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Abstract
Background

Zonulin is an endogenous regulator of intestinal epithelial tight junctions and a biomarker of intestinal
permeability. This study evaluated the predictive value of fecal zonulin levels for the early identification
of necrotizing enterocolitis (NEC) risk in premature infants.

Methods

This single-center prospective cohort study included 91 premature infants (gestational age 22-32
weeks) and 25 term controls followed for 2 months. Fecal zonulin concentrations were measured by
enzyme-linked immunosorbent assay (ELISA) using stool samples collected on postnatal days 3, 7, and
14. The primary receiver operating characteristic (ROC) analysis was performed at the patient level, with
a sample-level ROC analysis conducted as a sensitivity analysis. Multivariate logistic regression was
performed as an exploratory analysis because of the limited number of NEC events.

Results

NEC developed in 10 of 91 (11.0%) premature infants at a mean postnatal age of 12.5 + 0.35 days. Mean
fecal zonulin concentrations on postnatal day 7 were significantly higher in infants who subsequently
developed NEC than in those who did not (618.4 + 89.9 ng/mL vs 343.5+76.7 ng/mL; p < 0.05). Patient-
level ROC analysis for day 7 fecal zonulin demonstrated an area under the curve (AUC) of 0.81, with 85%
sensitivity and 72% specificity at a cutoff value of 490 ng/mL. Sample-level ROC analysis (sensitivity
analysis) yielded an AUC of 0.995, with 100% sensitivity and 94.5% specificity at a cutoff value of 548.2
ng/mL. Exploratory multivariate logistic regression identified fecal zonulin as an independent predictor
of NEC; however, these findings should be interpreted cautiously because of the limited number of NEC
events.

Conclusions

Elevated fecal zonulin concentrations on postnatal day 7 are associated with subsequent development
of NEC in premature infants and may represent a promising noninvasive biomarker for early risk
stratification. Larger multicenter studies are warranted to validate these findings.

Background

Premature infants, particularly those born before 32 weeks of gestation, are highly vulnerable because of
the functional immaturity of multiple organ systems, including the gastrointestinal tract. One of the most
devastating complications in this population is necrotizing enterocolitis (NEC), a multifactorial disease
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characterized by intestinal barrier dysfunction, abnormal microbial colonization, and exaggerated
inflammatory responses that result in intestinal injury and high morbidity and mortality. Experimental and
clinical studies indicate that disruption of the intestinal epithelial barrier is an early event in NEC
pathogenesis, preceding bacterial translocation, uncontrolled intestinal inflammation, and tissue
necrosis. Despite advances in neonatal care, NEC remains difficult to predict before the onset of clinical
manifestations [1-3, 13-15].

The intestinal epithelial barrier plays a fundamental role in preventing bacterial translocation and limiting
intestinal inflammation. The integrity of this barrier depends on the coordinated function of the apical
junctional complex, including tight junctions and adherens junctions, which together regulate
paracellular permeability and maintain epithelial cohesion. In this study, we focused on zonulin, an
endogenous regulator of intestinal tight junction permeability that modulates paracellular permeability
and maintains intestinal barrier homeostasis. Zonulin is released primarily by intestinal enterocytes and
acts locally at the apical tight junctions between adjacent epithelial cells, where it reversibly regulates
the assembly of tight junction proteins. Increased zonulin release disrupts epithelial barrier integrity,
facilitating the translocation of bacteria, endotoxins, and other luminal antigens that initiate intestinal
inflammation. As fecal zonulin (FZ) reflects local barrier dysfunction rather than systemic inflammation,
it has emerged as a promising noninvasive biomarker of intestinal permeability. Beyond serving as an
indicator of intestinal inflammation, fecal zonulin in premature infants may also represent a biomarker of
delayed maturation of the intestinal epithelial barrier, reflecting developmental vulnerability before the
onset of overt disease. Because intestinal barrier disruption is believed to precede the clinical
manifestations of NEC, FZ may enable identification of premature infants at increased risk before the
onset of irreversible intestinal injury [4-12)].

Current research on the early prediction of NEC has focused primarily on inflammatory biomarkers,
particularly fecal calprotectin. Although fecal calprotectin reflects intestinal inflammation, its predictive
value in premature infants has been inconsistent, highlighting the need for biomarkers capable of
detecting intestinal barrier dysfunction before the development of overt inflammation and clinical
disease [16—-22].

Because disruption of the intestinal barrier is considered a pivotal early event in the pathogenesis of
NEC, fecal zonulin represents a biologically plausible candidate biomarker for early risk stratification.
However, data regarding its clinical utility in premature infants remain limited. Therefore, the objective of
this study was to evaluate whether fecal zonulin measured during the first two weeks of life can predict
the subsequent development of necrotizing enterocolitis in premature infants.

Methods
Study design and participants
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This single-center pilot prospective cohort study was conducted between 2021 and 2023 at the obstetric
hospitals and neonatal units of the Republican Perinatal Center, Tashkent, Uzbekistan. The study was
approved by the Ethics Committees of EMU University (Approval No. IP-2021-1223) and the Republican
Perinatal Center of Uzbekistan (Approval No. IP-2021-578). Written informed consent was obtained from
the parents or legal guardians of all participants before enrollment.

The study evaluated intestinal barrier biomarkers in premature infants during the first two weeks of life.
Inclusion criteria were birth at 22-32 weeks' gestation and admission to the neonatal intensive care unit
(NICU). The study protocol, including stool collection, was completed during the first 14 days of life, and
infants were subsequently followed until hospital discharge.

Exclusion criteria included major congenital heart disease, chromosomal or hereditary disorders, and
death during the first week of life. NEC was diagnosed according to the modified Bell staging criteria
described by Walsh and Kliegman [REF].

Clinical assessment and laboratory investigations

Maternal and neonatal demographic and clinical characteristics were prospectively recorded. All infants
underwent standardized physical examinations and routine laboratory investigations according to
institutional protocols, including complete blood count, serum bilirubin, blood glucose, C-reactive protein
(CRP), coagulation profile, and stool analysis. Instrumental investigations included chest and abdominal
radiography, cranial ultrasonography, and echocardiography when clinically indicated. Growth was
assessed using the Fenton growth charts.

Fecal samples were collected on postnatal days 3, 7, and 14. Fecal zonulin (FZ) concentrations were
measured using a commercially available enzyme-linked immunosorbent assay (ELISA) kit
(Immunodiagnostik AG, Germany). Fecal al-antitrypsin was determined by immunoturbidimetry, and
fecal calprotectin was measured on postnatal day 7 using ELISA (PhiCal®, Immunodiagnostik AG,
Germany).

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics (IBM Corp., Armonk, NY, USA).
Continuous variables are presented as mean * standard error of the mean (SEM), and categorical
variables as frequencies and percentages. Comparisons between groups were performed using
Student's t-test for independent samples. A two-sided p value < 0.05 was considered statistically
significant.

Receiver operating characteristic (ROC) curve analysis was performed to evaluate the predictive
performance of fecal zonulin, and optimal cutoff values were determined using the Youden index [23].
Sensitivity, specificity, positive predictive value, negative predictive value, and area under the ROC curve
(AUC) were calculated. Comparisons between ROC curves were performed using the DeLong test.
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Because only 10 infants developed NEC, multivariable logistic regression was considered exploratory
[24] and was performed to evaluate the independent association between fecal zonulin, fecal
calprotectin, C-reactive protein, and NEC. Odds ratios (ORs) and corresponding P values are reported.
Model discrimination was assessed using the area under the receiver operating characteristic curve
(AUC).

Results

Study population

A total of 91 premature infants born between 22 and 32 weeks' gestation were enrolled in the study. A
contemporaneous group of 25 healthy term newborns served as controls for developmental
comparisons. Baseline maternal and neonatal characteristics are summarized in Table 1.

Among the premature infants, 10 (10.9%) subsequently developed NEC at a mean postnatal age of 12.5
+ 0.4 days, whereas 81 (89.1%) completed their hospital course without NEC. According to the modified
Bell staging criteria, 6 infants developed stage IIA disease and 4 progressed to stage IIIA NEC without
intestinal perforation.

Developmental profile of fecal zonulin

Fecal zonulin (FZ) concentrations increased progressively in healthy term newborns during the first two
weeks of life (Table 2). Mean FZ concentrations increased from 28.5 + 3.6 ng/mL on postnatal day (D) 3
to 64.1 £ 5.1 ng/mL on D7 and 89.8 + 5.8 ng/mL on D14 (P for trend < 0.001).

In contrast, premature infants demonstrated substantially higher FZ concentrations throughout the study
period. Mean FZ concentrations were 490.9 + 73.5 ng/mL on D3, 507.7 + 77.2 ng/mL on D7, and 430.0 #
60.4 ng/mL on D14, corresponding to approximately 17-fold, 20-fold, and 5-fold higher values than
those observed in term infants, respectively (all P < 0.05) (Table 2).

Fecal zonulin and subsequent development of NEC
Serial FZ concentrations were analyzed according to subsequent clinical outcome (Table 2, Fig. 1).

On D3, mean FZ concentrations were similar between infants who subsequently developed NEC (339.5
78.9 ng/mL) and those who did not (373.7 + 65.8 ng/mL, P = 0.742).

By D7, FZ concentrations were significantly higher among infants who subsequently developed NEC
(618.4 £ 89.9 ng/mL) compared with infants without NEC (343.5 + 76.7 ng/mL, P < 0.05).
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By D14, FZ concentrations had decreased in infants with NEC (213.3 + 45.9 ng/mL) whereas
concentrations remained relatively stable among infants without NEC (376.9 + 66.5 ng/mL, P < 0.05).

These findings demonstrate that elevated FZ concentrations preceded the clinical diagnosis of NEC by
several days.

Inflammatory biomarkers
Inflammatory biomarkers are summarized in Table 3.

Infants who subsequently developed NEC demonstrated significantly higher concentrations of C-reactive
protein (CRP) (36.0 + 12.0 mg/L vs 12.0 + 2.27 mg/L, P < 0.05) and fecal calprotectin (214.8 + 38.3 ug/g
vs 85.5 + 35.7 ug/g, P < 0.05) than infants who did not develop NEC.

Predictive performance of fecal zonulin

Receiver operating characteristic (ROC) analysis was performed to evaluate the predictive performance
of FZ measured on postnatal days 3, 7, and 14 (Table 4, Fig. 2).

The primary patient-level ROC analysis demonstrated that FZ measured on D7 provided the highest
predictive accuracy for subsequent NEC, with an AUC of 0.81. The optimal cutoff value was 490 ng/mL,
corresponding to a sensitivity of 85% and specificity of 72%.

Sensitivity analysis performed using all stool samples demonstrated similar findings, with a D7 AUC of
0.995, sensitivity of 100%, specificity of 94.5%, and an optimal cutoff value of 548.2 ng/mL (Additional
file 1: Table S1).

Comparison with other biomarkers

The predictive performance of FZ was compared with other biomarkers of intestinal injury and
inflammation (Table 5).

FZ measured on D7 demonstrated superior discriminatory performance compared with fecal
calprotectin and CRP. The AUC for FZ was 0.995, compared with 0.84 for fecal calprotectin and 0.69 for
CRP, indicating higher predictive performance of FZ.

Sensitivity, specificity, positive predictive value, and negative predictive value for each biomarker are
summarized in Table 5.

Exploratory multivariable analysis
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Because only 10 infants developed NEC, multivariable logistic regression was considered exploratory.
The model incorporated fecal zonulin measured on D7, fecal calprotectin, and C-reactive protein (CRP).
Fecal zonulin remained the strongest independent predictor of NEC (OR 1.015; P < 0.001). Fecal
calprotectin (OR 1.009; P = 0.022) and CRP (OR 1.005; P = 0.049) also remained independently
associated with NEC (Table 6). The overall model demonstrated excellent discrimination, with an AUC of
0.997.

Secondary analyses

No significant association was observed between feeding type (exclusive breast milk, formula feeding,
or mixed feeding) and FZ concentrations on postnatal days 3, 7, or 14 (all P > 0.05).

Discussion

To our knowledge, this study is the first to characterize the dynamic profile of fecal zonulin (FZ2)
concentrations in premature and term newborn infants during the early neonatal period. In healthy term
newborns, mean FZ concentrations were 28.5 + 3.6 ng/mL on postnatal day (D) 3, 64.1 £ 5.1 ng/mL on
D7, and 89.8 + 5.8 ng/mL on D14. Sochaczewska et al. [25] previously measured FZ levels at birth and
reported concentrations of 74.14 ng/g. We detected substantially lower FZ concentrations on D3,
suggesting dynamic postnatal modulation of intestinal permeability during the early neonatal period.
toniewska et al. [12] subsequently demonstrated a progressive increase in FZ concentrations
throughout the first two years of life. Differences among studies may be explained by variations in age at
sampling, biological specimen, laboratory methodology, units of measurement, and study populations.

We observed a gradual rise in FZ concentrations in healthy term newborns from D3 to D14, suggesting
physiological regulation of intestinal permeability during early postnatal adaptation. This period is
characterized by increasing enteral feeding, establishment of the intestinal microbiome, maturation of
epithelial junctional complexes, and development of mucosal immune tolerance, all of which may
contribute to normal remodeling of the intestinal barrier. In contrast, FZ concentrations in premature
infants were markedly higher than in term infants, reaching approximately 17-fold higher levels on D3,
20-fold higher levels on D7, and fivefold higher levels on D14. These elevated concentrations likely reflect
immaturity of the gastrointestinal barrier and the associated predisposition to increased intestinal
permeability, thereby contributing to feeding intolerance and increased susceptibility to NEC and other
gastrointestinal complications [27]. Premature birth also interrupts exposure to amniotic fluid-derived
trophic factors, including hepatocyte growth factor, whereas human milk provides transforming growth
factor-B2, epidermal growth factor, lactoferrin, and human milk oligosaccharides that promote epithelial
maturation and barrier integrity. Consequently, persistently elevated FZ concentrations in premature
infants may reflect not only intestinal injury but also delayed maturation of the intestinal epithelial
barrier.
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Our data demonstrate that FZ concentrations were already elevated on D7, several days before the
clinical diagnosis of NEC. These findings provide biological support for the hypothesis that loss of
intestinal barrier integrity is an early pathogenic event in NEC. Increased epithelial permeability may
facilitate bacterial translocation, exposure of the immature intestinal immune system to luminal
microbial products, and activation of inflammatory pathways that ultimately culminate in intestinal
necrosis. Because the increase in fecal zonulin preceded the onset of overt disease, it is unlikely to
represent merely a marker of established intestinal injury. Rather, it may identify a clinically silent phase
of barrier dysfunction during which disease progression has begun but remains potentially modifiable.
Early recognition of this vulnerable window could permit closer surveillance and timely implementation
of preventive or therapeutic interventions in infants at greatest risk. Importantly, our findings
demonstrate not only an association between elevated FZ and NEC but also a temporal sequence in
which increased intestinal permeability preceded clinical disease, a prerequisite for considering FZ as a
predictive rather than merely a diagnostic biomarker.

A limited number of studies have evaluated circulating zonulin concentrations in premature infants.
Serum zonulin levels were not consistently elevated in infants with NEC, even in cases complicated by
intestinal perforation. As reported by Tarko et al. [29], increased serum zonulin concentrations may
reflect the extent of intestinal involvement rather than the severity of intestinal injury. Similar findings
have been reported by Li et al. [30], who suggested that plasma zonulin may serve as an early indicator
of inflammatory responses and intestinal dysfunction in severe NEC. These observations support the
concept that fecal zonulin may represent a more sensitive and localized marker of intestinal barrier
dysfunction during the earliest stages of disease. Because circulating zonulin may originate from
multiple organs, fecal zonulin is likely to provide greater specificity for assessing intestinal permeability
and epithelial barrier dysfunction [31]. Furthermore, serum zonulin has important biological and
analytical limitations. Zonulin (pre-haptoglobin 2) is synthesized by both enterocytes and hepatocytes,
and circulating concentrations may be influenced by systemic inflammatory and metabolic conditions. In
addition, several commercially available ELISA assays marketed for zonulin have been shown to detect
structurally related proteins rather than pre-haptoglobin 2 itself. Consequently, serum zonulin
concentrations should be interpreted cautiously. In contrast, FZ reflects proteins released directly into
the intestinal lumen and therefore provides a more localized assessment of epithelial barrier integrity.
Although similar analytical considerations apply to fecal assays, fecal measurements are less likely to be
influenced by extraintestinal sources and may offer greater biological specificity for disorders
characterized by primary intestinal injury, such as NEC.

The pathophysiology of NEC is multifactorial, involving intestinal barrier immaturity, dysbiosis, altered
immune responses, and microvascular dysfunction [28]. Unlike fecal calprotectin, which reflects
neutrophil-mediated intestinal inflammation, zonulin regulates epithelial tight junctions and intestinal
permeability. Elevated FZ therefore reflects early epithelial barrier dysfunction rather than established
inflammation. By disrupting barrier integrity, zonulin facilitates bacterial translocation and innate
immune activation. In the 10 infants who subsequently developed NEC, FZ concentrations were already
elevated on D7, before the onset of clinical manifestations, supporting the concept that barrier
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dysfunction precedes the inflammatory cascade leading to NEC. As microbial colonization rapidly
evolves during the first weeks of life, increased FZ may identify premature infants with delayed intestinal
barrier maturation before overt disease develops. These findings suggest that fecal zonulin is both a
biomarker of epithelial barrier dysfunction and a marker of delayed intestinal barrier maturation,
providing an opportunity for earlier risk stratification and preventive intervention.

In our study, fecal calprotectin also demonstrated prognostic value for the early detection of NEC.
Calprotectin is a well-established marker of neutrophil-mediated intestinal inflammation, and our
findings are consistent with recent studies by ZongLi et al. (2025) and Aydemir et al. (2025), which
demonstrated that fecal calprotectin levels are significantly elevated in premature infants with NEC and
may be useful for the early diagnosis and assessment of disease severity [34, 35]. However, these
findings should be interpreted cautiously, particularly in small cohorts, because intestinal dysbiosis
alone, even in the absence of NEC, may increase fecal calprotectin concentrations [36]. This limitation
suggests that inflammatory biomarkers may be most informative when interpreted alongside biomarkers
that reflect intestinal barrier function. To explore this concept, we developed a multivariable logistic
regression model incorporating fecal zonulin, fecal calprotectin, and C-reactive protein. Although this
analysis should be considered exploratory because of the limited number of NEC events, the combined
model improved predictive performance and identified FZ as the strongest independent predictor of
subsequent NEC. These findings support the complementary roles of biomarkers reflecting epithelial
barrier dysfunction and intestinal inflammation and provide a rationale for incorporating fecal zonulin
into multimarker strategies for early risk stratification and individualized management of premature
infants at increased risk for NEC.

Comparable results regarding the prognostic relevance of fecal calprotectin have been reported by
Godovanets et al. [21], who demonstrated that, based on ROC analysis, several fecal markers—including
calprotectin, albumin, polymorphonuclear elastase, and al-antitrypsin—exhibited the highest sensitivity
and specificity in premature infants with digestive disorders associated with various perinatal
pathologies. Taken together, these data support the complementary role of inflammatory and
permeability-related fecal biomarkers in improving the early identification and risk assessment of NEC.
Future studies should evaluate whether combining FZ with additional biomarkers of intestinal
permeability, inflammation, epithelial injury, and microbial dysbiosis further improves the early prediction
and risk stratification of NEC.

Limitations

This study has several limitations. First, it was conducted at a single tertiary referral center with a
relatively small sample size, including only 10 infants who developed NEC, which may limit the
generalizability of the findings. Consequently, the multivariable logistic regression analysis should be
considered exploratory, and validation in larger multicenter cohorts is required to confirm the predictive
performance of fecal zonulin and the proposed multimarker model.
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Second, the degree of prematurity was not incorporated as an independent stratification variable.
Inclusion of gestational age as a covariate could have provided a more precise assessment of its
influence on intestinal permeability, inflammatory biomarkers, and the subsequent risk of NEC.

Third, the intestinal microbiome was not characterized. Because intestinal dysbiosis, particularly
expansion of Enterobacteriaceae and other Gammaproteobacteria, is closely linked to epithelial barrier
dysfunction and NEC, future studies integrating longitudinal microbiome profiling with fecal zonulin
measurements may further clarify the temporal relationship between microbial colonization, barrier
dysfunction, and disease development.

Fourth, fecal zonulin was measured using a commercially available ELISA assay. Recent studies have
demonstrated that some assays marketed for zonulin may detect structurally related proteins in addition
to pre-haptoglobin 2. Although this analytical limitation should be considered when interpreting absolute
concentrations, all specimens were analyzed using the same assay under identical conditions,
preserving the validity of the observed between-group comparisons.

Finally, several potentially important clinical variables, including the severity of respiratory disease, the
presence and grade of intraventricular hemorrhage, duration of antibiotic therapy, feeding practices, and
other neonatal comorbidities, were not incorporated into the multivariable analysis. These factors may
influence inflammatory responses, intestinal barrier function, and the risk of NEC and should be
considered in future investigations.

Despite these limitations, the prospective design, serial longitudinal fecal sampling during the first two
weeks of life, inclusion of a healthy term control group, and demonstration that fecal zonulin increased
before the clinical onset of NEC represent important strengths of this study. Together, these findings
provide novel evidence supporting fecal zonulin as a promising early biomarker of intestinal barrier
dysfunction and a potential tool for risk stratification in premature infants at risk for necrotizing
enterocolitis.

Conclusions

This prospective study demonstrates that FZ is a promising noninvasive biomarker of early intestinal
barrier dysfunction in premature infants. Elevated FZ concentrations preceded the clinical onset of
necrotizing enterocolitis, supporting the concept that disruption of epithelial barrier integrity is an early
event in disease pathogenesis. Compared with inflammatory biomarkers that primarily reflect
established mucosal inflammation, FZ may identify a preclinical phase of disease during which
preventive interventions remain feasible. Furthermore, combining FZ with inflammatory biomarkers such
as fecal calprotectin and C-reactive protein may improve risk stratification in premature infants. Although
these findings require confirmation in larger multicenter studies, they provide a strong rationale for
incorporating biomarkers of intestinal permeability into future predictive models and prevention
strategies for NEC.
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Tables

Tables 1 to 6 are available in the supplementary files section.
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Figure 1

Longitudinal changes in fecal zonulin concentrations.
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Figure 2

ROC curves for prediction of NEC.
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