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Abstract  76 

The intestinal epithelium is a key component of the intestinal barrier, which is the largest and 77 

most complex barrier of the human body, regulating nutrients absorption while restricting the 78 

entry of harmful antigens. Breakdown of this barrier facilitates microbial and dietary 79 

antigenic translocation, triggering local immune system activation and inflammation. 80 

Although barrier alterations alone may not be sufficient to initiate disease, accumulating 81 

evidence highlights its critical role in the pathogenesis and progression of a wide range of 82 

gastrointestinal and systemic disorders. Early identification of intestinal epithelium and 83 

barrier alterations could enable timely therapeutic approaches. This systematic review 84 

provides an overview of current in vivo (both non-invasive and invasive) and ex vivo/in vitro 85 

approaches used to assess intestinal epithelial barrier alterations. Non-invasive in vivo 86 

approaches rely mainly on urinary detection of orally ingested probes, but their clinical utility 87 

is limited by lack of standardization and specificity. Circulating and fecal constitutive 88 

markers derived from the intestinal barrier, which reflect epithelial alterations, together with 89 

indicators of microbial translocation, provide complementary insights but remain 90 

insufficiently validated. Advanced invasive endoscopic modalities such as confocal laser 91 

endomicroscopy enable near-histologic, real-time visualization but are costly and largely used 92 

as research tools in specialist centers. In vitro, transepithelial electrical resistance assessment 93 

remains the reference standard, though novel technologies (including impedance 94 

spectroscopy and organic electrochemical transistors) offer enhanced sensitivity and 95 

resolution. Despite progress, major gaps remain, including the absence of a standardized 96 

definition of epithelial barrier breakdown, the lack of a practical diagnostic tool, 97 

methodological heterogeneity, unvalidated thresholds, and limited prospective validation. 98 

 99 
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Introduction 103 

The intestinal epithelium is a key component of the intestinal barrier, which is the largest 104 

barrier separating our body from the external environment and also the most functionally 105 

complex1,2. By permitting the absorption of electrolytes, water, and nutrients while restricting 106 

the entry of pathogens and harmful substances, it acts as both a selective gateway for 107 

molecular exchange and a frontline defense against continuous environmental and microbial 108 

challenges, while simultaneously shaping appropriate immune responses to luminal 109 

compounds2,3.  110 

 111 

Repeated exposure to dietary antigens, microbial agents and environmental insults can 112 

compromise the integrity of the intestinal epithelial barrier4–7. This results in impaired 113 

epithelial barrier function, commonly referred to as “leaky gut”, which facilitates the 114 

translocation of luminal contents into the underlying mucosa and systemic circulation, 115 

thereby activating the gut immune system and promoting inflammation, which can in turn 116 

exacerbate barrier dysfunction and support a self-perpetuating disruptive cycle8,9. While 117 

barrier dysfunction alone may not be sufficient to initiate disease10,11, a growing body of 118 

evidence underscores its pivotal role in the onset and progression of a broad spectrum of 119 

digestive and extra-digestive diseases (Figure 1)12. 120 

 121 

Building Blocks and Functions of the Intestinal Epithelial Barrier 122 

Forming crypts and villi in the small intestine, and crypts only in the colon, the intestinal 123 

barrier is composed of a mucus layer that overlies a single layer of epithelial cells, within 124 

which intraepithelial lymphocytes and myeloid cells are embedded. These cells rest on a 125 

basement membrane and are supported by the underlying lamina propria. The colon contains 126 

a two-layered mucus structure (an inner, firmly adherent layer and an outer, loose layer), 127 
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whereas in the small intestine the mucus is single-layered and typically thinner13. In 128 

quantitative terms, the combined thickness of the mucus and unstirred water layer exceeds the 129 

height of a single epithelial cell by more than twenty-fold, highlighting the substantial 130 

diffusion barrier luminal molecules must traverse before reaching the epithelium13. This 131 

mucus layer functions as a chemical barrier, owing to its composition, and as a physical 132 

shield. The underlying epithelial lining carries out numerous functions: beyond serving as a 133 

physical barrier and providing protection14,15, notably through the production of antimicrobial 134 

substances16, it plays essential roles in nutrients absorption17,18, bile salt reabsorption19, 135 

secretion of digestive enzymes20–22, hormonal control, environmental sensing, and immune 136 

system development and regulation23–27. This wide functional repertoire relies on the 137 

diversity of specialized epithelial cell types, all derived from a shared intestinal stem cell 138 

pool, including absorptive enterocytes, mucus-producing goblet cells, Paneth cells, 139 

enteroendocrine cells, M cells, and tuft cells16,28–35.  140 

 141 

To function as an effective barrier, these epithelial cells must be tightly connected. This 142 

cohesion is ensured by the apical junctional complex (AJC), located at the apical part of the 143 

lateral membrane, closest to the external environment36. The AJC is composed of tight 144 

junctions (TJs) and adherens junctions (zonula adherens), the latter comprising two spatially 145 

separated domains, the apical containing PLEKHA7, nectins and afadin, the basal containing 146 

E-cadherin and catenins37,38. The integrity and function of the AJC is regulated by the 147 

actomyosin cytoskeleton, which is connected to the AJC through interaction of actin and 148 

myosin with cytoplasmic scaffolding and adaptor proteins, including a-catenin, afadin, ZO-1 149 

and cingulin39–42. Additional junctions present on the lateral membrane, but not associated 150 

with the AJC are desmosomes and gap junctions, involved in cell-cell adhesion and 151 

communication43,44 (Figure 2). There are three main pathways through which molecules can 152 
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cross the intestinal epithelium: the transcellular, the paracellular and unrestricted routes45. 153 

The transcellular route involves transport directly across the plasma membrane of epithelial 154 

cells, often through specific channels or transporters45. The paracellular route (decreasing 155 

from small to large intestine), primarily regulated by TJs, can be subdivided into two distinct 156 

pathways: (1) the pore pathway, a high-conductance route that is both charge- and size-157 

selective, permitting the passage of small substances with an upper size limit of 6–8 Å11,46,47; 158 

and (2) the leak pathway, a low-conductance, charge-nonselective route that allows the 159 

passage of larger substances with an approximate diameter of ~100 Å46. Lastly, the 160 

unrestricted pathway arises in the context of epithelial damages, allowing nonspecific passage 161 

of luminal contents12.  162 

 163 

Making Sense of Intestinal Barrier Terminology 164 

The intestinal barrier is a complex, multilayered system composed not only of the mucus and 165 

epithelial layer, but also of essential additional components including the microbiota, vascular 166 

network, immune system and mesenchyme. It is therefore important to recognize that 167 

intestinal epithelial barrier alteration or dysfunction is not synonymous with global intestinal 168 

barrier impairment, which encompasses these other structural and immunological elements. 169 

Terminological precision is thus crucial when comparing available tools, evaluating their 170 

ability to discriminate between epithelial versus global barrier alterations, and when 171 

interpreting results across studies. The terms barrier defect, dysfunction, disruption, and 172 

damage are often used interchangeably in the literature, yet they refer to distinct biological 173 

states. Barrier defect may imply an intrinsic, sometimes genetically determined abnormality 174 

in barrier structure or assembly. Barrier dysfunction refers to impaired function (for example, 175 

increased paracellular or transcellular permeability), while the epithelial structure may remain 176 

macroscopically intact. Notably, dysfunction can arise not only in disease but also as part of a 177 
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physiological, adaptive response to infection or injury. In contrast, disruption or damage 178 

denotes a loss of epithelial continuity, such as erosions or ulcerations, allowing unrestricted 179 

passage of luminal contents. Distinguishing these concepts matters, as the underlying 180 

mechanisms, assessment methods, biomarkers, and therapeutic strategies may differ 181 

substantially between defect, dysfunction, and true tissue disruption. 182 

 183 

Measurement of intestinal permeability is often used as a proxy for epithelial barrier integrity 184 

and is widely applied to detect or quantify epithelial injury. However, it is important to 185 

emphasize that these two concepts are distinct and should not be used interchangeably12,48. 186 

This measurement of intestinal permeability is also influenced by components of the barrier 187 

beyond the epithelium. Mucus permeability, for example, differs substantially between the 188 

small and large intestine, and the vascular endothelium represents another critical determinant 189 

of intestinal permeability. Under physiological conditions, paracellular diffusion across 190 

capillaries is limited to molecules smaller than approximately 4 kDa; larger solutes cannot 191 

cross directly and must instead be cleared via the lymphatic system or enter the bloodstream 192 

only when the vascular barrier is compromised49. A distinction is typically made between 193 

physiological permeability—observed under normal conditions without inflammation or toxic 194 

injury, when the selective passage of molecules is preserved—and increased or pathological 195 

permeability, which arises in disease states9,50. For instance, the size and nature of the 196 

molecules or metabolites measured in permeability assays can help distinguish between a 197 

moderately “leaky” but continuous barrier from a barrier showing overt epithelial loss.  198 

 199 

A wide range of tools is now available to assess intestinal epithelial barrier alterations and the 200 

resulting changes in permeability; however, only a few have been systematically validated 201 

against direct morphological evaluation of the epithelium or other assessment methods12. In 202 
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this context, the present review provides an comprehensive overview of the currently 203 

available approaches—non-invasive and invasive in vivo, as well as in vitro and ex vivo—204 

with particular emphasis on methods whose ability to detect barrier alterations has been 205 

directly compared against other techniques51. 206 

 207 

Methods 208 

Search strategy 209 

A systematic literature search was conducted in MEDLINE and Scopus up to July 25, 2025, 210 

to identify studies evaluating methods for assessing the intestinal epithelial barrier or 211 

permeability. Search terms combined concepts of the intestinal epithelium or intestinal 212 

barrier with those of diagnostic methods and tools, and the specific combinations used in the 213 

literature search are summarized in Supplemental Table 1. No language restrictions were 214 

initially applied, and no limits were set regarding the publication date to ensure 215 

comprehensive retrieval of relevant studies.  216 

 217 

Eligibility criteria 218 

Studies were eligible for inclusion if they met the following criteria: (1) involved humans, 219 

animals, or preclinical models; (2) assessed the intestinal epithelial barrier (structure, 220 

permeability, function) using any measurement method; (3) included a comparison with 221 

another method or reference standard for barrier or permeability assessment; and (4) reported 222 

at least one relevant outcome, such as diagnostic accuracy, reliability, sensitivity/specificity, 223 

reproducibility, or concordance between methods,  regardless of whether the approach was 224 

applied in humans, animals, or ex vivo/in vitro, and whether it was invasive or non-invasive, 225 

and irrespective of the type of tool used. Studies were excluded if they were narrative 226 

reviews, investigated non-intestinal epithelia, lacked a comparator group, were published in a 227 
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language other than English, or did not address barrier or permeability assessment (e.g., 228 

intervention-only studies). 229 

 230 

Study selection, outcomes and data extraction 231 

Titles and abstracts were screened independently by two reviewers (SV and LBP). Full texts 232 

of potentially relevant studies were retrieved for eligibility assessment. Disagreements were 233 

resolved by discussion and consensus. The primary outcomes of interest were the diagnostic 234 

accuracy of methods used to evaluate the intestinal epithelial barrier, including assessments 235 

of intestinal barrier alterations and permeability. From each eligible study, we systematically 236 

extracted detailed information on the method or intervention applied to assess the intestinal 237 

epithelium, together with the comparative method against which it was evaluated. We also 238 

documented the study population, specifying whether the investigation was conducted in 239 

humans or in preclinical models. For each study, we recorded the type of specimen analyzed, 240 

the degree of correlation between the tested method and its comparator, and any reported 241 

measures of diagnostic performance, reliability, sensitivity/specificity, or reproducibility. 242 

 243 

Results 244 

Literature search 245 

A total of 10,302 records were identified through electronic databases and manual searching 246 

(Figure 3). After removing duplicates, 7,261 titles and abstracts were reviewed. Of these, 375 247 

full-text articles and conference abstracts were assessed for eligibility. Research has 248 

demonstrated that intestinal barrier can be evaluated using in vivo tools (in humans or animal 249 

models) as well as ex vivo/in vitro approaches, the latter referring to techniques performed 250 

outside a living organism, typically on cultured cell lines, tissue explants or organoids 251 

maintained under controlled laboratory conditions (e.g., culture dishes, multi-well plates, 252 
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Ussing chambers, organ-on-chip systems). When applied in vivo, assessment methods 253 

generally fall into two main categories: (1) Non-invasive approaches, such as orally 254 

administered permeability probes recovered in urine or constitutive intestinal barrier-derived 255 

markers detectable in blood or stool, which infer barrier alteration without requiring tissue 256 

collection; (2) Invasive approaches, which require direct access to the intestinal lumen or 257 

mucosa—usually via endoscopy—and therefore involve invasive entry into the 258 

gastrointestinal tract. In total, 60 studies met the predefined inclusion and exclusion criteria 259 

and, importantly, included a comparison with another method or reference standard for 260 

assessing barrier function or permeability. Among them, 47 were in vivo studies (38 in 261 

humans and 9 in animal models), of which 43 evaluated non-invasive in vivo methods and 4 262 

investigated invasive in vivo approaches. An additional 13 studies employed in vitro 263 

techniques.  264 

 265 

Non-Invasive Tools to Assess Intestinal Barrier Function In Vivo 266 

Tables 1 and 2 summarize the probes and constitutive intestinal barrier-derived markers used 267 

to assess intestinal barrier alterations in vivo in humans and animal models, respectively. 268 

Figure 4 illustrates the biological samples in which they are measured, as well as the 269 

corresponding regions of the barrier defects, which they reflect. 270 

 271 

Urinary Detection of Orally ingested Probes  272 

A classic and widely used approach to indirectly assess intestinal permeability in vivo, both 273 

in humans and in animals, is to measure the fractional urinary excretion of orally ingested 274 

probes. When epithelial barrier integrity is compromised, increased amounts of these probes 275 

cross the mucosa, enter the bloodstream, are then filtered by the glomeruli, and subsequently 276 

are excreted in urine52,53. It is important to keep in mind that permeability tests can be 277 
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affected by epithelial barrier alterations, but they are also influenced by other components of 278 

the intestinal barrier. The probes can be quantified in urine using enzymatic assays, high-279 

performance liquid chromatography (HPLC), HPLC–tandem mass spectrometry (HPLC–280 

MS)⁵¹, ion-exchange chromatography combined with mass spectrometry, or nuclear magnetic 281 

resonance (NMR) spectroscopy53–55. The choice of probe is critical and should reflect the 282 

specific intestinal segment under investigation. For permeability assessment of the small 283 

intestine or colon, the probe should be absorbed in the corresponding intestinal region, rather 284 

than in the stomach53. To assess colonic barrier integrity, the probe must also be resistant to 285 

degradation by colonic bacteria8. Ideally, probes should not be present in the diet to avoid 286 

background interference. Finally, the timing of urine collection enables regional 287 

discrimination of permeability 56. 288 

 289 

There are four main types of probes: sugars, isotopes, and polyethylene glycols (PEGs) and 290 

fluorophores. Different non-metabolized sugars can be used as permeability probes, including 291 

monosaccharides (e.g., mannitol, rhamnose) and disaccharides (e.g., lactulose, cellobiose, 292 

sucralose). To minimize confounding factors such as gastric emptying, intestinal transit time, 293 

renal clearance, incomplete urine recovery, and intra-individual variability, these sugars are 294 

typically co-administered, as both are equally influenced by non-mucosal factors —the sole 295 

difference being their route of permeation53. The disaccharide acts as a large-pore marker, 296 

crossing the epithelium only through predominantly paracellular pathways or at sites of 297 

epithelial injury (thereby reflecting barrier dysfunction)54. In contrast, the monosaccharide 298 

serves as a small-pore marker, absorbed by passive transcellular diffusion through enterocytes 299 

(reflecting mucosal surface area)57. This dual administration enables calculation of the 300 

intestinal permeability index, usually expressed as the urinary disaccharide-to-301 
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monosaccharide ratio, which integrates both paracellular leakiness and epithelial damage 302 

relative to mucosal surface area12,58. 303 

 304 

For the small intestine, the lactulose/mannitol ratio has been the most widely used 305 

permeability test over the past three decades59,60. The cellobiose/mannitol ratio is also 306 

employed61. It is worth noting that cellobiose can be metabolized by intestinal lactase; 307 

however, lactase has a low affinity for this disaccharide, making this effect negligible for test 308 

interpretation61,62. In contrast, lactulose is not metabolized by human disaccharidases61,62. 309 

Mannitol, commonly used as the monosaccharide denominator, presents several limitations, 310 

including a baseline urinary excretion of mannitol exists, complicating interpretation61,63, 311 

mannitol can cross certain cell membranes and undergo a degradation by intracellular 312 

enzymes61,64, and urinary excretion may not fully reflect the intact fraction65, reducing 313 

analytical accuracy. Furthermore, both lactulose/mannitol and cellobiose/mannitol tests rely 314 

on hyperosmolar sugar solutions. This hyperosmolar stress increases the permeability of 315 

abnormal epithelia to disaccharides, enhancing discrimination but also complicating 316 

interpretation61,66,67. As an alternative to mannitol, L-rhamnose is sometimes used as the 317 

monosaccharide probe because it appears to have better transport characteristics than 318 

mannitol across certain cell membranes61,68,69. Additionally, the commonly used lactulose/L-319 

rhamnose test is formulated to be iso-osmolar, thereby avoiding the hyperosmolar stress 320 

induced by lactulose/mannitol or cellobiose/mannitol solutions61,70–72.   321 

 322 

To assess colonic permeability, sucralose is commonly used as the disaccharide probe 323 

because it is resistant to colonic fermentation (unlike lactulose), with colonic permeability 324 

typically evaluated using the sucralose/mannitol ratio73. More recently, multi-sugar 325 

permeability assays have been developed to enable simultaneous, site-specific assessment of 326 
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intestinal permeability along the gastrointestinal tract58,74,75. In the protocol described by van 327 

Wijck et al., five probes—sucrose, lactulose, L-rhamnose, erythritol, and sucralose—are 328 

administered and their timed urinary recoveries quantified58. Gastroduodenal, small-329 

intestinal, and colonic permeability can respectively be assessed by sucrose excretion (0–5 h 330 

urine; sucrose is normally rapidly hydrolyzed by duodenal sucrase)76–78, the lactulose/L-331 

rhamnose ratio (0–5 h), and the sucralose/erythritol ratio (5–24 h), reflecting region-specific 332 

absorption and bacterial resistance profiles58,73,79,80.  333 

 334 

Beyond sugar probes, alternative markers such as polyethylene glycols (PEG) of various 335 

molecular weights (PEG 400, 1000, or 4000) and isotopic tracers (e.g., ⁵¹Cr-EDTA) have also 336 

been employed81–85. Their main advantage lies in their stability, as they are neither 337 

metabolized by enzymes nor degraded by intestinal bacteria. However, the use of isotopes is 338 

limited by their inherent radioactivity. Furthermore, recent advances include the use of orally 339 

administered fluorophores—MB-402 and MB-301 in rats with indomethacin-induced 340 

intestinal injury, and MB-102 (relmapirazin) in patients with Crohn’s disease—which have 341 

been shown to closely parallel lactulose excretion and the lactulose/rhamnose urinary 342 

ratio86,87. Notably, these fluorophores can also be detected transcutaneously, paving the way 343 

for a new noninvasive assessment approach87. 344 

 345 

The detection of probes in urine has several drawbacks. A range of factors (outlined above) 346 

can influence urinary excretion54,56,88,89. In addition, these tests are burdensome for 347 

participants: urine collection is cumbersome, requires prolonged fasting, and ingestion of 348 

sugar may induce gastrointestinal symptoms90. From an analytical perspective, urine samples 349 

must be transported to specialized laboratories under conditions that prevent contamination 350 

and bacterial growth, and the sophisticated equipment required for probe measurement is 351 
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often not readily available91. These limitations—together with the unreliable specificity of 352 

these measurements for the intestinal barrier, the lack of global standardization of test 353 

procedures and the absence of clearly defined cut-off values to distinguish normal from 354 

abnormal results for each assay—have limited the widespread adoption of probe-based 355 

assessment of the intestinal epithelial barrier59,92,93. 356 

 357 

Barrier-Derived Biomarkers Detected in Blood, Urine, and Stool as Indicators of Intestinal 358 

Epithelial Barrier Alterations 359 

A variety of alternative barrier-derived biomarkers can be detected in blood, feces, or urine as 360 

indicators of intestinal epithelial barrier damage (Supplemental Table 2). Epithelial cell–361 

derived proteins such as intestinal fatty acid–binding protein (I-FABP), diamine oxidase 362 

(DAO), α-glutathione-S-transferase (α-GST), claudin-3, and occludin reflect epithelial injury, 363 

since these proteins are normally expressed within epithelial cells and their damage results in 364 

their release and subsequent elevation in the circulation90,94–96. Other proteins, such as 365 

citrulline—synthesized predominantly in the intestinal mucosa of small intestine from 366 

glutamine—decrease when the epithelial barrier is damaged, as their synthesis is 367 

impaired97,98. Citrulline levels are also reduced in cases of short bowel syndrome or after 368 

intestinal resection99. Zonulin, another enterocyte-derived protein released in response to 369 

luminal stimuli, regulates TJs dynamics and increases paracellular permeability94,100. 370 

Elevated zonulin levels in plasma, stool, or urine have been proposed as markers of intestinal 371 

permeability94,100. Still, their specificity is limited by stimulus-dependent secretion, high 372 

intra-individual variability, and poor concordance with standard permeability tests. 373 

Furthermore, concerns regarding the accuracy of commercial enzyme-linked immunosorbent 374 

assay (ELISA) kits—many of which target non-authentic sequences—further limit its 375 

reliability as a biomarker100–102. Recently, studies have shown that circulating 376 
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immunoglobulin (Ig)G and IgA antibodies against zonulin can be quantified, and they may 377 

offer greater temporal stability and assay reliability than measuring zonulin itself to evaluate 378 

the loss of intestinal barrier integrity103. 379 

 380 

Because barrier defects can also facilitate microbial translocation, additional circulating 381 

markers can be detected, including bacterial products such as D-lactate and 382 

lipopolysaccharide (LPS), or host response proteins like LPS-binding protein (LBP) and 383 

soluble CD14 (sCD14), which offer more stable surrogates of Gram-negative 384 

translocation48,104–106. Finally, some of the biomarkers mentioned above, such as zonulin, as 385 

well as calprotectin, lactoferrin and lipocalin-2, can also be measured in feces48. Calprotectin, 386 

lactoferrin and lipocalin-2 are predominantly produced by neutrophils; their presence in the 387 

stool may therefore reflect epithelial injury, as neutrophils accumulate at sites of mucosal 388 

damage. However, their levels increase markedly in the context of mucosal inflammation and 389 

are thus considered primarily markers of inflammation rather than specific indicators of 390 

intestinal epithelial barrier alterations107. Finally, a recent study explored the use of 391 

metabolomics to identify biomarkers of intestinal permeability. The combination of two fecal 392 

metabolites, 3-methyladipic acid and adenine, significantly improved diagnostic accuracy, 393 

compared with single-metabolite analyses90. 394 

 395 

There are notable discrepancies across studies regarding the diagnostic accuracy, reliability, 396 

sensitivity, specificity, and reproducibility of these markers108. Several factors may explain 397 

these inconsistencies, including the small sample sizes often used, the heterogeneity in the 398 

way these biomarkers are measured, and the variation in the samples collected109. Moreover, 399 

the reference (normal) threshold values for each biomarker remain poorly defined, and there 400 

is currently no standardized test procedure, further limiting comparability between studies109. 401 
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 402 

Non-invasive Imaging Modalities for the Evaluation of the Intestinal Barrier 403 

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) uses intravenous low–404 

molecular–weight contrast agents that diffuse into the extravascular–extracellular space, 405 

influenced by blood flow and microvascular permeability110. Changes in signal intensity are 406 

captured by rapid T1-weighted imaging110. As proof-of-concept, Towner et al. demonstrated 407 

that, in rats, DCE-MRI detected bladder and colonic barrier disruption after protamine sulfate 408 

exposure, highlighting its translational potential, though evidence remains preclinical111,112. 409 

Positron emission tomography (PET) could offer another noninvasive approach. In the study 410 

by Yamashita et al., oral administration of 18F-fluordesoxyglucose (FDG) was tracked in 411 

conscious and anesthetized rats, allowing real-time visualization of gastric emptying, 412 

intestinal transit, and absorption into the bloodstream113. By comparing uptake kinetics, the 413 

authors showed that in conscious rats, absorption was limited primarily by intestinal 414 

membrane permeability. At the same time, in anesthetized animals, the limiting factor shifted 415 

to delayed gastric emptying. These findings suggest that PET imaging could potentially 416 

provide a dynamic assessment of intestinal permeability. However, its clinical application 417 

remains limited by the need for radiotracers, reliance on indirect readouts, radiation exposure, 418 

high cost, and restricted availability. Nevertheless, neither DCE-MRI nor PET imaging has 419 

yet been validated against established methods to confirm their accuracy in detecting or 420 

monitoring epithelial barrier defects. 421 

 422 

Invasive tools to assess intestinal epithelium defects in vivo 423 

Cutting-edge endoscopic imaging techniques 424 

The methods mentioned above provide only indirect information about epithelial barrier 425 

integrity, do not capture the morphological alterations that underlie increased permeability, 426 
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and do not allow real-time assessment of the barrier114. By contrast, cutting-edge endoscopic 427 

imaging techniques, such as probe-based confocal laser endomicroscopy (pCLE) and ultra-428 

high magnification endocytoscopy in combination with specific tools, are new technologies 429 

allowing real-time exploration of the 'cellular' intestinal barrier (Figure 5)114. These tools 430 

allow assessment of the intestinal barrier with near-histologic resolution (≈1000× with CLE), 431 

which is why the term optical biopsy is frequently used to describe this approach115,116. Table 432 

3 summarizes studies that have evaluated invasive methods for assessing intestinal epithelial 433 

barrier integrity in comparison with other approaches. 434 

 435 

In practice, pCLE requires the intravenous administration of a fluorescent agent (fluorescein 436 

sodium 10%, ≈2.5–5 mL) immediately before the examination115. A probe is then advanced 437 

through the working channel of a standard gastroscope or colonoscope and positioned in 438 

close contact with the mucosal surface, where a 488-nm excitation laser illuminates the 439 

region of interest116. The emitted fluorescence is collected through the same lens, with only 440 

the refocused light passing through the pinhole being detected. This selective detection 441 

minimizes scattered light and enables the generation of high-resolution two-dimensional 442 

grayscale images116. By visualizing fluorescein leakage through epithelial gaps, pCLE 443 

provides a functional assessment of intestinal barrier, while simultaneously allowing detailed 444 

evaluation of microvascular features (such as vessel tortuosity) and crypt architecture114,117. 445 

Fluorescein leakage in the crypt lumen can indeed be observed even in colonic crypts with 446 

normal architecture (not dilated) in the presence of barrier alteration/dysfunction. 447 

 448 

pCLE provides a more standardized assessment of the intestinal barrier, with lower inter- and 449 

intra-observer variability compared to histology114,118,119. However, software-engineered 450 

machine learning allows for automated detection of these features with high accuracy, 451 
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removing the need for the endoscopist to learn the interpretation of images120. This technique 452 

enables the detection of residual permeability beyond apparent endoscopic healing121, which 453 

correlated with ongoing symptoms in patients despite endoscopic remission122. In particular, 454 

the Watson grade has been proposed to characterize small-bowel barrier dysfunction in vivo 455 

and shows strong correlation with histological findings114,123. Although, pCLE was primarily 456 

designed to evaluate intestinal inflammation124 and to grade remission in inflammatory bowel 457 

disease (IBD), beyond the endoscopic and histologic remission125,126, it can successfully 458 

assess epithelial barrier integrity with high sensitivity and specificity. In most pCLE-based 459 

indices, barrier-related features account for only one or two items among several parameters 460 

used to characterize inflammation or remission status (e.g., fluorescein leakage in the 461 

ENHANCE index)127,128. Furthermore, several limitations currently restrict wider adoption: 462 

platform availability, cost and lack of reimbursement, a learning curve for both performance 463 

and image interpretation, and heterogeneity of scores/protocols in the absence of formal 464 

guidance129. Finally, although intravenous fluorescein is generally well tolerated, its use 465 

nonetheless requires attention to safety, as it can on rare occasions trigger allergic reactions or 466 

even anaphylaxis114,130,131. 467 

 468 

Endocytoscopy (EC) is an advanced endoscopic imaging technique that involves topical 469 

application of a mucolytic agent such as N-acetylcysteine, followed by absorptive staining of 470 

the mucosa with dyes including methylene blue, toluidine blue, or cresyl violet—either alone 471 

or in combination to optimize tissue contrast. After approximately 60 seconds of dye 472 

exposure, the mucosa is thoroughly rinsed to remove excess stain. Imaging is then performed 473 

at ultra-high magnification (approximately 520-fold magnification), yielding images that 474 

closely resemble histological sections, as well132,133. This enables direct visualization of the 475 

intestinal barrier, including crypt architecture, cellular and nuclear morphology, and 476 
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inflammatory infiltrates134. Although EC does not allow direct visualization of the epithelial 477 

barrier, Majumder et al. demonstrated that combining EC with machine-learning–assisted 478 

multispectral spatial imaging (MSI) of intestinal barrier proteins can substantially enhance 479 

the assessment of epithelial barrier integrity135,136. In patients with ulcerative colitis in clinical 480 

remission, the authors showed that integrating EC findings with claudin-2 expression 481 

profiling accurately predicted major adverse outcomes over a 12-month period136. 482 

Multispectral immunofluorescence analysis of TJ protein expression therefore represents an 483 

emerging and promising tool for evaluating epithelial barrier alteration114. Although EC has 484 

yielded promising diagnostic and monitoring results, its implementation requires specific 485 

operator training to ensure adequate proficiency. Moreover, the high cost of the equipment 486 

remains a major barrier to its widespread adoption in routine clinical practice137. 487 

 488 

Ex vivo (and in vitro) assessment and measurement of tissue marker expression 489 

Finally, intestinal tissues can also be collected from humans or animal models and maintained 490 

viable for a short period of time. For example, they can be mounted in an Ussing chamber, 491 

positioned between two compartments filled with physiological buffer continuously aerated 492 

with carbogen (95% O₂, 5% CO₂) and maintained at 37 °C138,139. Several tools exist to assess 493 

intestinal epithelial barrier alterations ex vivo, and these approaches are also widely used in 494 

in vitro models (Table 4). 495 

 496 

Tracer-Based Permeability Assays 497 

Epithelial barrier function can be evaluated by introducing traceable macromolecules and 498 

measuring their passage across the epithelial monolayer. The molecules used may overlap 499 

with those employed in in vivo human and animal assessments or differ depending on the 500 

experimental design. Commonly applied probes include hydrophilic tracers of defined 501 
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molecular weight (e.g., sucrose, dextrans), radioactively labeled sugars, or fluorescently 502 

labeled molecules such as fluorescein isothiocyanate (FITC)–dextran or lucifer yellow140. 503 

Typically, after addition of the tracer to the apical (donor) chamber, samples are collected 504 

from the basolateral (receiver) chamber at defined time points under physiological conditions. 505 

For fluorescent tracers, aliquots are transferred to black-walled plates and fluorescence 506 

intensity is measured using a microplate fluorometer (e.g., excitation/emission 490/520 nm 507 

for FITC)140
 . This approach provides a global measure of intestinal epithelial barrier 508 

alterations but lacks the sensitivity to detect subcellular alterations or transient, localized 509 

disruptions. Moreover, it does not offer spatial information on the sites of increased 510 

permeability and is suboptimal for capturing rapid or dynamic changes in barrier function. 511 

 512 

Transepithelial Electrical Resistance 513 

Another widely used method to evaluate epithelial barrier integrity is transepithelial electrical 514 

resistance (TEER), which quantifies ion flux across a cell monolayer or a tissue141. Electrical 515 

resistance results from the restricted passage of ions through TJs, and TEER can measure 516 

barrier integrity142. A high TEER value indicates a tight, low-permeability barrier, whereas a 517 

low value reflects impaired epithelial integrity with increased ionic permeability. Standard 518 

TEER measurements are obtained using a voltohmmeter connected to chopstick-like 519 

electrodes143. The instrument applies a defined current across the monolayer via external 520 

electrodes, while internal electrodes record the potential difference; resistance is then 521 

calculated using Ohm’s law (R = U/I). This direct-current method measures the combined 522 

resistance of the culture medium, support, and cell layer. Instruments such as the Millicell®-523 

ERS Voltohmmeter enable normalization of resistance to the surface area, expressed in Ω.cm2 524 

144,145. TEER measurement remains the reference technique in most in vitro studies of 525 

epithelial barrier and can also be measured in an Ussing chamber146. It is simple, non-526 
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invasive, rapid, and provides a favorable signal-to-noise ratio. TEER values generally 527 

correlate well with other barrier function assays, show high sensitivity for detecting integrity 528 

loss, and exhibit good reproducibility. However, TEER provides only an averaged resistance 529 

value across the entire surface, limiting spatial resolution and precluding detection of 530 

localized or transient barrier defects.  531 

 532 

Electric cell-substrate impedance sensing (ECIS) or impedance spectroscopy 533 

To overcome the limitations of direct current methods, alternating current-based approaches 534 

such as electric cell-substrate impedance sensing (ECIS) or impedance spectroscopy have 535 

been developed. These techniques enable continuous, non-invasive, real-time monitoring of 536 

both TEER and membrane capacitance, the latter reflecting membrane surface area and 537 

composition147. Beyond assessing barrier integrity, they also allow investigation of key 538 

aspects of cellular behavior—including growth, differentiation, viability, and migration—in 539 

vitro148–150. By analyzing resistance and capacitance together, these methods can distinguish 540 

between paracellular TJs opening (characterized by decreased TEER with stable capacitance) 541 

and membrane perturbations (decreased TEER with increased capacitance), thereby 542 

providing more specific insights into barrier dysfunction. Two main systems are available. 543 

The cellZscope device uses standard culture inserts with semi-permeable membranes, 544 

preserving apical and basolateral compartments and enabling simultaneous transport 545 

studies149. By contrast, the ECIS system cultures cells directly on thin gold electrodes, which 546 

eliminates the basolateral compartment but provides access to the α parameter, a measure of 547 

cell–matrix interactions149. The xCELLigence system offers high-throughput impedance 548 

monitoring of intestinal epithelial barrier function in 16- or 96-well plate formats, making it 549 

well-suited for screening applications. It outputs a Cell Index that increases or decreases in 550 

accordance with epithelial monolayer integrity151. These impedance-based platforms thus 551 
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provide complementary advantages, with their suitability determined by the research 552 

objective. Importantly, they can be applied not only to immortalized cell lines but also to two-553 

dimensional monolayers derived from patient-derived intestinal organoids152. Evidence 554 

suggests that ECIS exhibits higher sensitivity than TEER in detecting disruptions of intestinal 555 

epithelial barrier integrity148. 556 

 557 

Recently, small electrodes arranged in dense patterns on a chip, known as high-density 558 

microelectrode arrays (HD-MEAs), have been shown to enhance spatial resolution153. When 559 

integrated with complementary metal oxide semiconductor (CMOS) technology, they allow 560 

multiplexed, rapid impedance measurements, enabling high-resolution, continuous 561 

spatiotemporal monitoring of epithelial tissues153. This approach can track the dynamic 562 

evolution of intestinal epithelial cells, including proliferation, barrier formation, and 3D 563 

structural development on-chip153. 564 

 565 

Organic electrochemical transistor 566 

The organic electrochemical transistor (OECT) is a powerful tool for dynamically monitoring 567 

ionic flux across epithelial barriers, enabling real-time, label-free, and low-cost detection of 568 

barrier breaches154. The device consists of source and drain electrodes positioned on either 569 

side of a stable, biocompatible conducting polymer channel capable of transporting both 570 

electronic and ionic carriers, upon which the cell layer is cultured154. The polymer is in 571 

contact with an electrolyte, and when a gate electrode is immersed in this medium, cations 572 

are driven into the channel, thereby modulating the source–drain current. Because the 573 

transistor amplifies these changes, even minute variations in ionic flux can be detected with 574 

high sensitivity. An intact epithelial layer acts as a barrier to cation entry, leading to reduced 575 

current, whereas barrier disruption permits cations to enter the polymer channel, resulting in 576 
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an increased drain current155,156. Thus, modulation of the drain current directly reflects 577 

alterations in ionic flux across the monolayer. OECTs offer very high sensitivity and temporal 578 

resolution, detecting barrier alterations within seconds155. These systems can discriminate 579 

between gradual and abrupt epithelial disruption, allowing identification of subtle, early 580 

paracellular barrier defects, though they lack spatial resolution to localize the site of barrier 581 

impairment155,156. 582 

 583 

Specific markers expression 584 

The expression of specific markers within the barrier can also be investigated through 585 

complementary approaches such as immunohistochemistry, western blotting, or quantitative 586 

PCR, in addition to multispectral IF mentioned above. A comprehensive overview of all 587 

available methods for evaluating the tissue expression of epithelial barrier proteins, along 588 

with an exhaustive description of these proteins, is beyond the scope of this systematic 589 

review114,136. 590 

 591 

Models to Assess Intestinal Epithelial Barrier In Vitro 592 

It is important to distinguish between intestinal epithelial barrier tools and the models used to 593 

assess their integrity. A wide range of in vitro models is available, spanning from simple 594 

culture systems to sophisticated microphysiological platforms. These include two-595 

dimensional monolayers of epithelial cell lines grown on porous semi-permeable 596 

membranes157; three-dimensional cultures developed on collagen scaffolds that recapitulate 597 

the villus–crypt architecture158—sometimes incorporating multiple cell types and an 598 

endothelial compartment159,160; ex vivo explants and organoids161–164; and advanced gut-on-599 

chip systems that mimic physiological microenvironments165–167. Most of the tools can be 600 

applied to these different models. However, the analysis of barrier function in in vitro models 601 
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(primary epithelial cultures and organoids) may serve to mechanistically dissect 602 

genetic/cytokine-dependent pathways involved in the regulation of barrier function, but in 603 

contrast to ex-vivo-measurements of barrier function using biopsies (e.g. in Ussing 604 

chambers), such in vitro assays do not predict barrier function in vivo. 605 

 606 

Outlook 607 

Despite significant advances, important gaps remain in our understanding and assessment of 608 

intestinal epithelial barrier alterations and dysfunction. First, there is no clear or universally 609 

accepted definition of what constitutes intestinal barrier alterations or a loss of function. 610 

Some authors suggest that such a definition should include the presence of an underlying 611 

condition capable of impairing intestinal epithelial barrier, associated clinical symptoms, 612 

elevated plasma endotoxin levels, and evidence of increased permeability or reduced 613 

intestinal perfusion109,168. However, this proposed framework remains vague, inconsistently 614 

applied across studies, and a more precise and standardized definition is therefore needed. 615 

The term “leaky gut” is often used to describe any form of epithelial barrier impairment, 616 

even though it encompasses a wide spectrum of conditions ranging from subtle TJs 617 

dysfunction to overt mucosal injury. These stages of gut permeability should be stratified 618 

from mild barrier dysfunction to severe epithelial cells damage, and combining specific 619 

diagnostic tools may help distinguish between these different levels of impairment. It is also 620 

possible that barrier assessments may need to be tailored to different diseases (e.g., IBD vs. 621 

liver cirrhosis) or to different disease locations within the gastrointestinal tract (such as 622 

isolated small-intestinal vs. colonic for gastrointestinal disease). Furthermore, there is a lack 623 

of consensus regarding how these tests should be performed (such as fasting requirements or 624 

test duration) as well as on the cut-off values that should be applied to define intestinal barrier 625 

alterations as pathological. This limits inter-study comparisons and inter-laboratory 626 
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reproducibility108,169,170. Emerging in vivo tools for assessing the intestinal epithelial barrier 627 

show promise but require more targeted investigation for the characterization of barrier 628 

alterations, rather than being used predominantly to assess residual inflammation or remission 629 

status. For example, pCLE can be combined with molecular imaging. The local 630 

administration of fluorescently labeled antibodies targeting therapeutic molecules—such as 631 

membrane-bound tumor necrosis factor (mTNF)—has enabled the in vivo detection of 632 

intestinal mTNF-positive immune cells during CLE and has been used to predict response to 633 

anti-TNF therapy115. This approach could ultimately be adapted for the development of 634 

fluorescent antibodies directed against intercellular junction proteins or other molecular 635 

targets indicative of epithelial barrier alterations. Finally, it is unclear whether single 636 

biomarkers or combinations of approaches provide better diagnostic performance, as most 637 

candidate markers lack disease specificity. 638 

 639 

The development of reliable tools to detect intestinal epithelial barrier abnormalities could 640 

enable timely intervention before the onset of overt pathological processes such as IBD171,172. 641 

These tools would also make it possible, for example in patients with established IBD, to 642 

assess the degree of remission, determine whether the epithelial barrier has been restored173–643 

175. Conversely, they can also be used to evaluate both the extent and the progression of 644 

epithelial damage once the disease is established176. There is a need for novel tools and 645 

approaches that extend beyond simple detection of increased intestinal permeability and 646 

instead provide detailed characterization of the nature, severity, and spatial distribution of 647 

epithelial barrier alterations. Such advances could help distinguish patients who may benefit 648 

from barrier-stabilizing strategies from those requiring therapies that actively promote 649 

mucosal healing and re-epithelialization. Several emerging therapies aim to promote 650 

epithelial barrier repair as stand-alone agents. Therefore, achieving standardization and 651 
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consensus on how to measure barrier restoration is essential to demonstrate proof-of-concept 652 

and evaluate therapeutic response for these future treatments8,12,177. 653 

654 
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Figure Legends 1465 

Figure 1. Conditions in which alterations of the intestinal barrier have been identified. 1466 
Created in BioRender. Vieujean, S. (2026) https://BioRender.com/jmybxu4. 1467 

Figure 2. Intercellular junctions and pathways of molecular passage across the intestinal 1468 
epithelium. 1469 

The intestinal epithelial barrier regulates the selective passage of electrolytes, water, and 1470 
nutrients, while restricting the translocation of microbial or dietary antigens. This function is 1471 
primarily mediated by the apical junctional complex (AJC), located at the apical end of the 1472 
lateral membrane, in close contact with the external environment. From apical to basal, the 1473 
AJC is composed of tight junctions (TJs) and adherens junctions (zonula adherens). TJs 1474 
consist of transmembrane proteins such as occludins, claudins, and junctional adhesion 1475 
molecules, which are anchored to cytoplasmic scaffolding and adaptor proteins (ZO-1, ZO-2, 1476 
ZO-3 and cingulin) that link the complex to the actin cytoskeleton, thereby regulating 1477 
permeability and maintaining barrier integrity. Adherens junctions (cadherins and nectins 1478 
together with catenins and afadin) provide strong intercellular adhesion. Additional cell-cell 1479 
junctions on the lateral membrane are desmosomes and gap junctions, involved in 1480 
maintaining strong adhesion and direct cell-cell communication. Molecules may cross the 1481 
epithelium through transcellular transport (across epithelial cell membranes) or paracellular 1482 
transport (between cells), the latter mainly regulated by TJs via the “pore pathway” or the 1483 
“leak pathway.” In the case of epithelial injury, substances can also cross the barrier through 1484 
an unrestricted route. Barrier defects are typically associated with altered expression of key 1485 
junctional proteins, including reduced levels of claudins (1, 3, 14), occludin, ZO-1, ZO-2, N-1486 
cadherin, β-catenin, and zonulin. Created in BioRender. Vieujean, S. (2026) 1487 
https://BioRender.com/821o1j7. 1488 

Figure 3. Results of the literature search.  1489 
 1490 
Figure 4. Probes and constitutive intestinal barrier-derived markers.  1491 
Different probes and constitutive intestinal barrier-derived markers can be used to study the 1492 
intestinal epithelial barrier, depending on the site where they can be detected and the specific 1493 
region of the barrier defect, they reflect. Created in BioRender. Vieujean, S. (2026) 1494 
https://BioRender.com/5qese8f. 1495 
DAO, Diamine oxidase; EDTA, ethylenediaminetetraacetic acid; I-FABP, Intestinal fatty acid 1496 
binding protein; Ig, immunoglobulin; LCN-2, Lipocalin-2; LPS, Lipopolysaccharide; LBP, 1497 
LPS-binding protein; PEG, polyethylene glycol; sCD14, soluble cluster of differentiation 14. 1498 
 1499 
 1500 
Figure 5. Advanced endoscopic imaging of intestinal barrier integrity using probe-based 1501 
confocal laser endomicroscopy (pCLE) and endocytoscopy (ECS) in the colon and 1502 
ileum. 1503 
The figure shows the main features of intestinal barrier impairment, comparing them across 1504 
pCLE and ECS modalities. In the healthy colon, an intact crypt architecture with preserved 1505 
vascularisation can be seen. In contrast, impaired colonic mucosa shows both epithelial 1506 
disruption with crypt architectural distortion, and vascular barrier involvement expressed by 1507 
tortuous vessels with fluorescein leakage on pCLE. Similarly, normal ileal mucosa displays 1508 
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well-organized villi architecture with intact epithelium and a regular vascular pattern. 1509 
Impaired ileal mucosa demonstrates villous inflammation with epithelial breaks and vascular 1510 
barrier impairment characterised by dilated, tortuous vessels with fluorescein leakage on 1511 
pCLE.  1512 
 1513 

 1514 
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Table 1. Non-invasive in vivo tools for assessing the intestinal epithelial barrier integrity in humans. 
Non-invasive in vivo tools for 
assessing the intestinal 
epithelial barrier in humans 

Authors and year of 
publication 

Population 
(number of patients and 
condition) 

Comparative method Correlation Diagnostic accuracy Reliability Sensitivity/specificity Reproducibility 

Mannitol (urine) Laker MF, et al.63 
(1982) 

- 13 healthy volunteers (no GI disease) - Lactulose (extracellular distribution 
marker). 
- 3-O-methyl-D-glucose (actively 
transported, intracellular marker) 

Distribution and clearance patterns 
resembled lactulose, not 3-O-methyl-D-
glucose 

Moderate — absorption measurable, but 
confounded by endogenous urinary mannitol 
and bacterial degradation 

Reliable excretion after intravenous; but oral 
test confounded by: 
- Natural urinary mannitol 
- Variable absorption (8–40%) 
- Bacterial metabolism in stool cultures 

Not determined (healthy volunteers only, no 
disease/control contrast) 

Not established; variability due to 
endogenous presence and bacterial 
breakdown 

Cellobiose/mannitol ratio (urine; 5h collection) 
51Cr-EDTA (urine; 24h collection) 

Martines D, et al.81 
(1988) 

Cellobiose/mannitol ratio:  
- 15 patients with coeliac disease 
- 17 healthy volunteers 
 
⁵¹Cr-EDTA:  
- 12 coeliac patients 
- 27 healthy volunteers 

Jejunal biopsy  - Abnormal Cellobiose/mannitol ratio 
associated with coeliac villous atrophy 
- Poor correlation between 51Cr-EDTA and 
cellobiose/mannitol ratio (no direct 
correlation found) 

- Cellobiose/mannitol ratio abnormal: 
detected 93% of coeliac patients (13/14) 
- 51Cr-EDTA: detected only 42% of coeliac 
patients (5/12) 

Cellobiose/mannitol ratio more reliable than 
51Cr-EDTA; 51Cr-EDTA affected by colonic 
absorption and possibly chemical instability 

- Sensitivity: Cellobiose/mannitol ratio 93% 
and 51Cr-EDTA 42%. 
- Specificity for both not formally given, but 
normal ranges established in controls 

Not directly reported; Cellobiose/mannitol 
ratio more consistent across studies; 51Cr-
EDTA stability questioned 

Lactulose/mannitol ratio (urine; 5h collection) Akinbami FO, et al.178 
(1989) 

- 39 children with GI disorders Jejunal biopsy Strong correlation with jejunal biopsy results 
(abnormal vs normal mucosa) 

- Lactulose/mannitol ratio significantly 
higher in abnormal mucosa (0.98) vs normal 
mucosa (0.2, p < 0.001) 
- Clear separation: all abnormal mucosa 
group ratios above the defined upper limit of 
normal 

Described as a “sensitive, non-invasive 
screening test”; reliability supported by 
consistency across abnormal mucosa group 

- Sensitivity high (all abnormal mucosa 
cases detected using the defined threshold) 
- Specificity not explicitly quantified, but 
implied by the cut-off 

Not directly reported 

Lactulose/mannitol ratio (urine; 5h collection) 
 
 

Juby LD, et al.179  
(1989) 

- 17 untreated celiac patients (new diagnosis, 
biopsy-proven) 
- 12 healthy controls 
- 82 symptomatic patients referred for 
possible celiac 

- Jejunal biopsy 
- Cellobiose/mannitol ratio 
 

- Lactulose/mannitol ratio discriminated 
celiacs vs controls (mean 0.163 vs 0.016; 
p<0.001) 
- Comparable to cellobiose/mannitol test (no 
significant difference) 
 

- Strong separation between celiacs vs 
controls (p<0.001) 
- Lactulose/mannitol ratio >0.028 = 
abnormal 

Good reproducibility shown; ratio  
compensates for incomplete urine 
collections and extraneous factors (e.g. 
motility, bladder emptying). 

- Sensitivity: 89–94%. 
- Specificity: 54–100% (depending on 
population and cut-off). 
- Negative predictive value: 94–95% 

Improved over cellobiose/mannitol test due 
to simpler enzymatic assay and better patient 
tolerance 

Cellobiose/mannitol ratio (urine; 5h collection) Juby LD, et al.180  
(1989) 

1010 unselected patients presenting to 
gastroenterology clinic with symptoms or 
labs compatible with coeliac disease 

Jejunal biopsy Abnormal cellobiose/mannitol ratio 
correlated with biopsy-proven celiac disease 
and other small bowel abnormalities 
(Crohn’s disease, giardiasis, NSAID 
enteropathy, etc.) 

In biopsied subgroup: Sensitivity 96%, 
Specificity 70%, PPV 36%, NPV 99%. 
Adjusted for biopsy bias: Sensitivity 91%, 
Specificity 88%, PPV 43%, NPV 99%. 

Considered highly sensitive, practical for 
outpatient use, simple specimen collection; 
occasional false positives linked to other 
intestinal pathology 

Sensitivity: 91–96%; Specificity: 70–88%; 
NPV consistently ~99%. 

Reproducible across >1000 patients; normal 
cut-off (0.004–0.028 cellobiose/mannitol 
ratio) confirmed in 50 biopsy-normal 
controls. 

Multiple probes (⁵¹Cr-EDTA, lactulose, 
cellobiose, rhamnose, mannitol) (urine; 0-6h 
collection; 6-24h collection) 

Howden CW, et al.82 
(1991) 

- 28 patients with Crohn’s disease (small 
intestine involvement) 
- 14 patients with ulcerative colitis 
- 17 healthy controls 

None (comparison across groups + 
correlations with inflammatory markers) 

- ⁵¹Cr-EDTA recovery correlated with 
lactulose in all groups 
- Rhamnose recovery correlated with 
mannitol 

- ⁵¹Cr-EDTA (0–6 h) discriminated Crohn’s 
from ulcerative colitis and controls (p = 
0.013 and p = 0.032) 
- Other probes did not differentiate groups 
 

Correlations across probes suggest internal 
consistency 

Not directly reported, but ⁵¹Cr-EDTA 
recovery at 0–6 h had discriminatory value 

Not reported 

Lactulose/mannitol ratio (urine; 6h collection) 
51Cr-EDTA/14C-mannitol (urine; 6h 
collection) 

Blomquist L, et al.83  
(1992) 

- 28 healthy volunteers 
- 12 underwent the tests on 3 occasions (for 
intra-individual reproducibility) 
 

Lactulose/mannitol ratio (chemical) vs. 51Cr-
EDTA/14C-mannitol ratio (isotopic) 

- Lactulose excretion correlated with 51Cr-
EDTA (p < 0.01). 
- Mannitol correlated strongly with 14C-
mannitol (p < 0.001). 
- Ratios (lactulose/mannitol ratio vs 51Cr-
EDTA/14C-mannitol) did not significantly 
correlate (p = 0.11). 

- Study in healthy subjects only, so no 
diagnostic performance against disease. 
- But authors note isotopic markers less 
variable and more robust 
 

- Better for isotope-labeled probes than 
chemically determined sugars 
- Paracellular markers (lactulose, 51Cr-
EDTA) more variable than transcellular 
(mannitol, 14C-mannitol). 
 

Not assessed (no patient vs. control 
comparison) 

- Inter- and intra-individual variability: 
higher for chemically measured sugars, 
lower for isotopic probes. 
- Ratios showed greater variability than 
single markers. 
 

Lactulose/mannitol (urine) Willems D, et al.181 
(1993) 

20 children 
- 5 with celiac disease 
- 1 with Crohn’s disease 
- 4 with GI pathology 
- 4 allergic 
- 6 normal biopsy 

Intestinal biopsy Abnormal biopsy → ↓ mannitol; Allergic 
symptoms → ↑ lactulose; normalization after 
gluten-free diet 

Clear separation between normal vs 
abnormal biopsy groups; complete 
discrimination 

- Mean recovery of spiked standards: 99–
100%. 
- Intra-assay CVs: 2.9% (mannitol), 3% 
(lactulose). 
- Inter-assay CVs: 4.9% (mannitol), 6.9% 
(lactulose). 

- Sensitivity: high (all abnormal biopsies 
detected by ↓ mannitol recovery). 
- Specificity: implied high, as no overlap 
between normal and abnormal biopsy 
groups. 
 

High reproducibility (99–100% recovery in 
spiked samples) 

Polyethylene glycol (PEG) 400, L-rhamnose, 
lactulose, and 51Cr-EDTA (urine; 0–2.5, 2.5–5, 
5–10, 10–24 h collection) 

Bjarnason I, et al.84 
(1994) 

- 10 healthy controls 
- 25 with celiac disease 
• 9 untreated (symptomatic), 
• 16 treated (on gluten-free diet for 8 
months–7 years) 
 

- Direct head-to-head comparison of probe 
recoveries and ratios. 
- Correlation with jejunal biopsy 

- High correlation between lactulose and 
51Cr-EDTA (r = 0.94). 
- No significant correlation of markers with 
jejunal histology 
 

- Lactulose/rhamnose ratio and 51Cr-EDTA 
distinguished untreated celiac patients from 
controls 
- PEG 400 and rhamnose excretion 
decreased in celiac (less discriminative). 
- Sensitivity increased with longer urine 
collection and hyperosmolar challenge 

- Intravenous recoveries confirmed high 
renal excretion efficiency for rhamnose, 
lactulose, and 51Cr-EDTA, but lower for 
PEG (∼40%). 
- Variation in PEG polymer recovery 
reduces reliability 

- Lactulose/rhamnose ratio and 51Cr-EDTA 
had comparable sensitivity; both superior to 
PEG and rhamnose alone. 
- No specific % values reported, but 
untreated celiac consistently distinguished 
from controls 
 

- Intravenous vs oral studies showed 
consistency in renal excretion 
- However, osmolarity of test solution 
strongly influenced reproducibility of results 
 

Polysucrose 15,000 (urine; 0–4 h, 4–8 h, and 
8–12 h collection) 

Oman H, et al.182 
(1995) 

- 20 healthy adults - ⁵¹Cr-EDTA (paracellular marker) 
- ¹⁴C-mannitol (transcellular marker). 

- Polysucrose 15,000 excretion highly 
correlated with ⁵¹Cr-EDTA 
- No correlation with ¹⁴C-mannitol 
 

- Both polysucrose 15,000 and ⁵¹Cr-EDTA 
detected increased permeability after NSAID 
treatment; ¹⁴C-mannitol did not. 
- Polysucrose 15,000 behaved like a 
paracellular marker (similar to ⁵¹Cr-EDTA) 

- Variability reduced by standard meal. 
- Highest test variability for polysucrose 
15,000, intermediate for ⁵¹Cr-EDTA, lowest 
for ¹⁴C-mannitol 

- Sensitive to NSAID-induced permeability 
changes (similar to EDTA) 
- Not influenced by urinary volume (better 
specificity than mannitol) 
 

- Non-symmetrical distribution of excretion 
values (non-Gaussian) 
- Inter-individual variability improved with 
standardized meal 
 

Cellobiose/mannitol ratio (urine) Troncone R, et al.183 
(1995) 

Children undergoing biopsy for suspected 
intestinal disease (e.g., celiac disease, 
malabsorption, chronic diarrhea) 

Jejunal biopsies Increased cellobiose/mannitol ratio correlates 
with abnormal jejunal morphology (villous 
atrophy, crypt hyperplasia) 

Demonstrates ability to distinguish between 
children with abnormal vs normal jejunal 
histology 

Non-invasive, reproducible under controlled 
conditions, though affected by urine 
collection accuracy 

Not reported Generally reproducible, but requires 
standardized sugar dosing and urine 
collection. 

Lactulose/mannitol ratio (serum) Cox MB, et al.184  
(1999) 

- 24 newly diagnosed untreated celiac 
patients 
- 10 treated celiac patients (gluten-free diet) 
- 10 healthy controls 
 

Standard urinary lactulose/mannitol 
excretion ratio over 6 h 

Significant correlation between 
Lactulose/mannitol ratio (serum) and 
Lactulose/mannitol ratio (urine) (Spearman 
R = 0.81, p < 0.0001) 

- Untreated celiac: median 
lactulose/mannitol ratio (serum) 0.42 vs. 
0.039 in normals (p < 0.001) 
- Treated celiac: median lactulose/mannitol 
ratio (serum) 0.08 (improved, closer to 
controls) 
→ Clear differentiation between untreated 
celiac, treated celiac, and controls 

Consistent separation between groups; single 
1-h blood sample adequate 

Not explicitly quantified, but 
lactulose/mannitol ratio (serum) effectively 
distinguished untreated celiac from controls 
(high sensitivity for untreated celiac 
enteropathy) 

Serum high-performance liquid 
chromatography method validated; 
comparable results to standard urinary 
recovery 

Downloaded from journals.physiology.org/journal/ajpgi (2A02:1813:377F:2A00:ADC1:0D35:B2DC:F3A7) on March 18, 2026.
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Zonulin/ZO-1 (serum) 
I-FABP (serum) 

Power N, et al.196 
(2021) 

39 healthy first-degree relatives of Crohn’s 
disease patients 

Lactulose/mannitol ratio (urine) - No significant correlation between ZO-1 
IDK® and lactulose/rhamnose ratio (r² = 
0.004, p = 0.71). 
- No correlation between I-FABP and 
lactulose/rhamnose ratio (r² ≈ 0, p = 0.99) 

Poor; biomarkers failed to distinguish 
abnormal vs. normal permeability as defined 
by lactulose/rhamnose ratio. 

ELISAs run in duplicate; however, 
commercial ZO-1 IDK® kit criticized for 
lack of specificity (may detect unrelated 
proteins) 

Not established (no significant 
discrimination between abnormal vs. Normal 
lactulose/rhamnose ratio). 

Limited; conflicting results reported across 
studies using different ZO-1 assays 

Albumin (stool) 
Calprotectin (stool) 
Zonulin (stool, plasma) 
I-FABP (plasma) 
Lipopolysaccharide-binding protein (plasma) 

Seethaler B, et al.48 
(2021) 

- Healthy cohort: 51 adults (31 normal 
weight, 20 overweight). 
- Obesity cohort: 27 adults with obesity. 
 

Lactulose:/mannitol ratio (urine) - Plasma lipopolysaccharide-binding protein: 
consistently correlated with 
lactulose:/mannitol ratio across cohorts. 
- Fecal zonulin: correlated with 
lactulose:/mannitol ratio in overweight and 
obese groups (but not in normal weight). 
- No consistent correlation for fecal albumin, 
fecal calprotectin, plasma I-FABP, plasma 
zonulin. 

- Plasma LBP: independent of age, BMI, sex 
→ suggested as a robust biomarker. 
- Fecal zonulin: predictive only in 
overweight/obese; weight-dependent. 
- Others: low or inconsistent accuracy 
 

- Plasma LBP described as having low intra-
individual variability (from external 
supporting studies). 
- Zonulin measurement questioned due to 
ELISA specificity issues. 
 

Not explicitly quantified (no AUC, 
Sensibility, Specificity reported). Evaluation 
based on correlation strength and regression 
models. 

- Associations consistent across two 
independent cohorts (Healthy and Obesity). 
- Plasma LBP robust; fecal zonulin partially 
reproducible but BMI-dependent. 
 

Metabolomics (urine) Piras C, et al.197 
(2022) 

- 13 autistic children 
- 14 unaffected siblings 

Lactulose/mannitol test Significant correlation between L/M ratio 
and urine metabolic profile (R² = 0.791) 

ROC AUC = 0.737 (9 discriminant 
metabolites) 

Not reported Not reported explicitly Reproducible statistical models (validated by 
permutation test) 

Dual Sugar Absorption Test (urine; 1h 
collection) 
Lactulose/rhamnose (urine) 
Lactulose/mannitol (urine) 

Holtz LR, et al.198 
(2022) 

- 64 children undergoing endoscopy 
- 54 with elevated celiac serology  
- 10 controls 
 

- Duodenal biopsy 
 

- Lactulose/rhamnose correlated significantly 
with duodenal biopsies (p=0.01)  
- Lactulose/mannitol weaker correlation (non 
significant with duodenal biopsies) 

- ROC AUC: lactulose/rhamnose = 0.89 vs 
lactulose/mannitol (urine) = 0.78 
- Lactulose/rhamnose distinguished Marsh 
≥3a from controls better than 
lactulose/mannitol 
 

Single-timepoint urine collection (1h post-
ingestion); reproducibility across patients 
not longitudinally assessed 

- At cutoff 0.148 lactulose/rhamnose ratio: 
Sensitivity 89%, Specificity 75% 
- At cutoff 0.262 lactulose/rhamnose ratio: 
Sensitivity 78%, Specificity 100% 
- Lactulose/mannitol ratio values generally 
lower diagnostic performance 

- Single-center study; urine assays 
standardized by HPLC-MS/MS 
- No inter-lab reproducibility tested 

Citrulline, DAO, GLP-2, I-FABP, LBP, LPS, 
zonulin (blood) 

Hoisington AJ, et al.97 
(2023) 

17 Veterans; mixed health background (2 
with IBD noted, some with clinically 
meaningful post-traumatic stress disorder 
symptoms, others without GI disorders) 

Only internal biomarker-to-biomarker 
correlations (Spearman). 

No significant correlations among 
biomarkers. 

Not reported Reported intra-assay CVs: GLP-2 highest 
(mean 24.8%), DAO (13.1%), citrulline 
(6.2%), LBP (5.4%), I-FABP (3.3%), 
zonulin (2.0%). 

Not assessed Limited; high intra-assay variability for 
some assays (esp. GLP-2) 

Gluten Immunogenic Peptides (u-GIP) (urine; 
15 collection) 

Rodríguez-Ramírez R, et al.199 
(2024) 

15 healthy adult volunteers, no GI disease, 
no celiac, no food allergies. 

Lactulose/mannitol ratio - Moderate correlation between u-GIP and 
L/M ratio in 2–15 h interval (R² ≈ 0.52; 
weaker when outliers excluded). 
- Similar kinetics between u-GIP and 
lactulose. 

- Exploratory; study not in patients, so 
diagnostic accuracy for disease not assessed. 
- Demonstrated feasibility of u-GIP as a 
permeability marker. 

- Duplicate runs, aliquot testing; consistent 
within individuals. 
- Reproducible timing patterns (peak ~4 h 
for GIP, ~5 h for lactulose). 
 

- Not directly calculated (healthy volunteers 
only). 
- Detection limit for u-GIP assay: 2.5 ng/mL 
urine. 
 

- Double-peak excretion observed in ~40% 
of volunteers (similar to lactulose/mannitol 
patterns). 
- Consistent findings across individuals, 
though interindividual variability noted. 

MB-102 (relmapirazin), a fluorescent tracer 
(urine; 12h collection) 

Holtz LR, et al.87 
(2024) 

19 adults: 9 with active small bowel Crohn’s 
disease (confirmed by MRE), 10 healthy 
controls  

Lactulose/Rhamnose ratio - Strong correlation with lactulose (% 
recovery, R²=0.83, Spearman r=0.75, 
p=0.0002)  
- Moderate correlation with L/R ratio 
(R²=0.57, r=0.46, p=0.045) 

No formal diagnostic thresholds, but CD 
patients showed higher recovery of MB-102 
and lactulose than controls (not statistically 
significant due to small sample) 

Well tolerated, no serious adverse events, 
urine recovery tracked consistently 

Not formally assessed in this pilot trial. Urine recovery reproducible across doses 
(1.5 vs 3.0 mg/kg) in controls; plateau 
patterns in colectomy/ileostomy case suggest 
small vs colonic permeability discrimination 

13C-sucrose breath test Shivakumar N, et al.98 
(2024) 

- 158 children (121 children had paired 13C-
sucrose breath test and lactulose/rhamnose 
test results) 

Lactulose/rhamnose ratio 
Citrulline, kynurenine/tryptophan ratio 
(plasma) 
 

- No significant correlation between 13C-
sucrose breath test (cPDR90, T50, ρ) and 
lactulose/rhamnose ratio 
- No correlation with plasma citrulline or 
kynurenine/tryptophan 

- No evidence of diagnostic validity relative 
to lactulose/rhamnose 

- Test–retest reliability low 
- High coefficients of variation (37–45%). 
 

Not calculated (no ROC/AUC analysis). - Between sites: large variability 
(Bangladesh vs India vs Peru vs Kenya). 
- Within sites: inconsistent breath 
enrichment in Kenya → data excluded. 

I-FABP (plasma) 
LBS (plasma) 

Barbeiro HV, et al.200 
(2025) 

87 patients with severe SARS-CoV-2  Internal comparison of I-FABP vs LBP No strong correlation between I-FABP and 
LBP 

Both markers discriminated subgroups (LBP 
↑ in bacterial co-infection; I-FABP ↑ in 
elderly); cytokines associated with severity 

Not formally assessed Not formally calculated Not reported 

Candidate metabolites: 
- Guanidineacetic acid, theophylline (plasma) 
- Uracil, guanidinosuccinic acid, N-acetyl-L-
cysteine) (urine) 
- 3-methyladipic acid, adenine, acetylcholine 
(stool) 

Morifuji M, et al.90 
(2025) 

- Analysis cohort: 115 screened, 108 
included (healthy Japanese adults, age 20–
60).  
- Validation cohort: 149 healthy Japanese 
participants 

Lactulose/mannitol ratio Some biomarkers correlated with high 
lactulose/mannitol ratio test values 

ROC AUC values:  
- Plasma: 0.78 (guanidineacetic acid + 
theophylline).  
- Urine: ~0.65.  
- Feces: up to 0.85 (3-methyladipic acid + 
adenine combination) 

Validation performed in a second 
independent cohort (n=149). Consistent 
detection of several overlapping metabolites 

Not reported as raw percentages; ROC 
curves used. Example: fecal metabolite 
combo AUC = 0.853 

Cross-validation within discovery cohort; 
replication in validation cohort supports 
reproducibility 

AUC, area under the curve; CD, Crohn’s disease; DAO, diamine oxidase; EDTA, ethylenediaminetetraacetic acid; ELISA, enzyme-linked 
immunosorbent assay; EV, extracellular vesicle; GI, gastrointestinal; GLP-2, glucagon-like peptide-2; HPLC, high-ance liquid chromatography; 
IBS, irritable bowel syndrome; IEL, intraepithelial lymphocytes; I-FABP, Intestinal fatty acid-binding protein; LBP, lipopolysaccharide-binding 
protein; LPS, lipopolysaccharide; NPV, negative predictive value; NSAID, nonsteroidal anti-inflammatory drugs; PEG, polyethylene glycol; 
PPV, positive predictive value; ROC,  receiver operating characteristic curve; SBT, sucrose breath test; SD, standard deviation; u-GIP, urinary 
gluten immunogenic peptides. 
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Table 2. Non-invasive in vivo tools for assessing the intestinal epithelial barrier integrity in animal models. 
Non-invasive in vivo tools for 
assessing the intestinal 
epithelial barrier in animal 
model 

Authors and year of 
publication 

Population 
(number of animals and 
condition) 

Comparative method Correlation Diagnostic accuracy Reliability Sensitivity/specificity Reproducibility 

⁵¹Cr-EDTA (urine) 
Lactulose (urine) 
Rhamnose (urine) 
D-xylose(urine) 
3-O-methyl-D-glucose (urine) 
Sucrose (urine) 

Frias R, et al.201 
(2012) 

Beagle dogs (n=19) 
- Healthy dogs 

Correlations between probes 
(e.g., ⁵¹Cr-EDTA vs lactulose, 
lactulose/rhamnose ratio vs 
⁵¹Cr-EDTA/rhamnose ratio, d-
xylose vs 3-O-methyl-D-
glucose). 

- ⁵¹Cr-EDTA vs lactulose: r = 
0.64 (P=0.003) (single 
markers), r = 0.50 (ratios). 
- Lactulose vs rhamnose: r = 
0.63. 
- Rhamnose vs 3-O-methyl-D-
glucose: r = 0.90 (P<0.001). 
- Rhamnose vs d-xylose: r = 
0.63 (P=0.004). 
- Lower correlation for ⁵¹Cr-
EDTA and lactulose than 
reported in humans/cats. 

Not tested in disease; reference 
values in healthy dogs 
established.  

Correlations confirm internal 
consistency across sugar 
probes. 

Not directly assessed Ratios and recoveries in 
healthy dogs consistent with 
published canine data; 
reproducibility suggested but 
not formally quantified 

FITC-D4000 
Ovalbumin 
PEG400 and PEG4000 
Lactulose/mannitol ratio 
LPS (endogenous bacterial 
endotoxin) 
 

Volynets V, et al.140  
(2016) 

Mice (n=192) 
- Healthy mice 

Tests compared against each 
other within same population. 
 

- Limited: LPS weakly 
correlated with L/M ratio (but 
invalid since many LPS values 
< detection). 
- No valid correlation between 
PEG400 and PEG4000. 
 

- Not evaluated in terms of 
disease (all animals healthy). 
- Defined reference ranges for 
each marker. 
 

- PEG400, FITC-D4000, and 
L/M yielded consistent 
detectable signals. 
- PEG4000 and OVA at low 
dose (100 µg) often 
undetectable → poor reliability 
unless high doses used. 
 

- Not formally calculated (no 
diseased vs. control). 
- Sensitivity of OVA improved 
with 10× higher dose. 
- PEG4000 insensitive in mice. 
 

- Variability reported between 
animals, but consistent trends 
by sex and strain. 
- Suggested requirement for 
larger cohorts to overcome 
inter-animal variability. 
 

Gadolinium complexes (urine) Gianolio E, et al.202  
(2016) 

BALB/c mice (n=40). 
Conditions:  
- DSS-induced colitis 
- Healthy controls 

- Lactulose/mannitol ratio 
(small bowel) 
- Sucralose (colonic 
permeability) 
 
 

Strong correlation with sugar 
tests (L/M ratio and sucralose) 
— Pearson r = 0.91, R² = 0.83, 
p<0.0001 

- ProHance and Magnevist 
(gadolinium complexes): 2.5–
3× higher urinary excretion in 
colitis mice vs. controls (good 
discrimination). 
- MultiHance: not 
discriminative (due to biliary 
excretion). 
 

Consistent results across 
relaxometry, ICP-MS, and 
sugar tests. 

Not formally reported; indirect 
evidence of good sensitivity 
(detects colitis-related barrier 
damage) and high specificity 
(no false positives in controls). 

Validated by two methods 
(relaxometry and ICP-MS); 
reproducible across two 
timepoints (acute vs. recovery). 

Fluorescent tracers MB-402 and 
MB-301 (urine) 

Dorshow RB, et al.86 
(2017) 

Rats (n=68) 
Condition:  
- NSAID (indomethacin)-induced 
small bowel injury (low, 
intermediate, high dose (n=36) 
- 32 vehicle-only controls (n=32) 

Lactulose/rhamnose ratio 
(urine) 

Both fluorophore and sugar 
ratios detected intestinal injury 
in a dose-dependent manner. 
Fluorophore ratios had 
smoother, more consistent 
trajectories than sugar ratios. 

- Not reported as ROC/AUC. 
- But fluorophores clearly 
distinguished injured vs control 
animals and graded severity 
better than sugars. 
 

- Fluorophore ratios produced 
smooth, curvilinear, 
reproducible trajectories. 
- Sugar ratios were more erratic 
with inter-sample variability. 

- Not explicitly quantified. 
- Dynamic range of 
fluorophores (1.3x, 9.3x, 28.4x 
control) exceeded that of 
sugars (1.4x, 2.2x, 5.9x), 
suggesting greater sensitivity. 

- Within each indomethacin 
dose group, fluorophore ratios 
were consistent across animals. 
- Sugar ratios varied more 
widely and often intersected 
across timepoints. 

- FITC-D4000 (FD4, 
plasma/urine) 
- Triple sugar test (lactulose, 
mannitol, sucralose (urine) 
- PEG 400/1000 (urine) 
- Endogenous biomarkers (D-
lactate, α2-macroglobulin, 
calprotectin, cytokines, 
prostaglandins, metabolomics). 

Erkens T, et al. 203 
(2018) 

Male Sprague–Dawley rats 
Condition: experimental colonic 
barrier perturbation using sodium 
caprate or ibuprofen. 

- Histopathology of colon and 
rectum (H&E stained “swiss 
rolls”) 
 

- FD4 plasma increase 
correlated with barrier 
dysfunction (even when 
histology minimal). 
- Intracolonic probe delivery 
gave stronger signal than oral. 
- Sucrose/mannitol/sucralose 
mixture also increased after 
barrier disruption. 
 

FD4 and triple sugar test 
(intracolonic) detected barrier 
dysfunction earlier and more 
sensitively than histopathology 
or endogenous biomarkers. 

- Reproducible FD4 plasma 
peaks within 10–20 min 
- Consistent increases in urine 
sugars after intracolonic 
administration. 
 

- FD4: very sensitive (up to 
100-fold increase within 
minutes). 
- Triple sugar test: 10–50-fold 
increases in urine after 
intracolonic dosing. 
- Endogenous biomarkers (d-
lactate, α2-macroglobulin, 
cytokines, calprotectin): not 
sensitive or inconsistent. 

- Consistent FD4 signal across 
animals and timepoints, less 
variability than sugar probes. 
- Urinary sugars showed some 
inter-animal variation, 
especially with oral 
administration. 
 

- Lactulose (serum) 
- FITC-D (serum) 
- Mannitol (serum) 
- Lactulose/mannitol ratio 
 

Wiersema M, et al.204  
(2023) 

Broiler chickens (n=960) (2 × 480 
birds across 2 trials). 
- Healthy, non-disease state 
 

- Internal comparison: serum 
FITC-D vs serum sugars 
(lactulose, mannitol, sucralose). 
- No gold-standard histology or 
permeability gold standard 
 

- Lactulose showed consistent 
increase with fasting, aligning 
with expected permeability ↑. 
- FITC-D less consistent (high 
background autofluorescence). 
- Mannitol unreliable due to co-
elution with glucose in serum. 
- Lactulose/mannitol ratio 

- Lactulose assay: better 
specificity (no detectable 
lactulose in controls). 
- FITC-D: lower accuracy 
(high autofluorescence 
background). 
- Mannitol: inaccurate in serum 
due to glucose interference. 

- Lactulose reproducible across 
trials and ages. 
- FITC-D less reliable due to 
variation and background 
noise. 
- Mannitol unreliable. 
 

- Lactulose: ↑ sensitivity to fed 
vs fasted, clear background = 
higher specificity. 
- FITC-D: sensitive to fed vs 
fasted but low specificity 
(background signal). 
- Mannitol: poor 
sensitivity/specificity. 

- Lactulose: consistent across 
two trials 
- FITC-D: variable 
- Mannitol: poor 
reproducibility 
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confounded by mannitol 
unreliability 

  

Flow cytometry–based assay 
detecting orally gavaged 
ovalbumin (OVA) (plasma) 

Tsai K, et al.205 
(2023) 

Mice  
Conditions:  
- DSS-induced colitis 
- Genetic mucus barrier defects 
- Citrobacter rodentium infection 
 

- FITC-dextran permeability 
assay. 
- In some experiments: 
histology (OVA localization, 
tissue pathology). 
 

OVA assay showed stronger 
discrimination than FITC–
dextran to detect permeability 
defect 

- OVA assay detected 
permeability defects in Muc2⁺/⁻ 
mice and subtle glycosylation 
defects not measurable by 
FITC–dextran. 

Low intra- and inter-
experiment error (<5%); 
consistent results across 
replicates. 

- Sensitivity: Superior to 
FITC–dextran (detects small 
permeability changes). 
- Specificity: High (negligible 
background compared to 
FITC–dextran). 

Assay reproducible across 
multiple experiments, mouse 
cohorts, and disease models. 

Lactulose/mannitol ratio 
(plasma) 

Hu SX, et al.206  
(2024) 

Weaned piglets (n=10) - Lactulose/mannitol ratio in 
plasma vs urine 
- Pharmacokinetics: AUC0–6h, 
AUCextrap, Cmax 
- Correlation analysis (R² 
values) 

Strong correlation: 
- AUC0–6h R² = 0.995 
- AUCextrap R² = 0.965 
- Cmax R² = 0.990 
- Plasma ratios at 2–6h also 
correlated with urinary ratios 

Plasma ratios at 2–6h 
accurately predicted urinary 
ratios → reliable surrogate for 
intestinal permeability 
 

Within-animal correlation 
consistent; variation across 
pigs noted due to stress effects 
in metabolism cages 

Not explicitly reported (study 
focused on correlation, not 
diagnostic cutoffs in disease 
models) 
 

Variation across pigs noted due 
to stress effects in metabolism 
cages 

AUC, Area under the curve; Cmax, maximum concentration; EDTA, ethylenediaminetetraacetic acid; DSS, dextran sodium sulfate; FITC, 
fluorescein isothiocyanate; H&E, hematoxylin and eosin; IBS, irritable bowel syndrome; ICP-MS, inductively coupled plasma-mass 
spectrometry; L/M, Lactulose:mannitol; LPS, lipopolysaccharide; NSAID, nonsteroidal anti-inflammatory drugs; OVA, ovalbumin; PEG, 
polyethylene glycols  
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Table 3. Invasive in vivo tools for assessing the intestinal epithelial barrier integrity. 
Non-invasive tools evaluated in 
vivo in animal models 

Authors and year of 
publication 

Population 
(number of participants and 
condition) 

Comparative method Correlation Diagnostic accuracy Reliability Sensitivity/specificity Reproducibility 

CLE with fluorescein Kiesslich R, et al.207  
(2011) 

Mice, small intestine (n not 
explicitly given, ~4 per group for 
flow direction/osmolarity 
experiments. 

In vivo mouse CLE compared 
with fluorescent dextran assays 
(FITC-dextran for luminal 
influx, Alexa-dextran IV for 
vascular efflux). 

CLE fluorescein leakage 
correlated with presence of 
epithelial shedding and 
microerosions 

Not reported in formal 
accuracy terms (proof-of-
concept). 

High agreement between CLE 
leakage detection and tracer 
movement. 

Not quantified in animals Repeatable across mice; 
showed reproducible 
inward/outward/bidirectional 
flows depending on osmolarity. 

CLE with Confocal Leak Score 
(CLS) 

Chang J et al.122  
(2017) 

110 subjects (22 controls, 31 UC, 
57 CD; 49 IBD in mucosal healing 
analyzed for primary endpoint) 

CLS vs Watson grade CLS correlated with diarrhea 
frequency (each +1.82 CLS → 
+1 diarrheal stool/day, p = 
0.008) and with Watson grade 
(Spearman r = 0.40, p = 0.03) 

ROC AUC = 0.88 for ongoing 
bowel symptoms in IBD with 
mucosal healing 

CLS described as previously 
validated (learning curve, inter-
/intra-observer agreement 
shown in earlier work), not re-
estimated here 

CLS ≥ 13.1 → sensitivity 
95.2%, specificity 97.6% for 
ongoing bowel symptoms in 
IBD with mucosal healing 

Not reported 

CLE Rath T, et al.173  
(2023) 

181 patients with IBD in clinical 
remission (100 Crohn’s disease, 
81 ulcerative colitis) 

Histologic remission (RHI, 
NHI, mRiley) 

Barrier healing superior to 
endoscopic and histologic 
remission for predicting major 
adverse outcomes in both UC 
& CD 

UC: Accuracy 85% (barrier 
healing–colon) vs 70–75% 
(endoscopy) and 67–69% 
(histology)  
CD: Accuracy 88.7% (barrier 
healing–ileum) vs 54–62% 
(endoscopy) and 56% 
(histology) 

CLE interpretation 
reproducible across blinded 
readers using semiquantitative 
Watson score; requires 
expertise but shown feasible 
with training 

UC: Sensitivity 68%, 
Specificity 92.7%, PPV 81%, 
NPV 86.4% (colon barrier 
healing)  
CD (ileum): Sensitivity 69.4%, 
Specificity 100%, PPV 100%, 
NPV 84.7% 

CLE shown in prior studies to 
have high inter/intraobserver 
agreement; no formal 
reproducibility metrics in 
ERIca but barrier scoring 
standardized 

Ultra-high magnification 
endocytoscopy (EC) + 
automated multispectral imaging 
(barrier protein analysis) 

Iacucci M, et al. 
(2024) 

23 PSC-colitis patients in clinical 
remission, surveillance 
colonoscopy 

- Barrier protein expression 
(Claudin-2, Occludin, JAM-A) 

Moderate correlation with 
endoscopic scores (r=0.44–
0.57); Strong correlation with 
histological scores (r=0.56–
0.62), esp. right colon 

Barrier healing (EC <3 ileum, 
<5 colon) predicted fewer 
adverse outcomes 

Not reported directly, but EC 
scoring feasible and combined 
with protein markers 

Not reported numerically; 
predictive value of 
EC+Claudin-2 significant 
(p=0.02–0.04) 

Not reported 

CD, Crohn’s disease; CLE, confocal laser endomicroscopy; EC: endocytoscopy; IBD, inflammatory bowel disease; JAM-A, junctional adhesion 
molecule A; mRiley, modified Riley histological score; NPV, negative predictive value ; PSC: primary sclerosing cholangitis-colitis; PPV, 
positive predictive Value; RHI, Robarts histopathology index; NHI, Nancy histological index; UC, ulcerative colitis. 
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Table 4. Tools for in vitro assessment of the intestinal epithelial barrier. 
Tool tested IN VITRO Reference Cell line Comparative method Correlation Diagnostic accuracy Reliability Sensitivity/specificity Reproducibility 

APTS–dextran ladder 
(fluorescent dextran oligomers 
labeled with 8-aminopyrene-
1,3,6-trisulfonate) 

Neuhaus W, et al.208 
(2006) 

Caco-2 
 

- TEER 
- Conventional paracellular 
markers (sucrose, Evans blue, 
FITC–dextrans) 

- Strong exponential correlation between 
TEER and APTS–dextran permeability (R² 
= 0.8958) 
- Confocal microscopy confirmed 
paracellular route 
 

- Higher precision than FITC–
dextrans (fraction-by-fraction 
resolution) 
- Can detect subtle changes in 
barrier leakiness 
 

- Showed consistent size-
dependent permeability 
patterns  
- Reproducible correlation with 
TEER 
 

- Sensitive to detect 
paracellular vs. transcellular 
transport (diazepam unaffected 
by TEER) 
- More specific than bulk 
FITC–dextran assays because 
it separates each molecular 
fraction. 

- Confirmed across three 
different cell models  
 

Online monitoring of TEER in 
a combined dissolution–
permeation apparatus 

Muendoerfer M, et al.209  
(2010) 

Caco-2 - Offline TEER measurements 
(before/after experiment). 
- Sodium fluorescein 
permeability as functional 
comparator 

TEER changes corresponded with sodium 
fluorescein permeability, but not always 
linearly (TEER more sensitive, especially 
in short-term changes) 

High sensitivity for detecting 
integrity loss 

Consistent TEER profiles 
under repeated EDTA 
challenges; reproducible 
permeability trends 

Specific to paracellular 
permeability (TEER reflects 
ionic permeability; fluorescein 
flux reflects solute 
permeability). 

Good reproducibility across 
replicate runs; consistent 
correlation between TEER 
drop and permeability increase 

Organic electrochemical 
transistor (OECT) integrated 
with epithelial barrier tissue 

Jimison, L, et al.155 
(2012) 

Caco-2  - Lucifer Yellow paracellular 
permeability assay 
- TEER 
 

- OECT responses paralleled barrier 
integrity changes detected by permeability 
assays and TEER 
- More sensitive than Lucifer Yellow assay  

- Very high sensitivity and 
temporal resolution (<30 s for 
H₂O₂ effects, compared to 30–
60 min with conventional 
assays) 
- Specific discrimination 
between gradual (ethanol) vs 
rapid (H₂O₂) barrier disruption 

- Reproducible drain 
current/normalized response 
signals across replicates 
- Compatible with complex cell 
culture media without 
interference 
 

- Detects subtle and early 
paracellular barrier defects at 
lower concentrations than 
standard assays 
- Specific to barrier integrity 
(validated with controls 
showing no parasitic chemical 
effects on electrodes/polymer) 

- Consistent dynamic responses 
across conditions; 
normalization allows cross-
device comparisons 
- Device-to-device variation 
acknowledged, but minimized 
with standardized fabrication 
and normalization 

Real-time xCELLigence 
impedance-based monitoring 

Sun M, et al.151  
(2012) 

Caco-2 - TEER 
- Phenol red permeability assay 
- Immunofluorescence (tight 
junction proteins, F-actin, E-
cadherin) 

Strong correlation with TEER and 
permeability assays. Impedance curves 
paralleled barrier disruption/recovery 

Demonstrated sensitivity to 
detect barrier disruption and 
recovery 

Repeated experiments, 
reproducible CI profiles across 
multiple wells 

Sensitive to dose- and time-
dependent barrier dysfunction; 
specific in identifying effects 
of inhibitors  

Reproducible CI profiles in 
multiple replicates; consistent 
with TEER results 

Organic Electrochemical 
Transistor (OECT)-based 
biosensor with variable 
channel geometries 

Yeung S, et al.156  
(2019) 

Caco-2 
 

- Standard TEER measurement 
by EVOM volt-ohmmeter 

- OECT responses correlated with TEER 
values: 
- Caco-2 (tight) → high TEER, strong 
impedance plateau, slower response 
- NPC43 which is another cell type (leaky) 
→ low TEER, weaker impedance, faster 
response 

Not expressed in clinical terms 
but clear discrimination 
between tight vs. leaky 
epithelia shown 

- Sensitivity of OECT depends 
on geometry (channel area) and 
cell type 
- Repeated measurements 
consistent across devices 

Not reported in quantitative 
diagnostic terms 

Demonstrated across multiple 
OECT sizes and two 
independent cell lines 

Electrical impedance 
spectroscopy (EIS) using a 4-
electrode “chopstick” setup 

Linz G,et al.148 
(2020) 

Caco-2 
 

- Standard TEER by epithelial 
voltohmmeter (EVOM/Millicell) 

TEER values from EIS closely matched 
standard voltohmmeter measurements at 
all stages of barrier maturation. 

EIS differentiated effects of 
barrier-disrupting agents 
(EGTA vs saponin vs 
forskolin), which standard 
TEER could not fully 
distinguish (e.g., capacitance 
changes with saponin only). 

- EIS detected consistent 
barrier formation trends across 
coatings (Matrigel, collagen, 
uncoated). 
- Capacitance reliably reflected 
morphological changes 

- High sensitivity: TEER drop 
detected within minutes after 
EGTA, saponin, or forskolin 
exposure. 
- Specificity: capacitance 
changes specific to saponin, 
indicating morphological 
damage vs junction-only 
disruption. 

- Experiments performed in 
triplicate, consistent TEER and 
capacitance trajectories across 
replicates. 
- Daily monitoring over 14 
days showed reproducible 
barrier development profiles. 

Transepithelial electrical 
resistance (TEER) 
measurement 

Felix K, et al.210  
(2021) 

Caco-2 
 

- Paracellular permeability using 
FITC–dextran (4 kDa) flux 
- Immunocytochemistry for 
junctional proteins (E-cadherin, 
claudins, desmoglein-2) 

TEER changes did not fully correlate with 
FITC–dextran permeability; early TEER 
fluctuations reflected junctional length 
rather than barrier tightness. 

Not directly quantified (no 
AUC, sensitivity/specificity), 
but TEER shown to be 
influenced by junctional 
morphology rather than solely 
barrier function 

TEER measurements 
reproducible within 
experiments; variability arises 
depending on cell maturation 
stage and junctional length. 

Not formally assessed; TEER 
sensitive to morphological 
dynamics, but less specific for 
barrier integrity compared with 
permeability assays 

Moderate; absolute TEER 
values varied widely between 
clones and conditions, limiting 
cross-study comparability. 
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Microfluidic barrier-on-chip 
platform with integrated 
electrical impedance 
spectroscopy (EIS) 

Fernandes J, et al.211  
(2022) 

Caco-2 - Standard Transwell® TEER 
measurements (EVOM 
voltohmmeter). 
- Immunofluorescence (occludin 
tight junction staining, actin 
cytoskeleton) 

- TEER values correlated with barrier 
formation and polarization 
- Barrier disruption measured by EIS 
corresponded with occludin redistribution 
and actin changes. 
- Chip vs. Transwell showed consistent 
trends (lower TER under flow, as reported 
in prior studies) 

Not clinical; proof-of-concept 
accuracy demonstrated by 
detecting: 
- Immediate barrier disruption 
with detergent. 
- Time-dependent TEER 
decrease with dsRNA (viral 
mimetic). 
- Protective effect of 
corticosteroid 

- 8 chips run in parallel with 
consistent baseline medium 
resistance and circuit 
parameters. 
- Robust detection of barrier 
formation and challenge 
response across experiments 

- High sensitivity: detected 
rapid TEER collapse (Triton 
X-100) and gradual decline 
(dsRNA). 
- Specificity not quantified in 
diagnostic terms, but biological 
readouts supported functional 
interpretation. 
 

- Parallel chips (n=8) gave 
comparable TEER trends. 
- Results reproducible across 
repeats and consistent with 
literature (TEER lower under 
flow vs static). 
 

Integrated ion-selective 
electrochemical sensors (zinc 
& copper) + TEER and 
impedance spectroscopy 

Sciurti E, et al.212 
(2023) 

Caco-2 
 

- TEER (standard ohmic and 
impedance-based) 
- Immunofluorescence (E-
cadherin staining) 
 

Ion flux changes correlated with TEER 
decrease and loss of E-cadherin staining 
after EGTA. 

Not reported (exploratory 
feasibility study). 

- Reported sensitivity to 10⁻¹¹ 
M ion concentration. 
- TEER reproducibility 
demonstrated across 
experiments 

- Sensitivity: LOD ~10⁻¹² M 
for Zn²⁺ and Cu²⁺. 
- Specificity: Improved by ion-
selective membranes 
(ionophores) 

- Calibration curves highly 
linear (R > 0.99). 
- Relative standard deviation: < 
10.63% (Cu²⁺), < 8% (Zn²⁺). 

Electric-double-layer 
modulation imaging (EDLMI), 
a label-free live-cell imaging 
technique for tight junction 
integrity and intestinal barrier 
function 

Kurosu J, et al.213 
(2024) 

Caco-2 - TEER (gold standard). 
- Discussed vs. paracellular 
permeability assays and scanning 
ion conductance microscopy 
(SICM) 
 

Strong correlation with TEER (deviation 
<12%) 

Demonstrates higher 
spatial/temporal resolution than 
TEER (can distinguish local vs 
global permeability changes). 
Detected both paracellular 
(local, tricellular junctions) and 
transcellular (global, slower) 
pathways under sodium caprate 
exposure. 

- Consistent results across 
multiple imaging sessions. 
- TEER–EDLMI correlation 
supports reliability. 
 

Not explicitly quantified, but 
described as higher sensitivity 
than TEER/SICM for detecting 
dynamic/local permeability 
changes. 

- Proof-of-concept with 
repeated imaging on Caco-2 
monolayers. 
- No inter-laboratory or large-
sample reproducibility data yet. 
 

Automated TEER 
measurement using ECIS 
TEER96 in 96-well transwells 

Schimetz J, et al.214 
(2024) 

Caco-2 - EVOM (manual TEER probe) - Good correlation with EVOM at 
low/moderate TEER (R² = 0.979 for Caco-
2). 
- Poorer correlation at high TEER due to 
EVOM upper quantification limits 

Demonstrated ability to detect 
concentration-dependent 
barrier disruption by DMSO 
and BEC. Outperformed 
EVOM in high TEER range 
(>1500 Ω·cm²) 

Consistent intrawell 
reproducibility (Caco-2 
average CV% < 1%). 

Not directly reported in clinical 
terms, but device detected 
subtle concentration-dependent 
TEER changes more 
sensitively than EVOM, 
especially at high TEER 
values. 

High — automated pin 
electrodes reduced operator 
variability; repeated readings 
stable (<1% CV). 

Multiple flexible thin-film 
platinum electrodes into the 
HuMiX gut-on-chip system for 
real-time, spatially resolved 
TEER 

Lucchetti M, et al.215  
(2024) 

Caco-2 - Standard Transwell TEER 
measurements with chopstick 
electrodes. 
- Immunofluorescence staining of 
occludin (tight junction protein) 
as biological confirmation. 
 

TEER increase correlated with: occludin 
immunostaining (tight junction formation). 

Not clinical — but proof-of-
concept accuracy demonstrated 
by detecting: 
- Barrier formation timeline 
(days 2–12). 
- Rapid drop in TEER upon 
calcium removal (within 1 h). 
- Recovery upon calcium 
reintroduction (within 2 h) 

- Consistent detection of 
barrier disruption and recovery. 
- Geometrical correction factor 
applied to normalize TEER 
values 

Not quantified in clinical 
diagnostic terms. Sensitivity 
demonstrated by ability to 
detect rapid Ca²⁺-dependent 
barrier disruption and recovery 

- Multiple independent 
experiments (n=3) confirmed 
trends. 
- TEER variability across 
positions showed spatial 
reproducibility but also 
highlighted heterogeneity of 
barrier formation. 
 

High-density microelectrode 
arrays (HD-MEAs) integrated 
with CMOS technology 

Venz A, et al.153  
(2025) 

Caco-2 - Brightfield and fluorescence 
microscopy (cell membrane 
staining, DAPI, F-actin, ZO-1) 

- Good correlation with microscopy 
(fluorescence/confocal). 
- Impedance changes matched dome 
formation, tight junction development, and 
barrier disruption seen by imaging. 
 

Demonstrated capacity to 
distinguish subtle differences 
in barrier disruption (e.g., 
stronger impedance decrease 
under domes vs flat 
monolayers with EGTA 
treatment). 

- Consistent impedance 
patterns across multiple chips 
and clusters. 
- Daily monitoring up to 14 
days reproducibly captured 
three life-cycle phases of Caco-
2 barriers. 
 

- High sensitivity: detects 
localized, transient events 
- Specificity: improved 
differentiation of tight junction 
loosening vs cell detachment 
compared to conventional 
TEER 
- Exact % 
sensitivity/specificity not 
quantified. 

- Biological replicates (n=3 
chips, ~49,000 electrodes) 
showed reproducible life-cycle 
dynamics. 
- Consistent EGTA 
disruption/recovery patterns. 
 

APTS, 1-aminopyrene-3,6,8-trisulfonate; AUC, area under the curve; BEC, benzethonium chloride; CI, cell index; CV, coefficient of variation; 
DAPI, 4′,6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide; dsRNA, double-stranded ribonucleic acid; EDLMI, Electric-double-layer 
modulation imaging; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid; EIS, 
Electrical impedance spectroscopy; FITC, fluorescein isothiocyanate; HD-MEAs, high-density microelectrode arrays; OECT, Organic 
electrochemical transistor; SICM, scanning ion conductance microscopy; TEER, transepithelial electrical resistance; ZO-1, zonula occludens-1. 
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