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Serum Zonulin Measured by Commercial Kit Fails to Correlate With Physiologic Measures of Altered Gut Permeability in First Degree Relatives of Crohn's Disease Patients
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Intestinal epithelial cell tight junctions (TJs) contribute to the integrity of the intestinal barrier allowing for control of the physical barrier between external antigens or bacterial products and the internal environment. Zonula occludens-1 (ZO-1) is a protein that modulates intestinal TJs, and serum levels of ZO-1 has been suggested as a biomarker of disrupted barrier function in humans. Previous studies suggested that increased intestinal permeability was associated with evidence of TJ abnormalities. However, there is limited information on the serological measurement of ZO-1 and its relation to other tests of barrier function in healthy subjects. We investigated the correlation of serum ZO-1, with physiologic measures of intestinal permeability (as the ratio of the fractional excretion of lactulose-mannitol or LMR) in a cohort of 39 healthy FDRs of Crohn's disease (CD) patients. No significant correlation was found between LMR and ZO-1 levels (r2 = 0.004, P < 0.71), or intestinal fatty acid binding proteins (I-FABP) (r2 = 0.004, P < 0.71). In conclusion, our data show that ZO-1 and I-FABP are not a marker of gut permeability as defined by LMR.
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INTRODUCTION

Intestinal permeability is one measure of alterations in gut barrier function in humans. It has been associated with multiple pathologies such as Crohn's disease (CD), ulcerative colitis (UC), or celiac disease (Michielan and D'Inca, 2015). Furthermore, there is emerging evidence for the role of impaired intestinal permeability even outside of the gut such as in metabolic diseases including obesity or type-2 diabetes. Studies have shown that abnormal intestinal permeability is a feature of disrupted intestinal homeostasis and its measurement may be used as a tool to assess gastrointestinal function (Harris et al., 2012; Teixeira et al., 2012; Michielan and D'Inca, 2015; Teshima et al., 2017).

Transepithelial passage of molecules across the intestinal epithelium occurs through the transcellular pathway, the paracellular or unrestricted pathway (Zuo et al., 2020). Intestinal epithelial cell tight junctions (TJs) contribute to the integrity of the intestinal barrier allowing for control of the physical barrier between external antigens or bacterial products and the internal environment. TJ are the most apical junctional complex connecting adjacent epithelial cells and controls the paracellular flow molecules through the intestinal epithelia (Turner, 2009). TJ structure can be regulated by many intrinsic and extrinsic factors including cytokines, growth factors, cellular stress, pathogens, probiotics, and dietary peptides (Suzuki, 2013). Disruption in paracellular permeability and the epithelium may lead to excessive entry of dietary or microbial antigens, which may be a contributing factor for inflammatory diseases or other diseases (Bischoff et al., 2014).

Direct measurements of intestinal permeability assess intestinal barrier function on a systematic level. It can be measured in vivo by analyzing flux rates of inert molecules across the intestinal wall. Most frequently used probes are small sugars and disaccharides, such as mannitol and lactulose (Meddings, 1997; Marshall et al., 2004). The small sized mannitol is thought to freely cross the intestinal barrier, independent of damage, while the larger lactulose can only cross the intestine using the paracellular pathway if the barrier is compromised. The fractional excretion of lactulose to mannitol ratio (LMR) is used as the gold standard for measuring intestinal permeability (Teshima et al., 2012). Indeed, many studies have used LMR to investigate barrier function and found an increased LMR in healthy relatives of CD patients compared to healthy controls (Katz et al., 1989; Buhner et al., 2006; D'Inca et al., 2006; Kevans et al., 2015). However, the LMR test can be laborious to perform, especially in pediatric population. Moreover, there are no standardized protocols (Camilleri et al., 2010; Sequeira et al., 2014), which makes cross-study comparisons difficult. Thus, identifying alternative biomarkers for intestinal permeability is desirable.

Multiple investigations have tested potential indirect biomarkers to assess the integrity of the intestinal barrier (Duerksen et al., 2010; Vorobjova et al., 2017) from serum samples. Among the potential biomarkers, zonula occludens-1(ZO-1) also known as tight junction protein-1 is a promising candidate as an alternative biomarker to measure gut permeability. This is in part because that ZO-1 is a protein that is known to modulate intestinal TJs and is capable of TJ disassembly, which in turn is implicated in the disruption of mucosal permeability (Tripathi et al., 2009). Studies have supported that increased serum levels of ZO-1 can be used as a biomarker of disrupted barrier function in humans (Sapone et al., 2006; Sturgeon and Fasano, 2016). Recent studies in celiac patients and their healthy first-degree relatives (FDRs) suggested that increased intestinal permeability as measured by ZO-1 was associated with indirect evidence of TJ abnormalities (Mishra et al., 2016). ZO-1 has been used in other diseases such as type-1 and 2 diabetes and obesity-related disorders (Sapone et al., 2006), for which it has also been linked to abnormal gut permeability. ZO-1 is also a precursor to haptoglobin-2 and thus belongs to the haptoglobin (HP) family of proteins. In human the HP locus is polymorphic with three haptoglobin types that yield three distinct genotypes/phenotypes (HP1-1, HP1-2, and HP2-2) (Yang et al., 1983) as determined by the HP1 and HP2 alleles located on chromosome 16q22 (Langlois and Delanghe, 1996). Individuals who bear the heterozygous HP1-2 or homozygous HP2-2 polymorphisms are ZO-1 producers, whereas those with the homozygous HP1-1 polymorphism are unable to produce ZO-1 (Ajamian et al., 2019). Thus, genotyping of individuals could serve as an additional quality control of ZO-1 testing.

Other biomarkers have been suggested that could capture enterocyte damage and TJ loss, notably by using peptides that are released into circulation such as intestinal fatty acid binding proteins (I-FABP) (Adriaanse et al., 2013). I-FABP is a small protein that is present in mature enterocytes of the small and large intestine and as such, I-FABP presence in the serum is thought to be a measure of enterocyte damage and TJ loss and by extension to barrier function. I-FABP biological role is to transport fatty acids from the apical membrane of the enterocyte to the endoplasmic reticulum where biosynthesis of complex lipids occurs. Circulating basal levels measured in healthy individuals reflect the normal epithelial turnover rate and elevated I-FABP levels have been found in plasma and serum in patients with celiac disease, intestinal ischemia, and systemic inflammatory response syndrome suggesting an abnormal epithelial turnover in these conditions (Pelsers et al., 2005; Derikx et al., 2007, 2009; de Haan et al., 2009).

Although ZO-1 has received considerable attention as a potential biomarker of intestinal barrier dysfunction, there is limited information on the serological measurement of ZO-1 and its relation to other markers of barrier function such as LMR and I-FABP in healthy subjects (Sapone et al., 2006; Duerksen et al., 2010; Linsalata et al., 2018). Our primary aim was to analyze the correlation of serum ZO-1 as measured by the Immunodiagnostik AG kit, with physiologic measures of intestinal permeability as define by the gold standard LMR in a well-described cohort of healthy FDRs of CD.



MATERIALS AND METHODS


Subjects

Healthy FDRs of CD subjects who were between the ages of 6 and 30 years (n = 39) were recruited as part of the Crohn's Colitis Canada GEM Project. At the time of recruitment, subjects were screened using a standardized questionnaire to exclude any history or symptoms of IBD or other gastrointestinal diseases, as defined by the clinical subcommittee of the GEM Project as described previously (Turpin et al., 2016). Serum from peripheral blood and urine were collected at the time of recruitment, and stored at −80°C. All study participants and/or their guardians gave written, informed consent and the protocols were approved by Mount Sinai Hospital Research Ethics Committee and at each local recruitment center (see authors in the GEM Project Research Consortium in the acknowledgments).



Measure of Serum ZO-1 IDK®

Concentrations of ZO-1 in the sera were determined by a commercially available ELISA assay according to the manufacturer's protocol from Immunodiagnostik AG (Bensheim, Germany). Readings were taken using the Synergy H1 plate reader (Biotek, Vermont) at λ = 450 nm against the reference of λ = 620 nm. All study samples and standards were tested in duplicate. Data were analyzed using a four parameters algorithm using GraphPad Prism (GraphPad Prism Software version 7 Inc., CA). This kit is commercialized as a marker of ZO-1. However the kit was recently shown to measure a protein structurally close to ZO-1. Thus, we will refer to ZO-1 mesures of ZO-1 from other kit than the Immunodiagnostik kit and referred to ZO-1 IDK® where referring to protein measured by the Immunodiagnostik kit.



Measure of Serum I-FABP

Concentrations of I-FABP in the sera were determined by a commercially available ELISA assay according to the manufacturer's protocol from R&D Systems (Minneapolis, USA). Readings were taken using the Synergy H1 plate reader (Biotek, Vermont) at λ = 450 nm against the reference of λ = 540 nm. All study samples and standards were tested in duplicate. Data were analyzed using a 4-parameter algorithm using GraphPad Prism (GraphPad Prism Software version 7 Inc., CA).



Measurement of LMR

Subjects were required to refrain from ingestion of alcohol, aspirin, and other non-steroidal anti-inflammatory agents for 5 days before probe administration. Study subjects ingested a sugar test solution containing 500 mL of 5 g lactulose and 2 g mannitol before bed. Urine samples were collected the following morning in a container contained 5 mL of thymol solution and returned to the study center. A 5 mL portion of urine was taken and stored at −80°C until analysis. The measurement of the fractional excretion of urinal sugar probes, lactulose and mannitol, was performed using high-pressure liquid chromatography. For each subject, the LMR was calculated as the fractional excretion of lactulose divided by that of mannitol as described previously (Kevans et al., 2015; Turpin et al., 2020).



Genotyping and Structural Haptoglobin Imputation

As part of a the GEM project (Turpin et al., 2019), DNA was extracted from human peripheral blood mononuclear cells to perform single nucleotide polymorphism genotyping using the HumanCoreEXOME-12v1.1 chip (Illumina, Inc. San Diego, CA) and quality control performed as previously described (Turpin et al., 2019). We imputed haptoglobin structure from 1,561 subjects from the GEM project, HP1-1 or homozygous HP2-2 or and heterozygous HP1-2 (Scheffler et al., 2018) using method described previously (Boettger et al., 2016). The current studies included 36 subject that had haptoglobin structure imputed.



Statistical Analysis

Statistical analyses were performed with GraphPad Prism software version 7 (GraphPad Prism Software Inc., CA). Quantitative variables were summarized as mean ± Standard Deviation. The median differences between groups were analyzed using Mann-Whitney Student's T-test for comparison of groups or Spearman correlation test to address correlation between continuous variable. The cut-off value of LMR > 0.025 was considered as abnormal (Turpin et al., 2019). For all tests, a P-value < 0.05 was considered to be statistically significant.




RESULTS


Demographic of the Cohort

Demographic details of the participants included (n = 39) in this study are shown in Table 1. Age, sex data were recorded, and showed an equal proportion of males to females with a mean age of 21 years. The mean age was 20.9 ± 8.1 and 56.4% were female. We also measured ZO-1 IDK®, LMR, I-FABP, and imputed haptoglobin structure in this cohort as presented in Table 2.


Table 1. Demographics and assay sample size of study participants.
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Table 2. Assay ranges of our subjects vs. their reported value in the kits from healthy people.
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Measure of Intestinal Permeability by LMR

LMR ratio is considered as the gold standard to measure gut barrier function (Teshima et al., 2012). As such all other measure presented in Table 2 were directly compared to LMR. The LMR measured in this cohort had a mean value of 0.02 ± 0.01 (IQR 0.013–0.025) (Figure 1A). A cutoff of 0.025 was used based on thresholds previously defined in healthy subjects (Turpin et al., 2020). Of the 39 subjects in this study, 14 had an LMR equal to or above the 0.025 threshold, indicating abnormal intestinal permeability.


[image: Figure 1]
FIGURE 1. Distribution and correlation of LMR and ZO-1. (A) Histogram of LacMan ratio in the study participants. The x axis plots the LacMan ratio and the y axis corresponds to the number of individuals with that measurement. Median LMR is 0.02 ± 0.01 (IQR 0.013–0.025), n = 39. (B) Histogram of serum ZO-1 IDK® concentration in the study participants. The x axis plots the ZO-1 IDK® concentration and the y axis corresponds to the number of individuals with that measurement. Median ZO-1 is 48 ± 29 ng/mL (IQR 35.1–71.4), n = 39. (C) Scatter plot of purported serum ZO-1 levels (ng/mL) and LMR. Spearman correlation between the two assays (r2 = 0.004, p < 0.71), n = 39.




ZO-1 IDK® Does Not Correlate With LMR Marker of Intestinal Permeability

The levels of serum ZO-1 IDK® were estimated in 39 subjects using a commercially available ELISA kit (see section Method). A mean value of serum ZO-1 IDK® in healthy CD FDRs was 56 ± 29 ng/mL (IQR 35.1–71.4) (Figure 1B). We then used a Spearman correlation test to determine whether those with LMR and ZO-1 IDK® levels were correlated (Figure 1C). No significant correlation was found between LMR and ZO-1 IDK® levels (r2 = 0.004, P < 0.71). Next, we dichotomized subjects by low and high levels of ZO-1 IDK®, using the median value of ZO-1 IDK® in the cohort (48 ng/mL). There was no significant difference (p < 0.82) in LMR values between subjects with ZO-1 IDK® > or <48 ng/mL groups (Figure 2A). Finally, we dichotomized LMR using the 0.025 threshold and compared with ZO-1 IDK® as a continuous variable (Figure 2B). There was no significant difference in ZO-1 IDK® levels between the subjects with LMR > 0.025 levels and subject with LMR <0.025 (p <0.55).
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FIGURE 2. Comparison of LMR, ZO-1 IDK®, and imputed haptoglobin haplotype. (A) Beeswarm plot showing the LMR in subjects which are categorized by low and high ZO-1 IDK® concentrations. Threshold level of ZO-1 used was the median, 48 ng/mL. There was no significant difference in LMR values between subjects with ZO-1 IDK® > or < 48 ng/mL groups (Mann Whitney, p < 0.82, n = 39). (B) Beeswarm plot showing the ZO-1 IDK® concentration in our subjects which are categorized by low and high LMR. Threshold level of LMR used was 0.025, as defined in the literature. There was no significant difference in ZO-1 IDK® levels between subjects with LMR > or < 0.025 groups (Mann Whitney, p < 0.55, n = 39). (C) Distribution of ZO-1 IDK® levels according to haptoglobin genotypes. Data are presented as boxplots with Turkey-Whiskers (n = 36).




ZO-1 IDK® Level Does Not Concord With Expected Haptoglobin Phenotype

The kit used to define ZO-1 IDK® in this study has been shown to provide inaccurate measurements in regards to haptoglobin structure (Scheffler et al., 2018). Thus, we estimated its concordance with imputed haptoglobin structure from our genotyping data. Of the 36 subjects with imputed haptoglobin phenotype, 10 (27.7%) were HP1-1, 15 (41.7%) were HP1-2, and 11 (30.6%) were HP2-2. We find no significant differences in the levels of ZO-1 IDK® ELISA levels between the haptoglobin genotype groups (Figure 2C; p = 0.729). In addition, subjects with the HP1-1 genotype are expected to have little to no detectable ZO-1 levels (Ajamian et al., 2019), however our results showed that the detect ZO-1 IDK® by the commercial ELISA is present even in the HP1-1 genotype group (Figure 2C).



Evaluation of I-FABP as a Marker of Intestinal Permeability

Similar to what was described above, we assessed correlations between serum I-FABP and LMR. The level of serum I-FABP was estimated in 35 FDRs using a commercially available ELISA kit (see section Method). The mean value of serum I-FABP was 846 ± 527 pg/mL (IQR 475–959) (Figure 3A). Using a Spearman correlation test (Figure 3B), we found no significant correlation between LMR and I-FABP levels (r2 = 4 × 10−6, p < 0.99). Next, we dichotomized subjects by low and high levels of I-FABP, using the median value of 666 pg/mL, and compared the LMR variable in those groups (Figure 3C). There was no significant difference in LMR values between the individuals with I-FABP > or < 666 pg/mL (p < 0.64). Similarly subjects with a LMR levels higher or lower than 0.025 had similar level of I-FABP (p < 0.53) (Figure 3D). Lastly, we compared ZO-1 IDK® levels with I-FABP levels using a Spearman correlation test (Figure 3E). We found no significant correlation between ZO-1 IDK® and I-FABP levels (r2 = 001, p < 85).
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FIGURE 3. Distribution of I-FABP, and correlation with LMR and ZO-1 IDK®. (A) Histogram of serum I-FABP concentration in the study participants. The x axis plots the I-FABP concentration and the y axis corresponds to the number of individuals with that measurement. Median I-FABP is 666 ± 527 pg/ml (IQR 35.1–71.4, n = 35). (B) Scatter plot of purported serum I-FABP levels (pg/mL) and LMR. (B) Spearman correlation between the two assays (r2 = 4 × 10-6, p < 0.99), n = 35. (C) Beeswarm plot showing the LMR in our subjects which are categorized by low and high I-FABP concentrations. Threshold level of I-FABP used was the median, 666 pg/mL. There was no significant difference in LMR values between subjects with I-FABP > or < 666 pg/mL groups (Mann Whitney, p < 0.64, n = 35). (D) Beeswarm plot showing the I-FABP concentration in our subjects, which are categorized by low and high LMR. Threshold level of LMR used was 0.025, as defined in the literature. There was no significant difference in I-FABP levels between subjects with LMR > or < 0.025 groups (Mann Whitney, p < 0.53, n = 35). (E) Scatter plot of purported serum I-FABP levels (pg/mL) and ZO-1 IDK® levels (ng/mL). Spearman correlation between the two assays (r2 = 0.001, p < 0.85), n = 35.





DISCUSSION

Increasing evidence has suggested that impaired intestinal barrier function may play a role in many diseases. Recently, Keita et al. (2018) demonstrated that barrier dysfunction as measured by biopsies mounted in Ussing chambers, and tight junction protein expression measured using immunofluorescence, is a primary defect in twin pairs that are discordant for CD. Similar studies on T1D and celiac disease (Duerksen et al., 2010; Vorobjova et al., 2017) also found an association between increased intestinal permeability as measured by LMR and increased serum ZO-1 and ZO-1 IDK®. Due to its putative role in reversible TJ disassembly, ZO-1 has emerged as a potential serological marker of barrier function, and integrity of the intestinal barrier mucosa. In this study we focused on the evaluation of two serum markers of the gastrointestinal barrier function as alternative method to LMR in a well-characterized cohort of healthy FDRs of CD. We previously established that the intestinal permeability was abnormal in a larger proportion of CD FDR, as evidenced by higher LMR compared to reported proportion observed in individuals from the general population (Kevans et al., 2015). We used a subset of this cohort with a range of normal to abnormal LMR and assessed their circulating ZO-1 IDK® and I-FABP.

The mean measured ZO-1 IDK® was of 56 ± 29 ng/mL in this cohort suggesting that the majority of the subject had abnormal ZO-1 levels as defined by the kits recommended level of 34 ± 14 ng/mL (Fisher's exact test p < 0.037). However ZO-1 IDK® level was in line with reported value of ZO-1 observed in healthy individuals in another study (Linsalata et al., 2018). It remains unclear what is the optimized ZO-1 IDK® threshold should be used to estimate abnormal ZO-1 IDK® level. In contrast to the mentioned studies (Sapone et al., 2006; Duerksen et al., 2010), we found no correlation between the physiologic measurement of intestinal permeability estimated by LMR and estimated by serum ZO-1 IDK®. However the absence of correlation was in agreement with Linsalata et al. (2018) that also found no correlation between LMR and ZO-1 IDK®. Our data suggest that the physiologic measurement of intestinal permeability may not correlate with changes in TJ structure. Alternatively, other factors affecting permeability reflected by LMR may occur independently of ZO-1. Indeed, there may not be significant loss of ZO-1 absolute quantity in the epithelium, but rather a redistribution and localization of TJ proteins with a similar absolute quantity of ZO-1. The absence of correlation between LMR and ZO-1 IDK® may also be explained by the ELISA kit use to evaluate ZO-1 expression in serum.

To date there are several published reports analyzing ZO-1 as a marker of intestinal permeability (Teshima et al., 2012; Adriaanse et al., 2013; Vojdani et al., 2017; Vorobjova et al., 2017; Linsalata et al., 2018). Of these studies, eight used the Immunodiagnostik (IDK) ELISA kit, while the remaining used alternate ELISA kits or made them in house. The studies that utilized in-house made ZO-1 ELISA plates (n = 5), revealed consistent results that increased permeability measured by LMR is associated with increased ZO-1. Of those that used the IDK ELISA kit, three of them found an increase in peripheral ZO-1 IDK® correlated with celiac patients, vs. healthy controls (Vojdani et al., 2017; Vorobjova et al., 2017; Linsalata et al., 2018), while two of them discovered that the kits antigen does not directly bind to ZO-1 (Scheffler et al., 2018; Ajamian et al., 2019). Overall, there is conflicting data regarding the use of commercial ZO-1 IDK® ELISA kits to measure gut barrier function and whether the kit is detecting other proteins. In addition we expected that subjects with the HP1-1 genotype to have very low levels of ZO-1 (Ajamian et al., 2019). However, we find the ZO-1 IDK® concentrations measured in serum using the IDK ELISA kit were similar to those found in the HP1-2 and HP2-2 carriers. Thus, the IDK ELISA kit did not reflect the expected haptoglobin genotype distribution in our cohort. These results are also supported by previous studies that have determined haptoglobin phenotype distribution and ZO-1 levels using IDK kits (Scheffler et al., 2018; Ajamian et al., 2019). Overall, the conflicting evidence, and lack of concordance with expected haploglobin phenotype suggest that the IDK commercial assays may not be detecting the protein as advertised, and thus by extension do not measure gut permeability.

Data are limited in measured difference of I-FABP and chronic diseases. Although studies have suggested that I-FABP may reflect intestinal damage, and thus impaired barrier function, we showed no correlations of I-FABP with LMR or serum ZO-1. In contrary, Linsalata et al. (2018) performed a similar test on celiac disease patients and healthy controls and found a positive correlation between LMR and I-FABP. The I-FABP levels was lower than the kit recommended level of 1015 ± 455 pg/ml (Threshold used to classify healthy individuals), and also lower than a described “healthy” levels, although this study used a different manufactured kit (Linsalata et al., 2018). It remains possible that I-FABP may still be useful as a biomarker to identify localized changes in acute intestinal damage (Grootjans et al., 2010; Galipeau and Verdu, 2016), since they are released into circulation upon enterocyte damage and cleared rapidly (half-life of 11 min). Indeed, I-FABP is predominantly expressed in the jejunum (Galipeau and Verdu, 2016), and thus I-FABP may not show differences if abnormal intestinal permeability is occurring at the other sites of the gastrointestinal tract. This suggests that different FABP may provide more information on disease location but would require one to measure multiple types of FABP.

The data described here showed that ZO-1 IDK® and I-FABP are not reliable markers of gut permeability as defined by LMR. It is important to note that our study was not set up to address the specificity of the ELISA kit. While we used serum from subject that exhibited high and low LMR values, the small size of cohort may be a limiting factor. It remains to be shown if other measures of ZO-1 or TJs proteins would correlate with LMR. The correlation between established biomarkers of gut permeability with functional permeability measure by LMR has not been well-studied. Nonetheless, our results provide a starting point for future studies to better define alternative biomarkers of intestinal permeability. Further studies are needed to identify and validate alternative targets of intestinal permeability and barrier function. Additionally, studies are necessary to establish the primary antigen detected by commercially available ZO-1 ELISA kits in order to understand to functional relevant of the IDK ELISA kits and its relation to gut barrier function.



DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because sharing the individual-level genomics data might compromise the privacy of individual participants. Requests to access the datasets should be directed to http://www.gemproject.ca/data-access/.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Mount Sinai Hospital Research Ethics Committee and at each local recruitment center. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHORS IN THE CCC GEM PROJECT RESEARCH CONSORTIUM

The CCC GEM Project Research Consortium is composed of: Maria Abreu, Paul Beck, Charles Bernstein, Kenneth Croitoru, Leo Dieleman, Brian Feagan, Anne Griffiths, David Guttman, Kevan Jacobson, Gilaad Kaplan, Denis O. Krause*, Karen Madsen, John Marshall, Paul Moayyedi, Mark Ropeleski, Ernest Seidman*, Mark Silverberg, Scott Snapper, Andy Stadnyk, Hillary Steinhart, Michael Surette, Dan Turner, Thomas Walters, Bruce Vallance, Guy Aumais, Alain Bitton, Maria Cino, Jeff Critch, Lee Denson, Colette Deslandres, Wael El-Matary, Hans Herfarth, Peter Higgins, Hien Huynh, Jeff Hyams, David Mack, Jerry McGrath, Anthony Otley, and Remo Panancionne. The CCC GEM Project recruitment site directors include Maria Abreu, Guy Aumais, Robert Baldassano, Charles Bernstein, Maria Cino, Lee Denson, Colette Deslandres, Wael El-Matary, Anne M. Griffiths, Charlotte Hedin, Hans Herfarth, Peter Higgins, Seamus Hussey, Hien Hyams, Kevan Jacobson, David Keljo, David Kevans, Charlie Lees, David Mack, John Marshall, Jerry McGrath, Sanjay Murthy, Anthony Otley, Remo Panaccione, Nimisha Parekh, Sophie Plamondon, Graham Radford-Smith, Mark Ropeleski, Joel Rosh, David Rubin, Michael Schultz, Ernest Seidman*, Corey Siegel, Scott Snapper, Hillary Steinhart, and Dan Turner. (* deceased).



AUTHOR CONTRIBUTIONS

NP, WT, OE-G, and MS: analyzed the data. The CCC GEM Project Research Consortium and KC: recruited patient. NP, WT, and KC: wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by grants from Crohn's and Colitis Canada (Grant No. CCC-GEMIII), Canadian Institutes of Health Research (CIHR) (Grant No. CMF108031), and the Helmsley Charitable Trust. KC was partially supported by a Canada Research Chair in Inflammatory Bowel Diseases. WT was a former recipient of a Post-doctoral Fellowship Research Award from the CIHR Fellowship/Canadian Association of Gastroenterology/Ferring Pharmaceuticals Inc. and a recipient of a fellowship from the Department of Medicine, Mount Sinai Hospital, Toronto, Canada.



ACKNOWLEDGMENTS

We thank Kevin Ow, Ashleigh Goethel, Heather MacAulay, and everyone in the members of the CCC GEM Global Project Office.



REFERENCES

 Adriaanse, M. P., Tack, G. J., Passos, V. L., Damoiseaux, J. G., Schreurs, M. W., van Wijck, K., et al. (2013). Serum I-FABP as marker for enterocyte damage in coeliac disease and its relation to villous atrophy and circulating autoantibodies. Aliment. Pharmacol. Ther. 37, 482–490. doi: 10.1111/apt.12194


 Ajamian, M., Steer, D., Rosella, G., and Gibson, P. R. (2019). Serum zonulin as a marker of intestinal mucosal barrier function: may not be what it seems. PLoS ONE 14:e0210728. doi: 10.1371/journal.pone.0210728

 Bischoff, S. C., Barbara, G., Buurman, W., Ockhuizen, T., Schulzke, J. D., Serino, M., et al. (2014). Intestinal permeability—a new target for disease prevention and therapy. BMC Gastroenterol. 14:189. doi: 10.1186/s12876-014-0189-7

 Boettger, L. M., Salem, R. M., Handsaker, R. E., Peloso, G. M., Kathiresan, S., Hirschhorn, J. N., et al. (2016). Recurring exon deletions in the HP (haptoglobin) gene contribute to lower blood cholesterol levels. Nat. Genet. 48, 359–366. doi: 10.1038/ng.3510

 Buhner, S., Buning, C., Genschel, J., Kling, K., Herrmann, D., Dignass, A., et al. (2006). Genetic basis for increased intestinal permeability in families with Crohn's disease: role of CARD15 3020insC mutation? Gut 55, 342–347. doi: 10.1136/gut.2005.065557

 Camilleri, M., Nadeau, A., Lamsam, J., Nord, S. L., Ryks, M., Burton, D., et al. (2010). Understanding measurements of intestinal permeability in healthy humans with urine lactulose and mannitol excretion. Neurogastroenterol. Motil. 22, e15–e26. doi: 10.1111/j.1365-2982.2009.01361.x

 de Haan, J. J., Lubbers, T., Derikx, J. P., Relja, B., Henrich, D., Greve, J. W., et al. (2009). Rapid development of intestinal cell damage following severe trauma: a prospective observational cohort study. Crit. Care 13:R86. doi: 10.1186/cc7910

 Derikx, J. P., Poeze, M., van Bijnen, A. A., Buurman, W. A., and Heineman, E. (2007). Evidence for intestinal and liver epithelial cell injury in the early phase of sepsis. Shock 28, 544–548. doi: 10.1097/shk.0b013e3180644e32

 Derikx, J. P., Vreugdenhil, A. C., Van den Neucker, A. M., Grootjans, J., van Bijnen, A. A., Damoiseaux, J. G., et al. (2009). A pilot study on the noninvasive evaluation of intestinal damage in celiac disease using I-FABP and L-FABP. J. Clin. Gastroenterol. 43, 727–733. doi: 10.1097/MCG.0b013e31819194b0

 D'Inca, R., Annese, V., di Leo, V., Latiano, A., Quaino, V., Abazia, C., et al. (2006). Increased intestinal permeability and NOD2 variants in familial and sporadic Crohn's disease. Aliment. Pharmacol. Ther. 23, 1455–1461. doi: 10.1111/j.1365-2036.2006.02916.x

 Duerksen, D. R., Wilhelm-Boyles, C., Veitch, R., Kryszak, D., and Parry, D. M. (2010). A comparison of antibody testing, permeability testing, and zonulin levels with small-bowel biopsy in celiac disease patients on a gluten-free diet. Dig. Dis. Sci. 55, 1026–1031. doi: 10.1007/s10620-009-0813-5

 Galipeau, H. J., and Verdu, E. F. (2016). The complex task of measuring intestinal permeability in basic and clinical science. Neurogastroenterol. Motil. 28, 957–965. doi: 10.1111/nmo.12871

 Grootjans, J., Thuijls, G., Verdam, F., Derikx, J. P., Lenaerts, K., and Buurman, W. A. (2010). Non-invasive assessment of barrier integrity and function of the human gut. World J. Gastrointest. Surg. 2, 61–69. doi: 10.4240/wjgs.v2.i3.61

 Harris, K., Kassis, A., Major, G., and Chou, C. J. (2012). Is the gut microbiota a new factor contributing to obesity and its metabolic disorders? J. Obes. 2012:879151. doi: 10.1155/2012/782920

 Katz, K. D., Hollander, D., Vadheim, C. M., McElree, C., Delahunty, T., Dadufalza, V. D., et al. (1989). Intestinal permeability in patients with Crohn's disease and their healthy relatives. Gastroenterology 97, 927–931. doi: 10.1016/0016-5085(89)91499-6

 Keita, Å. V., Lindqvist, C. M., Öst, Å., Magana, CDL, Schoultz, I., and Halfvarson, J. (2018). Gut barrier dysfunction-a primary defect in twins with Crohn's disease predominantly caused by genetic predisposition. J. Crohns Colitis 12, 1200–1209. doi: 10.1093/ecco-jcc/jjy045

 Kevans, D., Turpin, W., Madsen, K., Meddings, J., Shestopaloff, K., Xu, W., et al. (2015). Determinants of intestinal permeability in healthy first-degree relatives of individuals with Crohn's disease. Inflamm. Bowel Dis. 21, 879–887. doi: 10.1097/MIB.0000000000000323

 Langlois, M. R., and Delanghe, J. R. (1996). Biological and clinical significance of haptoglobin polymorphism in humans. Clin. Chem. 42, 1589–1600. doi: 10.1093/clinchem/42.10.1589

 Linsalata, M., Riezzo, G., D'Attoma, B., Clemente, C., Orlando, A., and Russo, F. (2018). Noninvasive biomarkers of gut barrier function identify two subtypes of patients suffering from diarrhoea predominant-IBS: a case-control study. BMC Gastroenterol. 18:167. doi: 10.1186/s12876-018-0888-6

 Marshall, J. K., Thabane, M., Garg, A. X., Clark, W., Meddings, J., and Collins, S. M. (2004). Intestinal permeability in patients with irritable bowel syndrome after a waterborne outbreak of acute gastroenteritis in Walkerton, Ontario. Aliment. Pharmacol. Ther. 20, 1317–1322. doi: 10.1111/j.1365-2036.2004.02284.x

 Meddings, J. B. (1997). Review article: intestinal permeability in Crohn's disease. Aliment. Pharmacol. Ther. 11(Suppl. 3), 47–53. discussion: 53–46. doi: 10.1111/j.1365-2036.1997.tb00808.x

 Michielan, A., and D'Inca, R. (2015). Intestinal permeability in inflammatory bowel disease: pathogenesis, clinical evaluation, and therapy of leaky gut. Mediators Inflam. 2015:628157. doi: 10.1155/2015/628157

 Mishra, A., Prakash, S., Sreenivas, V., Das, T. K., Ahuja, V., Gupta, S. D., et al. (2016). Structural and functional changes in the tight junctions of asymptomatic and serology-negative first-degree relatives of patients with celiac disease. J. Clin. Gastroenterol. 50, 551–560. doi: 10.1097/MCG.0000000000000436

 Pelsers, M. M., Hermens, W. T., and Glatz, J. F. (2005). Fatty acid-binding proteins as plasma markers of tissue injury. Clin. Chim. Acta Int. J. Clin. Chem. 352, 15–35. doi: 10.1016/j.cccn.2004.09.001

 Sapone, A., de Magistris, L., Pietzak, M., Clemente, M. G., Tripathi, A., Cucca, F., et al. (2006). Zonulin upregulation is associated with increased gut permeability in subjects with type 1 diabetes and their relatives. Diabetes 55, 1443–1449. doi: 10.2337/db05-1593

 Scheffler, L., Crane, A., Heyne, H., Tönjes, A., Schleinitz, D., Ihling, C. H., et al. (2018). Widely used commercial ELISA does not detect precursor of haptoglobin2, but recognizes properdin as a potential second member of the zonulin family. Front. Endocrinol. 9:22. doi: 10.3389/fendo.2018.00022

 Sequeira, I. R., Lentle, R. G., Kruger, M. C., and Hurst, R. D. (2014). Standardising the lactulose mannitol test of gut permeability to minimise error and promote comparability. PLoS ONE 9:e99256. doi: 10.1371/journal.pone.0099256

 Sturgeon, C., and Fasano, A. (2016). Zonulin, a regulator of epithelial and endothelial barrier functions, and its involvement in chronic inflammatory diseases. Tissue Barriers 4:e1251384. doi: 10.1080/21688370.2016.1251384

 Suzuki, T. (2013). Regulation of intestinal epithelial permeability by tight junctions. Cell. Mole. Life Sci. 70, 631–659. doi: 10.1007/s00018-012-1070-x

 Teixeira, T. F., Souza, N. C., Chiarello, P. G., Franceschini, S. C., Bressan, J., Ferreira, C. L., et al. (2012). Intestinal permeability parameters in obese patients are correlated with metabolic syndrome risk factors. Clin. Nutr. 31, 735–740. doi: 10.1016/j.clnu.2012.02.009

 Teshima, C. W., Dieleman, L. A., and Meddings, J. B. (2012). Abnormal intestinal permeability in Crohn's disease pathogenesis. Ann. N. Y. Acad. Sci. 1258, 159–165. doi: 10.1111/j.1749-6632.2012.06612.x

 Teshima, C. W., Goodman, K. J., El-Kalla, M., Turk, S., El-Matary, W., Valcheva, R., et al. (2017). Increased intestinal permeability in relatives of patients with Crohn's disease is not associated with small bowel ulcerations. Clin. Gastroenterol. Hepatology Off. Clin. Pract. J. Am. Gastroenterol. Assoc. 15, 1413–1418. doi: 10.1016/j.cgh.2017.02.028

 Tripathi, A., Lammers, K. M., Goldblum, S., Shea-Donohue, T., Netzel-Arnett, S., Buzza, M. S., et al. (2009). Identification of human zonulin, a physiological modulator of tight junctions, as prehaptoglobin-2. Proc. Natl. Acad. Sci. U.S.A. 106, 16799–16804. doi: 10.1073/pnas.0906773106

 Turner, J. R. (2009). Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 9, 799–809. doi: 10.1038/nri2653

 Turpin, W., Espin-Garcia, O., Bedrani, L., Madsen, K., Meddings, J. B., Raygoza Garay, J. A., et al. (2019). Analysis of genetic association of intestinal permeability in healthy first-degree relatives of patients with Crohn's disease. Inflamm. Bowel Dis. 25, 1796–1804. doi: 10.1093/ibd/izz116

 Turpin, W., Espin-Garcia, O., Xu, W., Silverberg, M. S., Kevans, D., Smith, M. I., et al. (2016). Association of host genome with intestinal microbial composition in a large healthy cohort. Nat. Genet. 48, 1413–1417. doi: 10.1038/ng.3693

 Turpin, W., Lee, S. H., Raygoza Garay, J. A., Madsen, K. L., Meddings, J. B., Bedrani, L., et al. (2020). Increased intestinal permeability is associated with later development of Crohn's disease. Gastroenterology 159, 2092–2100. doi: 10.1053/j.gastro.2020.08.005

 Vojdani, A., Vojdani, E., and Kharrazian, D. (2017). Fluctuation of zonulin levels in blood vs stability of antibodies. World J. Gastroenterol. 23, 5669–5679. doi: 10.3748/wjg.v23.i31.5669


 Vorobjova, T., Raikkerus, H., Kadaja, L., Talja, I., Uibo, O., Heilman, K., et al. (2017). Circulating zonulin correlates with density of enteroviruses and tolerogenic dendritic cells in the small bowel mucosa of celiac disease patients. Dig. Dis. Sci. 62, 358–371. doi: 10.1007/s10620-016-4403-z

 Yang, F., Brune, J. L., Baldwin, W. D., Barnett, D. R., and Bowman, B. H. (1983). Identification and characterization of human haptoglobin cDNA. Proc. Natl. Acad. Sci. U.S.A. 80, 5875–5879. doi: 10.1073/pnas.80.19.5875

 Zuo, L., Kuo, W. T., and Turner, J. R. (2020). Tight junctions as targets and effectors of mucosal immune homeostasis. Cell. Mol. Gastroenterol. Hepatol. 10, 327–340. doi: 10.1016/j.jcmgh.2020.04.001

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Power, Turpin, Espin-Garcia, Smith, The CCC GEM Project Research Consortium and Croitoru. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fphys-12-645303-t002.jpg
Threshold in GEM (SD) Recommended threshold

for healthy subjects
LMR assay 0025 0.01 0.025 +0.01
Z0-1 IDK® assay (/L) 48429 34+14
I-FABP assay (pg/mL) 666+ 5217 1015 & 455

LMR threshold is based on reported values in the literature. ZO-1 IDK® and I-FABP are
the obtained median values.





OPS/images/fphys-12-645303-g003.gif
§§ i RERE N

®  wsssavi uid qavat

LeAse ppmt






OPS/images/fphys-12-645303-t001.jpg
Mean age (yrs  SD)
Males (%)

LMR assay

701 IDK® assay
I-FABP assay
Genotyped

Subjects (n = 39)

209+81
17.0 (43.6)
39
39
35
36





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Serum Zonulin Measured by Commercial Kit Fails to Correlate With Physiologic Measures of Altered Gut Permeability in First Degree Relatives of Crohn's Disease Patients



		Introduction



		Materials and Methods



		Subjects



		Measure of Serum ZO-1 IDK®



		Measure of Serum I-FABP



		Measurement of LMR



		Genotyping and Structural Haptoglobin Imputation



		Statistical Analysis







		Results



		Demographic of the Cohort



		Measure of Intestinal Permeability by LMR



		ZO-1 IDK® Does Not Correlate With LMR Marker of Intestinal Permeability



		ZO-1 IDK® Level Does Not Concord With Expected Haptoglobin Phenotype



		Evaluation of I-FABP as a Marker of Intestinal Permeability







		Discussion



		Data Availability Statement



		Ethics Statement



		Authors in the CCC GEM Project Research Consortium



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Physiology

Serum Zonulin Measured by
Commercial Kit Fails to Correlate
With Physiologic Measures of Altered
Gut Permeability in First Degree
Relatives of Crohn’s Disease Patients





OPS/images/fphys-12-645303-g001.gif





OPS/images/fphys-12-645303-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





