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INTRODUCTION

Normal gut permeability is 
essential for human health, having 
a meaningful functional role 
in the digestive tract [1, 2]. The 
intestines represent the longest 
organ of the body, being three to 
four times longer than a person’s 
height. One of the main functions 
of the gut is to represent a border 
between the intestinal lumen 
and the internal environment. In 
order to exercise this function, 
the bowel has a complex barrier 
consisting of several histological 
layers. These include the epithelial 
layer, the mucus layer, and two 
dynamic layers represented by 
immune cells and microbiota [1]. 
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Abstract

Promising biomarkers of intestinal permeability in metabolic disease include lipopolysaccharide from Gram-
negative bacteria and its binding proteins (soluble cluster of differentiation 14, lipopolysaccharide binding 
protein) and zonulin, which is associated with the transfer of microbial products into the circulation, thus 
leading to systemic chronic inflammation and worsening metabolic status. Occludin and intestinal-type fatty-
acid binding protein are particularly increased in metabolic dysfunction-associated steatotic liver disease and 
cardiometabolic diseases, in which case they predict subsequent major adverse cardiovascular events and 
stroke. The assessment of intestinal permeability can provide information regarding the relationship between 
intestinal leakage and the development of certain diseases, as predictor of disease severity and treatment 
effectiveness. Therefore, this review aims to provide a basis for better understanding the relationship between 
intestinal permeability, non-invasive biomarkers, and metabolic disease.
 
Key words: intestinal barrier – intestinal permeability – leaky gut – non-invasive biomarkers – inflammation 
– metabolic disease.

Abbreviations: CLE:  confocal laser endomicroscopy; I-FABP: intestinal fatty-acid binding protein; JAM-A: 
junctional adhesion molecule; LBP: lipopolysaccharide-binding protein; LPS: lipopolysaccharide; MACE: 
major adverse cardiovascular event; MASLD: metabolic dysfunction-associated steatotic liver disease; MD-2: 
myeloid differentiation factor 2; NAFLD: non-alcoholic fatty liver disease; PEG: polyethylene glycol; sCD14: 
soluble cluster of differentiation 14; SCFA: short-chain fatty acid; TFF3: trefoil factor 3; TJ: tight junction; 
TLR4: Toll-like receptor 4; ZO: zonula occludens.

 The tight junctions (TJs) between epithelial cells play a 
major role in the integrity of the intestinal wall. A pathological 
increase in intestinal permeability is explained by the impaired 
function and structure of the TJs. The role of the gut barrier is 
physical protection conferred by the TJs and the mucus layer. In 
normal conditions, the intestinal permeability is selective and 
participates in the absorption of water, electrolytes and nutrients. 
Increased intestinal permeability has systemic consequences, such 
as translocation of microbiota from the lumen, inflammation, 
enhancement of autoimmune disorders, allergies, etc. [1]. 

Therefore, maintaining the integrity of the intestinal 
barrier is essential for digestive health and the prevention 
of various intestinal or systemic diseases. Factors like diet, 
stress, infections, and medications can influence the intestinal 
barrier function. An increase in intestinal permeability has 
been observed in a wide array of human conditions including 
gastrointestinal and extraintestinal diseases. In this context, it is 
important to know which factors contribute to the alteration of 
intestinal permeability and which methods/biomarkers can be 
used for the  in vivo assessment of intestinal permeability [2].
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Metabolic diseases,  such as obesity,  diabetes, 
hyperlipidemia, and metabolic dysfunction-associated 
steatotic liver disease (MASLD) have become widespread 
public health problems. The severity of the situation was 
confirmed by the WHO European Regional Obesity Report 
2022, which revealed that 60% of European citizens were 
overweight or obese. The global prevalence of diabetes in 
people aged 20 to 79 years was estimated at 10.5% (536.6 
million people) in 2021, but it is expected to reach 12.2% 
(783.2 million people) by 2045. The estimated global 
prevalence of non-alcoholic fatty liver disease (NAFLD) in 
the general population witnessed a sharp increase from 20% 
in 1991 to 30% in 2019 [3-5].  

Metabolic diseases are often caused by multiple factors, 
including excessive consumption of high-energy processed 
foods, lack of exercise, environmental and genetic factors. 
However, current treatment strategies, including lifestyle 
modifications, diet and exercise interventions, or use of 
medication still have limited effectiveness. Therefore, reliable 
targets for the prevention and treatment of metabolic diseases 
and their complications must be identified [2]. 

In this context, it is essential to determine which 
factors contribute to altered intestinal permeability and 
which methods or biomarkers can be used for its in vivo 
assessment. 

INTESTINAL BARRIER FUNCTION

The intestinal barrier has a complex structure with multiple 
functions, being involved in the absorption of nutrients as well 
as in preventing the translocation of microorganisms and their 

products, toxins and allergens from the intestinal lumen into 
mucosal tissues [6-9]. The intestinal barrier is composed of many 
structurally and functionally different layers, the most important 
components being the outer mucus layer and epithelium, which 
limit inflammation [10, 11]. Epithelial cells are connected by TJs, 
adherens junctions, gap junctions, and desmosomes [12]. Tight 
junctions are located at the apical region of adjacent epithelial 
cells. Their structure includes transmembrane proteins (claudin 
and occludin), junctional adhesion molecule A (JAM-A), and 
zonula occludens (ZOs) [13]. Tight junctions also regulate 
small-molecule and ion transport [14].

Intestinal permeability is a functional characteristic of 
the intestinal barrier that reflects intestinal integrity [12]. 
Molecules are transported across the intestinal epithelium by 
transcellular and paracellular pathways [15], as also illustrated 
in Fig. 1.

The alteration of intestinal permeability can be influenced 
by various factors, including environmental toxins, 
stress, tobacco smoking, medications (nonsteroidal anti-
inflammatory drugs, antibiotics), alcohol consumption, 
dietary factors (industrial food additives, a Western diet rich 
in saturated fats, refined carbohydrates and salt), and sleep 
deprivation [12, 16].

In vivo assessment of intestinal barrier function remains 
challenging [17], several biomarkers and methods being used 
for this purpose. The assessment of intestinal permeability 
can provide information regarding the relationship between 
intestinal leakage and the development of diseases such as 
autoimmune disorders, obesity, and certain types of cancer. 
It may also help predict disease severity and therapeutic 
response [18].

Fig. 1. Schematic representation of intestinal barrier and transport routes across the intestinal 
epithelium.
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In vivo assessment of intestinal permeability can be 
based on the estimation of biomarkers such as soluble 
adhesion molecules (markers of epithelial integrity), plasma 
citrullinemia (a metabolic marker), markers indicating an 
immune or inflammatory response, such as fecal calprotectin, 
or reliable methods designed to measure the urinary excretion 
of orally administered tracer molecules. Another option is the 
oral intake of molecules not metabolized by the body, which are 
excreted in urine (without being reabsorbed by the kidneys) 
after having taken the paracellular route (for large molecules) or 
intracellular route (for small molecules) [12]. Table I presents 
an overview of the available methods for the assessment of 
intestinal permeability [16, 17, 19-32].

Table II summarizes the methods used for the assessment 
of intestinal permeability [[2, 7, 9, 12, 14, 16-17, 19, 24-25, 
27, 29-30, 32-71].

Lipopolysaccharides (LPS), the major glycolipids of Gram-
negative bacteria, are potent activators of the innate immune 
system through specific receptor-mediated recognition [72]. 
Lipopolysaccharides in the bloodstream bind first to the LPS-
binding protein (LBP). The LPS/LBP complex subsequently 
interacts with CD14 on the surface of macrophages, which 
presents the LPS molecule to the Toll-like receptor 4 (TLR4) 
complexed with myeloid differentiation factor 2 (MD-2). This 
interaction triggers intracellular signaling cascades leading 
to the release of pro-inflammatory cytokines such as tumor 
necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6, thereby 
initiating the host inflammatory response to Gram-negative 
infection. These recognition and signaling mechanisms are 
illustrated in Fig. 2. 

ALTERATION OF INTESTINAL 
PERMEABILITY

Increased intestinal permeability is associated with 
numerous diseases such as irritable bowel syndrome, 
inflammatory bowel disease, celiac disease, food allergy, diabetes 
mellitus, non-alcoholic fatty liver disease, neurodegenerative 
diseases, autism, obesity, etc. [8, 15, 17-18, 23, 27, 32, 63, 73-
95], as shown in Table III.

A leaky gut can drive chronic inflammation, a primary 
risk factor for metabolic diseases. Leaky-gut markers 
are key biomarkers for identifying individuals at risk of 
increased intestinal permeability and subsequent chronic 
inflammation linked to metabolic disorders [96]. Zonulin 
and LBP show the strongest associations with metabolic 
health metrics and with the inflammatory marker C-reactive 
protein (CRP) [96].

Biomarkers of intestinal hyperpermeability and metabolic 
endotoxemia may predict mortality in coronary artery 
disease. Moreover, metabolic endotoxemia has been linked 
to traditional atherosclerosis risk factors. Several studies 
have associated gut permeability with the risk of subsequent 
major adverse cardiovascular events (MACE). For instance, 
in the context of atrial fibrillation, gut-derived serum LPS 
was associated with a 1.2-fold higher risk of MACE compared 
with traditional cardiovascular disease risk factors such as 
age, systolic blood pressure, total cholesterol and triglycerides 
[97].

In stroke patients, LBP was linked to an increased risk of 
ischemic, but not hemorrhagic stroke. 

Table I. Methods for in vivo assessment of intestinal permeability

Methods Biological Sample References

Non-invasive methods

Direct assessment using exogenous inert samples
Sugars
Lactulose/mannitol test
Multi-sugar test
(lactulose, sucrose, rhamnose, sucralose, erythritol)
Polyethylene glycols (PEGs)
51Chromium-ethylenediaminetetraacetic acid (51Cr-EDTA)

Indirect assessment using endogenous biomarkers
Tight junctions molecules 
      Claudin
      Occludin
      Zonulin (a regulator of enterocyte tight junctions)
Lipopolysaccharide (LPS)
LPS-binding protein (LBP)
Soluble cluster of differentiation 14 (sCD14)
Intestinal fatty-acid binding protein (I-FABP)
Short-chain fatty acids (SCFAs) 

Calprotectin
Citrulline 
Albumin 

Urine
Plasma, urine

Urine

Serum
Serum
Serum/plasma/fecal samples
Serum, plasma
Plasma
Plasma
Serum
Serum/plasma/fecal samples

Serum, feces 
Plasma
Fecal samples

[19]
[19]

[20]

[22]
[23]
[16, 23-25]
[24, 25]
[24]
[15]
[24]
[26, 27]

[16, 24]
[28]
[24]

Invasive methods

Confocal laser endomicroscopy (CLE)
Mucosal impedance testing 

[29, 30, 31]
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Table II. Characteristics of compounds/methods for assessment of intestinal permeability, their utility and disadvantages

Characteristics of compounds/methods Utility/Disadvantages References

Lactulose*
semisynthetic disaccharide (composed of fructose and galactose) not 
absorbed in the small intestine due to lack of appropriate enzymes
can cross the intestinal barrier through the leakage pathway/ in areas of 
epithelial damage
degraded by colonic microbiota
excreted unchanged in urine

Lactulose absorption:
- a marker of barrier integrity
- not reliable for measuring colonic 
permeability

[12, 19, 33-37]] 

Sucralose
disaccharide resistant to bacterial degradation
absorbed in both small intestine and colon

Used to evaluate both small intestinal and 
colonic permeability [2, 30, 38, 39]

Sucrose
quickly hydrolyzed by sucrase to produce fructose and glucose in the 
duodenum

Allows estimation of gastric and proximal 
duodenal permeability (urinary excretion of 
sucrose)

[39, 40] 

Mannitol*
monosaccharide
crosses the pore pathway
degraded by colonic bacteria

Mannitol absorption:
- a measure of normal small bowel function
- not used to reliably measure colonic 
permeability

[12, 33, 34]

Erythritol
not broken down by human digestive enzymes or colon bacteria

Reflects small intestinal permeability [33, 41, 42]

Rhamnose 
Monosaccharide

Used as marker for small intestinal permeability [2, 33]

PEG
molecular weight (400 Da)
resistant to bacterial degradation
permeates the small intestine (by transcellular route)

Reflects both small intestinal and colonic 
permeability

[12, 33, 41]

Zonulin
protein produced by intestinal cells and liver
acute-phase reaction protein
connects claudins and occluding to the cytoskeleton through actin 
filaments and contributes to maintaining intestinal barrier integrity
main pathophysiological regulator of TJ permeability in intestinal epithelial 
tissue 
increased expression in conditions associated with TJ dysfunction

High levels in blood and feces reflect increased 
intestinal permeability
Indirect biomarker of gut permeability.
Commercially available kits (ELISA) for serum 
zonulin measurement lack specificity.

[30, 43-49]

Claudins
transmembrane proteins (two extracellular loops interact with counterparts 
from adjacent cells) 
some are responsible for barrier function and others form paracellular 
channels (charge and size selective).

Reflect changes in intestinal permeability [50-53]

Occludin
present in epithelial and endothelial cells
transmembrane protein involved in the maintenance and assembly of TJs
improves barrier function

[24, 49, 54]

LPS
complex amphiphilic molecule
major outer cell wall component of Gram-negative bacteria (bacterial 
endotoxin)
LPS from the intestinal lumen does not penetrate healthy intestinal 
epithelium

Reflects translocation of bacteria from the gut 
lumen to the circulation in intestinal epithelial 
TJ barrier defects

[12, 17, 55, 56]

LBP
acute-phase response glycoprotein produced by hepatocytes and intestinal 
epithelial cells 
forms high-affinity complexes with bacterial LPS
can also recognize other bacterial compounds
has a longer half-life in blood than LPS 
the binding of LPS to LBP increases the affinity for CD14 

Regarded as a biomarker of IP driven by 
microbial translocation (indicating increased 
transepithelial uptake of LPS).
Circulating LBP concentrations may also occur 
in systemic infection.

[25, 32, 55-59]

sCD14
receptor molecule expressed on the surface of monocyte/macrophage cells 
responsible for scavenging of LPS and bacteria (Fig. 2), and epithelial cells.
also present in soluble form in serum.
LPS binds to LBP (a carrier of LPS) and LPS/LBP complex assembles with 
sCD14 or CD14 molecules, which allows recognition by the TLR4 on the 
surface of immune cells such as macrophages.
LPS induces secretion of sCD14 from immune cells.

Plasma sCD14 level is a marker of bacterial 
translocation, high concentrations reflecting 
exposure to LPS
Non-specific markers of monocyte activation 
are released by the immune system following 
microbial translocation, but also trauma and 
HIV infection.

[12, 16, 44, 56, 
60-63]
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Table II (continued)

I-FABP
cytosolic protein
present in epithelial cells of the mucosal layer of small intestinal tissue
key role in the cellular uptake and metabolism of fatty acids in enterocytes
released from the gut into the circulation following disruption of intestinal 
permeability

Circulating I-FABP is a non-invasive biomarker 
of gastrointestinal wall integrity

[7, 25, 63]

SCFAs
result from dietary fiber fermentation by intestinal microbiota
saturated carboxylic acids (one to six carbons) 
can improve gut barrier integrity (through increased expression of claudin, 
occluding, zonulin and mucus secretion by globlet cells)
absorbed by colonocytes by passive diffusion or active transport
intestinal barrier destruction increases the passive reabsorption of SCFAs 
and reduces their concentration in feces

Elevated serum levels are linked to gut barrier 
disruption

[14, 27, 64-66]

Calprotectin
cytosolic protein in human neutrophil granulocytes, also expressed in 
activated macrophages and monocytes
overexpressed and released into feces by activated granulocytes that 
migrate into the intestinal wall (as part of the inflammatory response in 
intestinal diseases)

Indirect marker of intestinal permeability (fecal 
levels)

[9, 45]

Citrulline
amino acid synthesized in enterocytes

Plasma citrulline is a biomarker of the 
functional small bowel enterocyte mass.
Decreased plasma concentration reflects the 
degree of damage to the intestinal barrier 
function.
Citrullinemia treatment doses depend on 
factors such as foods rich in citrulline and 
certain autoimmune diseases. 

[29, 67]

TFF3
member of the trefoil factor family
mainly secreted by intestinal goblet cells
key role in the repair of intestinal mucosa 
can reduce intestinal epithelial permeability by regulating TJs 

High stool TFF3 levels are associated with 
lower gut permeability

[68, 69]

Albumin
protein produced in hepatocytes and distributed in bloodstream (40%) and 
the interstitial space
passes into the interstitial space and then into the intestinal lumen when 
the intestinal barrier is disrupted

Measurement of fecal albumin is a good 
indicator of intestinal permeability

[12, 25, 45]

CLE 
intravenous administration of sodium fluorescein
endoscopic-assisted technique

Provides in vivo information on the cellular 
structure of intestinal mucosa and functional 
alterations of the intestinal barrier.
Invasive method with minor adverse reactions.
The need to quickly collect images is a 
disadvantage.

[30, 33, 70, 71]

Mucosal impedance testing 
resistance of an alternating current between two adjacent electrodes on a 
luminal probe

Evaluates the integrity of gastrointestinal 
mucosal lining.
Invasive method.

[33]

* The lactulose/mannitol ratio (in urine) is used to determine small intestinal permeability [45]. CLE:  confocal laser endomicroscopy; I-FABP: intestinal fatty-
acid binding protein; JAM-A: junctional adhesion molecule; LBP: lipopolysaccharide-binding protein; LPS: lipopolysaccharide; PEG: polyethylene glycol (PEG); 
sCD14: soluble cluster of differentiation 14; SCFA: short-chain fatty acid; TFF3: trefoil factor 3; TJ: tight junction; TLR4: Toll-like receptor 4; ZO: zonula occludens.

However, these associations were diluted when CRP 
was added to models, thus supporting the idea that chronic 
systemic inflammation mediates the consequences of intestinal 
hyperpermeability on the risk of cardiovascular disease [93]. 

Recent studies have found that schizophrenia patients 
have increased intestinal permeability via tight junction 
alteration and bacterial translocation. In addition, IgM anti-
LPS antibodies against zonulin and occludin were higher in 
patients with catatonic behavior than in patients without this 
symptom. Potential biomarkers in this clinical context include 
zonulin, anti-LPS antibodies, LBP and intestinal alkaline 
phosphatase [18].

In patients with Alzheimer’s disease (AD) with the 
APOE3/E3 genotype, who are at genetically low risk of AD, Fig. 2. LPS recognition and signaling system.
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LBP (a specific marker of LPS translocation) was positively 
correlated with the Clinical Dementia Rating [98]. A positive 
correlation between the severity of autism and zonulin 
levels was also highlighted [99]. In animal model studies, 
increased intestinal permeability was observed at diabetes 
onset [100]. During pregnancy, higher zonulin levels have 
been associated with gestational obesity and intrahepatic 
cholestasis of pregnancy, thus underscoring the value of this 
biomarker for identifying or predicting complications [101]. 
In NAFLD, increased intestinal permeability correlates with 
the degree of hepatic steatosis [79]. The association between 
erosive status, structural severity, pain and the levels of LBP 
and zonulin-related proteins was observed in patients suffering 
from erosive hand osteoarthritis [84].

Previous research has highlighted the relationship between 
the alteration of gut permeability and intestinal or extra-

Table III. Markers of altered intestinal permeability in different pathologies

Diseases Tests/biomarker Effects on intestinal 
permeability

References

Inflammatory bowel disease
Crohn’s disease

Occludin (serum)
Claudin (serum)
Lactulose
Zonulin (fecal and serum)

↓
↑
↑
↑

[15, 23, 73]

Irritable bowel syndrome Zonulin (serum) ↑ [74]

Celiac disease Mannitol
Zonulin

Altered excretion
↑

[15, 32]

Chronic alcoholic/metabolic liver 
disease

Nonalcoholic steatohepatitis (NASH) 

Lactulose/mannitol ratio

LBP and sCD14 levels 

Zonulin (serum)

↑

Similar in patients with normal 
and increased intestinal 

permeability
↑

[32, 75-79]

Idiopathic anaphylaxis I-FABP and sCD14 (serum) ↑ [63]

Chronic spontaneous urticaria Zonulin (serum) ↑ [80]

Rheumatoid arthritis Calprotectin (serum)
Zonulin (serum)
LPS, LBP, I-FABP (serum)

↑
↑
↑

[17, 81, 82]

Ankylosing spondylitis Zonulin (serum) ↑ [83]

Erosive hand osteoarthritis LBP and zonulin-related proteins 
(serum)

↑ [84]

Chronic obstructive pulmonary disease Zonulin (plasma) ↑ [85]

Patients with recent suicide attempt I-FABP (plasma)
Zonulin (plasma)

↑
↓

[44]

Parkinson’s disease Calprotectin and zonulin (fecal) ↑ [86]

Autism Zonulin (serum) ↑ [87]

Non-celiac, type 1 diabetes Lactulose/mannitol ratio
Zonulin (serum)

↑
↑

[88, 89]

Type 2 diabetes
Type 2 diabetes without renal disease

SCFA (serum) 
Zonulin (serum)

↑
↑

[26]
[90]

Advanced age/ Amyloid-confirmed 
Alzheimer’s disease

Calprotectin (fecal) ↑ [91]

Multiple sclerosis Lactulose/mannitol ratio ↑ [92]

Cardiovascular diseases LBP, sCD14, zonulin ↑ [93]

Schizophrenia Zonulin, LBP anti-LPS antibodies
Zonulin (serum) 
Claudin-5 (serum)
LBP, LPS (serum)

↑
↑
↓
↑

[18]

[94, 95]

For abbreviations see Table II.

intestinal diseases as well as the link between inflammation 
and age-onset intestinal barrier dysfunction [102].

CONCLUSIONS

Increased intestinal permeability is consistently linked to 
a broad range of intestinal and extra-intestinal diseases and to 
age-related low-grade inflammation (inflammaging). Barrier 
failure involves the paracellular route, through disruption of 
tight junction proteins (claudins, occludin, JAM-A, ZOs), 
and the transcellular route, via endocytosis, membrane 
transporters, and channels, thereby amplifying immune 
activation and sustaining systemic inflammation. Robust  in 
vivo assessment is best achieved with multimarker panels such 
as LPS–LBP–sCD14, zonulin, I-FABP, calprotectin, and SCFAs 
combined with functional sugar permeability tests (lactulose/

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hand-osteoarthritis
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mannitol, multi-sugar panels), since no single assay performs 
uniformly across clinical contexts.

The LPS–LBP–sCD14–TLR4/MD-2 axis links permeability 
to systemic inflammatory tone and cardiometabolic risk, 
thus supporting its use in risk stratification and monitoring 
therapeutic response. Wider clinical adoption requires assay 
standardization, harmonized pre-analytical handling, and 
validated cut-offs, alongside context-aware interpretation 
(comorbidities, medications, inflammatory status). Priority 
directions include prospective studies integrating permeability 
biomarkers with microbiome profiles and inflammatory 
signatures, as well as evaluating targeted interventions 
that restore barrier integrity and reduce the downstream 
inflammatory burden.
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