeability, allowing harmful agents 
to access the enteric nervous system, trigger α-synuclein 
misfolding, and subsequently propagate to the brainstem via 
the vagus nerve, thereby initiating chronic neurodegeneration 
which ultimately manifests as PD [78,79]. Numerous studies 
document dysbiosis, intestinal inflammation, and increased 
intestinal permeability in PD; moreover, these abnormalities 
may precede the onset of PD symptoms [62,63,65,66]. 

In addition to the dysfunctional intestinal epithelial barrier in 
PD, specific abnormalities in intestinal mucus have also been 
reported. Histological assessment of colonic epithelium in PD 
has demonstrated a decrease in epithelial neutral mucins and 
an increase in acidic mucins, reflecting altered architecture of 
the mucus layers [67]. Interestingly, it has been demonstrated 
that α-synuclein translocates across mucus barriers, and it is 
conceivable that this might be a critical step in the infection of 
the gastrointestinal epithelium and the eventual development 
of Parkinson disease [80]. 

As in MS, patients with PD also exhibit higher abundance 
of A. muciniphilia [43], and this is thought to degrade the 
mucus layer and promote increased intestinal permeability, 
especially in the absence of dietary fiber, which is common in 
PD, as reflected by studies consistently finding an absence of 
short-chain fatty acids and short-chain fatty acid-producing 
organisms such as Faecalibaceterium and Roseburia [81]. 

Alzheimer disease

Alzheimer disease (AD) is a progressive neurodegenerative 
disease which causes cognitive impairment. There is strong 
evidence from both experimental and human studies 
that intestinal barrier dysfunction is important in the 
pathophysiology of AD. Patients with AD have consistently 
been found to have dysbiosis, intestinal inflammation, and 
increased intestinal permeability [68–70,82–84]. The barrier 
dysfunction (based on increased plasma endotoxin), epithelial 
damage (based on serum diamine oxidase), and oxidative 
stress (revealed from increased serum D-lactic acid) have been 
shown to be significantly correlated with cognitive impairment 
in a cross-sectional study of 45 patients with AD, 38 patients 

34 PD and 28 controls 
matched for age

Increased fecal zonulin Increased fecal markers 
of damage, α-1 AT and 
calprotectin

Zonulin assay may 
measure properdin not 
zonulin

[63]

12 unselected PD 4 abnormal LMR or sucralose permeability - Minority with increased 
permeability in small 
bowel or colon

[64]

22 sporadic PD 16 
unmatched HC

Increased serum and fecal zonulin Increased fecal calpro-
tectin

Zonulin assay may 
measure properdin, not 
zonulin

[65]

64 PD and 64 HC beta-defensin 2, zonulin and lactoferrin 
significantly higher in PD compared to healthy 
subjects

β-defensin 2 and 
lactoferrin higher in PD vs. 
healthy subjects 

Zonulin assay may 
measure properdin, 
not zonulin; possible 
protective role of 
β-defensin 2 and 
lactoferrin

[66]

19 PD, 19 controls Increased plasma LBP levels Increased fecal TNF and 
IL-1β

[67]

Alzheimer disease

45 AD and 27 HC Higher fecal zonulin in AD - [68]

71 mild and 66 
moderate AD and 74 
geriatric controls

Higher plasma zonulin in AD, associated with 
poor balance. 

Moderate AD had higher zonulin than mild AD

- [69]

45 AD, 31 MCI, 35 HC AD and MCI had barrier dysfunction as 
evidenced by higher levels of blood diamine 
oxidase, D-lactic acid, and endotoxin

- [70]

AD: Alzheimer Dementia; AT: Anti-Trypsin; BBB: Blood-Brain Barrier; FMT: Fecal Microbial Transplantation; HC: Healthy Controls; IBABP: 
Ileal Bile Acid Binding Protein; IL: Interleukin; MCI: Mild Cognitive Impairment; LBP: Lipopolysaccharide Binding Protein; LMR: Lactulose to 
Mannitol Ratio; MS: Multiple Sclerosis; RRMS: Relapsing-Remitting Multiple Sclerosis; TNF: Tumor Necrosis Factor 
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with mild cognitive impairment, and 35 normal controls [70]. 
These data suggest that barrier dysfunction may also precede 
the development of cognitive impairment [70]. In AD, there is 
an overabundance of A. muciniphilia along with other mucus-
degrading bacteria [43,85,86]. While these are the only studies 
relating to intestinal mucus in humans, several animal models 
of AD have demonstrated altered mucus secretion, reduced 
mucin glycoprotein content, and impaired barrier-forming 
capacity [87,88]. 

Psychiatric disorders

Several psychiatric disorders have also been reported to 
feature dysbiosis, intestinal barrier dysfunction, and increased 
intestinal permeability. The disorders include anxiety, 
depression, post-traumatic stress disorder, and schizophrenia, 
and barrier dysfunction may precede development of these 
disorders [89]. However, little attention has been paid to 
mucus specifically [90,91]. There is some evidence implicating 
abnormalities in gut mucus in view of the finding that 
schizophrenia is associated with fungal dysbiosis and reduced 
blood MUC2 expression [92]. The mucus layer has also been 
implicated in depression, with a proposal of direct causative 
links between stress, mucus depletion, dysbiosis, and 
depression [93]. 

Several other neurological disorders have been documented 
to feature dysbiosis, abnormal intestinal barrier function, and 

increased permeability. These disorders include amyotrophic 
lateral sclerosis [94], epilepsy [95], and autism spectrum 
disorder [96], but there has not been specific focus on the 
contribution of the integrity of the mucus layer. Nevertheless, 
there is some indirect evidence implicating the barrier and 
mucus, such as observations that fecal A. muciniphilia is 
overabundant in epilepsy and increases the risk of epilepsy 
[97], or the converse in autism, where there is a depletion of 
A. muciniphilia [98].

Conclusions

Intestinal epithelial barrier function is crucial for neurologic 
homeostasis. Damage to the barrier, leading to increased 
intestinal permeability, results in neuronal exposure to 
microbes, inflammatory mediators, and toxins. These 
pathophysiological mechanisms create an environment of 
chronic neuroinflammation, a key mechanism underlying 
many common neuropsychiatric disorders. Intestinal mucus is 
an important component of the intestinal barrier, and there 
is evidence of abnormalities in mucus and mucus-degrading 
bacteria in several neuropsychiatric disorders (Figure 1). The 
role of A. muciniphilia appears to be context-dependent, likely 
affected by host diet, among other factors. Future studies 
should seek to evaluate interventions targeted at intestinal 
mucus (such as diet, prebiotics, and probiotics) in the 
prevention and treatment of neuropsychiatric diseases. 

Figure 1. Role of intestinal mucus in neurologic health. In the colon, a healthy bilayer of mucus, fortified by microbial-derived short-chain 
fatty acids (SCFA) in response to dietary fiber, reinforces the gut epithelial barrier. Conversely, when mucus is degraded, such as in fiber 
deficient or high emulsifier diet states, microbes infiltrate the inner layer and deplete mucus, and the barrier is compromised, allowing 
microbes and toxins to access the subepithelium, inciting an inflammatory cascade that causes neuroinflammation, a central mechanism 
in neurological diseases. 
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