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Abstract

Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) is increasingly
recognized as part of the broader spectrum of metabolic disorders, with links to obesity, insulin
resistance, and systemic inflammation. Emerging evidence points to a role of the gut-liver axis,
particularly intestinal permeability, in its pathogenesis. Zonulin —a regulator of tight junctions—has
been proposed as a marker of impaired barrier function, but its relevance in MASLD remains unclear.
Methods: We conducted a prospective observational study including 52 adult patients diagnosed with
MASLD. Hepatic steatosis was evaluated using the SteatoTest (FibroMax panel), while fecal zonulin
levels were measured by ELISA at baseline. Clinical, anthropometric, and metabolic parameters were
assessed. We used ROC curve analysis to explore zonulin’s predictive value for moderate-to-severe
steatosis (252). Results: Fecal zonulin levels above 107 ng/mL were found in 26.9% of participants.
This group showed a higher frequency of moderate-to-severe steatosis (78.6%) compared to those
with lower zonulin levels (55.3%), although the correlation with SteatoTest was weak (r = 0.19, p >
0.05). No significant associations were found between zonulin and liver fibrosis, insulin resistance
(HOMA-IR), or the BARD score. The AUC for detecting steatosis > 52 was 0.68. Conclusions: Although
limited as a standalone diagnostic tool, fecal zonulin may reflect underlying gut barrier dysfunction
in MASLD and show moderate association with hepatic steatosis. Its role as a complementary
biomarker in non-invasive stratification frameworks warrants further study, especially in larger
cohorts with control groups.

Keywords: MASLD; zonulin; fecal biomarkers; intestinal permeability; SteatoTest; FibroMax; gut—
liver axis; hepatic steatosis

1. Introduction

Over the past 15 years, metabolic dysfunction-associated steatotic liver disease (MASLD) has
garnered increasing attention from researchers, primarily due to the rising global prevalence and its
association with multiple comorbidities. The condition carries a significant risk of progression to
steatohepatitis, fibrosis, cirrhosis, or even hepatocellular carcinoma in the absence of timely medical
or nutritional intervention [1]. The recent change in nomenclature reflects a deeper understanding of
this disease, highlighting its links with insulin resistance, type 2 diabetes mellitus, dyslipidemia,
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cardiovascular disease, hypertension, and obesity [2]. The growing prevalence of obesity [3], as well
as the increasing incidence of type 2 diabetes, cardiovascular disease, and dyslipidemia, has
intensified scientific interest in the metabolic and clinical implications of MASLD [4].

Recent evidence has emphasized the pivotal role of the gut-liver axis in the pathogenesis of
MASLD. This bidirectional communication pathway involves interactions between the intestinal
microbiota, intestinal barrier integrity, and systemic inflammatory responses.

Among the proposed mechanisms, altered intestinal permeability — often referred to as “leaky
gut” —has gained considerable attention. This condition allows the translocation of endotoxins,
bacteria, and other pro-inflammatory molecules into the portal circulation, which may contribute to
systemic inflammation, hepatic injury, and disease progression [5,6].

Zonulin is a protein involved in the regulation of intestinal tight junctions, playing a key role in
modulating barrier permeability. Increased fecal levels of zonulin have been observed in metabolic
disorders such as obesity and type 2 diabetes, as well as in several inflammatory and liver-related
conditions, suggesting a possible link with compromised gut integrity [7,8]. However, the evidence
regarding its role in MASLD remains limited and inconclusive. Few studies to date have explored
the potential of fecal zonulin as a non-invasive biomarker of altered intestinal permeability in
MASLD patients [8,9].

Study Objective

This observational study aimed to evaluate fecal zonulin levels in patients with MASLD and to
investigate its potential association with metabolic and hepatic parameters. We hypothesized that
intestinal barrier dysfunction, reflected by elevated fecal zonulin, may be present in individuals with
MASLD and could serve as a potential link between gut permeability and disease pathogenesis.

2. Materials and Methods
2.1. Study Design and Ethical Approval

This prospective, observational, single-center study was approved by the Ethics Committee of
the Emergency Clinical County Hospital of Targu Mures (Approval No. Ad. 5004/16.02.2023). All
participants provided written informed consent for inclusion in the study and granted permission
for their data to be accessed exclusively for research purposes. All procedures were conducted in
strict accordance with the ethical standards outlined in the Declaration of Helsinki.

The study was conducted between February and December 2023. A total of 52 patients were
enrolled from the Gastroenterology Department of the same institution. All patients were evaluated
via abdominal ultrasonography, which confirmed the presence of hepatic steatosis.

Note on terminology: In accordance with the 2023 international consensus, the nomenclature for
fatty liver disease has shifted from “non-alcoholic fatty liver disease (NAFLD)” to “metabolic
dysfunction-associated steatotic liver disease (MASLD),” and from “non-alcoholic steatohepatitis
(NASH)” to “metabolic dysfunction-associated steatohepatitis (MASH).” In this study, we use the
terms NAFLD and NASH where applicable, particularly in reference to established diagnostic tools
such as FibroMax and BARD that were developed under the previous classification system.

2.2. Inclusion and Exclusion Criteria

Eligible participants were adults aged 18 years or older with a diagnosis of hepatic steatosis or
steatohepatitis confirmed by abdominal ultrasonography and FibroMax testing. Patients were
enrolled consecutively from the Gastroenterology Department of the Emergency Clinical County
Hospital of Targu Mures between February and December 2023.

Exclusion criteria included daily alcohol intake exceeding standard recommended thresholds,
the absence of written informed consent, and the presence of cirrhosis of toxic or alcohol-related
etiology. Additional exclusion criteria were pregnancy or lactation, ongoing or planned bariatric
surgery, psychiatric disorders, renal insufficiency, and advanced cardiovascular disease.
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2.3. Anthropometric and Biochemical Assessment

At baseline, all participants underwent a structured medical interview, including a detailed
assessment of dietary habits and lifestyle. Anthropometric measurements were obtained under
standardized conditions and included height, weight, waist circumference, and hip circumference.
Body mass index (BMI) was calculated using the standard formula (kg/m?). Measurements were
performed by trained personnel blinded to the participants’ laboratory results.

Fasting venous blood samples were collected following a minimum 12-h fast. The biochemical
parameters measured included fasting plasma glucose (glycemia a jeun), the HOMA-IR index
(Homeostasis Model Assessment of Insulin Resistance), liver function enzymes, total cholesterol,
HDL cholesterol, serum triglycerides, and other routine laboratory indicators.

To assess intestinal permeability, fecal samples were collected, and zonulin concentrations were
determined using validated laboratory techniques in an accredited clinical laboratory.

2.4. Hepatic Evaluation: FibroMax and BARD Score

All patients underwent hepatic evaluation using the FibroMax test panel, a non-invasive
diagnostic tool developed by BioPredictive (France) and validated in multiple clinical studies for the
assessment of NAFLD and NASH. The FibroMax panel includes five distinct components, each
designed to evaluate a specific aspect of liver pathology: FibroTest assesses the degree of fibrosis,
ActiTest measures necroinflammatory activity, SteatoTest estimates the extent of steatosis, NashTest
screens for non-alcoholic steatohepatitis, while AshTest helps differentiate alcohol-related hepatic
injury.

Interpretation of the results was based on reference standards provided by the manufacturer.
For FibroTest, scores ranged from FO (no fibrosis) to F4 (severe fibrosis). SteatoTest scores were
classified from SO (no steatosis) to S3 (advanced steatosis). ActiTest scores ranged from AO (no
necroinflammatory activity) to A3 (severe activity). NashTest scores ranged from NO (no
inflammation) to N2 (confirmed inflammation), and AshTest scores ranged from HO (no alcoholic
inflammation) to H3 (severe alcoholic inflammation).

Each participant’s BARD score was also calculated to estimate the risk of advanced fibrosis and
cirrhosis in the context of non-alcoholic fatty liver disease (NAFLD). The BARD score, which varies
between 0 and 4, is calculated based on three clinical criteria: body mass index (BMI), abdominal
obesity, and the presence of type 2 diabetes. It is commonly used to estimate the risk of advanced
fibrosis in metabolic liver disease.. Based on BMI, participants were divided into three groups: Group
0 (normal BMI < 25 kg/m?), Group 1 (overweight, BMI 25.0-29.9 kg/m?), and Group 2 (obese, BMI >
30 kg/m?).

2.5. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics, version 21.0 (IBM Corp., Armonk,
NY, USA). Graphs were generated using Microsoft Excel. Data distribution was evaluated using the
Shapiro-Wilk test. Continuous variables are presented as mean + standard deviation (SD), and
categorical variables as counts and percentages.

For group comparisons, the independent-sample Student’s t-test was applied for normally
distributed continuous variables, while the chi-square (x?) test was used for categorical variables.
Correlations between variables were assessed using Pearson’s correlation coefficient.

To evaluate the diagnostic performance of fecal zonulin in predicting moderate-to-severe
steatosis (SteatoTest > 52), receiver operating characteristic (ROC) curve analysis was conducted and
the area under the curve (AUC) was calculated. A p-value of <0.05 was considered statistically
significant.
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3. Results
3.1. Baseline Characteristics Stratified by Fecal Zonulin Levels

Out of the 52 patients with MASLD included in the final analysis, 30 (57.7%) were female, with
amean age of 43.7 + 13.2 years and a mean BMI of 28.6 + 5.2 kg/m?. Elevated fecal zonulin levels (>107
ng/mL), indicative of increased intestinal permeability, were observed in 14 patients (26.9%).

When comparing individuals with elevated vs. normal zonulin levels, certain metabolic
differences emerged, though statistical significance was not reached. Patients with higher zonulin
values had, on average, a higher BMI (30.4 +5.6 vs. 27.9 + 4.8 kg/m? p =0.12) and a greater proportion
of insulin resistance as defined by HOMA-IR > 2.5 (57.1% vs. 34.2%; p = 0.18). (Table 1)

Notably, moderate-to-severe hepatic steatosis (SteatoTest > S2) was more frequent among
patients with elevated zonulin (78.6%) compared to those with lower levels (55.3%), reflecting a
potential trend (p =0.10). No significant differences were observed regarding age, sex distribution, or
fibrosis stage (FibroTest > F1) between the two groups.

Although these differences did not meet the conventional threshold for statistical significance,
they suggest a possible link between gut permeability and metabolic dysregulation in MASLD. These
preliminary findings merit further investigation in larger, prospective cohorts.

Table 1. Baseline clinical and metabolic characteristics according to fecal zonulin levels in MASLD patients (1 =

52).
. All Patients Zonulin <107 ng/mL (1 Zonulin > 107 ng/mL (n
Variable (1 =52) - 38) - 14) p-Value
Age (years) 437132 21125 478142 0.15
Female,n (%) 30 (57.7%) 22 (57.9%) 8 (57.1%) 0.95
BMI (kg/m?2) 28.6+52 27.9+48 30.4£5.6 0.12
- >
HOMA (I/R) 2250 o1 40.4%) 13 (34.2%) 8 (57.1%) 0.18
>
5 teatOT(eO/S; 220 51 (59.6%) 21 (55.3%) 11 (78.6%) 0.10
FibroTest > F1
ibro (e;t) 16/ (30.8%) 10 (26.3%) 5 (31.3%) 0.73

Note: Values are expressed as mean + SD or n (%). Comparisons were made using Student’s ¢-test for continuous
variables and x? test for categorical variables. HOMA-IR > 2.5 defines insulin resistance; SteatoTest > S2 indicates
moderate-to-severe steatosis; FibroTest > F1 indicates presence of liver fibrosis.
3.2. Non-Invasive Hepatic Profiling Using the FibroMax Panel

A comprehensive non-invasive hepatic evaluation was performed for all participants using the

FibroMax panel, which includes SteatoTest, FibroTest, ActiTest, and NashTest (Table 2).

Table 2. Distribution of SteatoTest, FibroTest, ActiTest, ad NashTest Scores at Baseline in Patients with MASLD

(n=52).
Score Type Category n (%)

SteatoTest S0 (No steatosis) 10 (19.2%)
S1 (Mild) 15 (28.8%)

S2 (Moderate) 8 (15.4%)
S3 (Severe) 10 (19.2%)

Intermediate (S1-S2, S2-53) 9 (17.3%)
FibroTest FO (No fibrosis) 33 (63.5%)
F1 (Mild) 6 (11.5%)

F2 (Moderate) 5 (9.6%)

F3-F4 (Advanced) 3 (5.8%)
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F4 5 (9.6%)
ActiTest A0 (No necroinflammatory activity) 31 (59.6%)
A1l (Mild activity) 12 (23.1%)
A2-A3 (Moderate-Severe activity) 9 (17.3%)
NashTest NO (No inflammation) 25 (48.1%)
N1 (Possible NASH) 21 (40.4%)
N2 (Definite NASH) 6 (11.5%)

Note: Intermediate SteatoTest stages (e.g., S1-S2, S2-S3) were grouped to reflect clinical ambiguity in biomarker

transitions.

Hepatic steatosis was highly prevalent, with 80.8% of patients presenting with at least mild
steatosis (=51), and 34.5% exhibiting either moderate (S2) or severe (S3) steatosis. An additional 17.3%
displayed intermediate stages (51-S2 or S2-53), which may reflect transitional metabolic profiles.

Regarding liver fibrosis, 36.5% of participants had any degree of fibrosis (=F1), while 5.8% had
advanced fibrosis (F3-F4). Necroinflammatory activity (ActiTest > Al) was observed in 40.4% of
patients, including 17.3% with moderate-to-severe activity. Additionally, 11.5% of patients were
classified with definite NASH (N2), while 40.4% were borderline (N1), suggesting potential
inflammatory liver injury in a substantial proportion of the cohort.

These findings support the metabolic burden and hepatic involvement associated with MASLD,
even in a relatively young and ambulatory population.

3.3. Correlation Between Fecal Zonulin and Hepatic or Metabolic Parameters

Pearson’s correlation analysis revealed a modest, non-significant positive association between
fecal zonulin concentrations and hepatic steatosis severity, as assessed by the SteatoTest (r=0.19). No
meaningful correlations were observed between fecal zonulin and FibroTest-derived fibrosis scores
(r=0.04) or insulin resistance as measured by HOMA-IR (r = 0.08). These findings suggest that, within
this cohort, zonulin levels did not strongly reflect hepatic fibrotic burden or systemic metabolic
dysfunction. A scatterplot of fecal zonulin versus HOMA-IR is provided in Figure 1.

Fecal zonulin vs. HOMA-IR (range: 14.85-167.8 ng/mL)

10

HOMA-IR

0 T T T T T T T T
20 40 60 80 100 120 140 160
Fecal zonulin (ng/mL)

Figure 1. Scatterplot illustrating the relationship between fecal zonulin concentrations and insulin resistance
(HOMA-IR). The red line represents the line of best fit with 95% confidence interval. No statistically significant

correlation was observed (r = 0.08, p > 0.05).
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3.4. Predictive Value of Fecal Zonulin for Hepatic Steatosis

To further explore the clinical relevance of fecal zonulin concentrations in MASLD, we assessed
its discriminative capacity for detecting moderate-to-severe hepatic steatosis (defined as SteatoTest >
S2) using receiver operating characteristic (ROC) curve analysis. The area under the curve (AUC) was
0.68, indicating a modest, yet potentially meaningful, ability of fecal zonulin to differentiate between
patients with and without significant steatosis (Figure 2).

Although the diagnostic performance did not reach thresholds typically associated with
standalone biomarkers, the observed AUC suggests a potential contributory role for fecal zonulin
when interpreted alongside other clinical and biochemical parameters. Given its non-invasive nature
and biological plausibility as a marker of intestinal permeability, fecal zonulin may warrant further
evaluation in larger, prospective cohorts and in multimarker predictive models.

1.0 1

0.8 1

0.6 1

0.4 A

True positive rate

0.2 4

0.0 +— T T T
0.0 0.2 04 0.6 0.8 1.0

False positive rate

— AUC =068

Figure 2. ROC Curve for Fecal Zonulin Predicting Moderate-to-Severe Steatosis (Steato Test > S2).

3.5. BARD Score Analysis

To evaluate the clinical validity of the BARD score within this MASLD cohort, correlation
analyses were performed with key hepatic and metabolic indicators. As expected, a strong positive
correlation was identified between BARD score and body mass index (BMI) (r = 0.494, p < 0.001),
reflecting the structural weighting of BMI within the score algorithm. Additionally, a significant
correlation was observed between BARD score and hepatic steatosis severity, as assessed by the
SteatoTest (r = 0.369, p = 0.007) (Table 3). These associations support the score’s utility in stratifying
hepatic risk in metabolic liver disease, even within a relatively young, ambulatory population.

No relevant correlations were noted between BARD score and fecal zonulin concentrations,
suggesting that gut permeability, as assessed by zonulin, may capture a distinct biological dimension
not fully reflected by traditional metabolic risk indices.

Table 3. Pearson Correlation Matrix Between BMI, SteatoTest, and BARD Score (n = 52).

BMI SteatoTest BARD Score
BMI 1 0.645 ** 0.494 **
SteatoTest 0.645 ** 1 0.369 **
BARD score 0.494 ** 0.369 ** 1
Values represent Pearson correlation coefficients. All correlations marked ** are significant at the 0.01 level (2-

tailed).
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4. Discussion
4.1. Intestinal Barrier Dysfunction and Its Role in MASLD Pathogenesis

Disruption of the intestinal barrier has emerged as a key contributor to the pathogenesis of
metabolic dysfunction-associated steatotic liver disease (MASLD). Zonulin, a physiological
modulator of tight junctions, reflects gut permeability and has been increasingly studied as a non-
invasive biomarker. Recent investigations have shown elevated zonulin levels in MASLD and non-
alcoholic fatty liver disease (NAFLD), particularly in relation to steatosis rather than fibrosis [10,11].
In our prospective cohort, 26.9% of patients demonstrated elevated fecal zonulin (>107 ng/mL). While
the correlation between zonulin levels and SteatoTest score was modest (r = 0.19), the noticeably
higher prevalence of moderate-to-severe steatosis in this subgroup (78.6% vs. 55.3%) raises the
possibility that microbial translocation through a disrupted gut barrier may contribute to systemic
inflammatory responses and promote fat deposition within the liver [10,12,13].

4.2. Zonulin, Fibrosis, and Insulin Resistance

Importantly, fecal zonulin was not significantly associated with liver fibrosis severity (FibroTest,
r=0.04) or insulin resistance (HOMA-IR, r = 0.08). This finding supports the hypothesis that increased
intestinal permeability may operate as an early and independent driver in MASLD pathogenesis,
preceding both fibrotic remodeling and systemic metabolic dysfunction [14-16]. These results mirror
recent data indicating that gut barrier dysfunction tends to be more pronounced in early-stage
steatosis and may evolve independently from traditional metabolic markers such as insulin
resistance.

4.3. Diagnostic Utility of Zonulin

The discriminative ability of fecal zonulin for identifying moderate-to-severe steatosis was
modest (AUC = 0.68), in line with earlier reports that caution against using zonulin as a standalone
diagnostic tool [17]. However, given its non-invasive nature and plausible biological role, zonulin
may hold added value in multimodal assessment frameworks. Integrative diagnostic strategies that
combine permeability markers (zonulin, LBP), microbial-derived metabolites, and established
metabolic indices have shown promise in improving MASLD stratification [14,18]. In this context,
fecal zonulin could contribute to refining risk profiles, particularly in patients with ambiguous
clinical or imaging findings.

4.4, The BARD Score and Gut-Liver Axis Disconnection

The BARD score remains a practical fibrosis risk assessment tool, based on simple clinical
parameters: BMI, presence of type 2 diabetes, and AST/ALT ratio. In our study, BARD score
correlated moderately with both BMI (r = 0.494) and SteatoTest (r = 0.369), confirming its dependence
on metabolic components. However, no correlation was found between BARD score and fecal
zonulin. This dissociation highlights that gut barrier dysfunction may reflect a distinct axis of MASLD
pathophysiology —one not captured by conventional metabolic risk scores [19,20]. Therefore, there is
growing rationale to develop enhanced predictive models that incorporate gut-derived biomarkers
alongside traditional tools such as the BARD, FIB-4, or FAST scores.

4.5. Pathophysiological Basis and Experimental Evidence

Preclinical studies offer biological plausibility for the observed link between intestinal
permeability and hepatic injury. Experimental studies in animal models have shown that decreased
expression of tight junction proteins like ZO-1 and occludin can lead to increased permeability,
allowing microbial compounds such as LPS to reach the liver and trigger inflammatory processes
and lipid buildup [21,22]. Dysbiosis-induced activation of the toll-like receptor 4 (TLR4) pathway has
also been shown to exacerbate hepatic steatosis and fibrosis [23,24]. Our findings are consistent with
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this gut-liver axis framework and provide clinical evidence supporting its translational relevance in
human MASLD.

4.6. Clinical Relevance and Future Perspectives

Despite the moderate strength of associations, fecal zonulin remains a biologically plausible and
easily obtainable biomarker that may help capture a previously underrecognized component of
MASLD: intestinal permeability. Its incorporation into non-invasive diagnostic algorithms—
especially in combination with other stool-based or serum markers—could enrich risk stratification,
particularly for patients in early or ambiguous stages of the disease.

Future research should pursue multicenter validation in larger cohorts, standardized fecal
biomarker collection protocols, and head-to-head comparisons with alternative gut-derived markers
(e.g., calprotectin, LBP). Longitudinal studies are also needed to evaluate whether changes in zonulin
over time correlate with progression or regression of hepatic steatosis and fibrosis, particularly in
response to lifestyle or pharmacologic interventions.

4.7. Study Strengthts and Limitations

This study’s prospective design, use of the validated FibroMax panel, and inclusion of zonulin
as a non-invasive intestinal permeability biomarker are noteworthy strengths. Moreover, the use of
SteatoTest enables nuanced stratification of steatosis stages, correlating with histologic findings in
previous validation studies. Nonetheless, some limitations must be acknowledged. The relatively
small sample size (n = 52), single-center recruitment, and absence of a healthy control group restrict
generalizability. In addition, variability in stool consistency and pre-analytical handling can affect
fecal zonulin reliability [25]. These challenges highlight the need for technical standardization and
external validation in future studies.

Altogether, our findings support the role of intestinal permeability in the early stages of MASLD
and underscore the importance of incorporating gut-liver axis biomarkers into non-invasive
assessment strategies. While zonulin alone may not offer sufficient diagnostic accuracy, its inclusion
in multimodal frameworks holds promise for enhancing early detection, risk stratification, and
personalized care in MASLD.

5. Conclusions

In this prospective study, fecal zonulin levels were associated with moderate-to-severe hepatic
steatosis in patients with MASLD, suggesting a potential link between gut barrier dysfunction and
liver fat accumulation.

While the diagnostic accuracy of fecal zonulin in isolation was limited (AUC = 0.68), its ease of
collection and plausible role in gut-liver interactions make it a candidate for inclusion in broader
non-invasive assessment strategies.

No significant associations were found between zonulin and fibrosis stage, insulin levels, or the
BARD score, indicating that intestinal permeability may capture a distinct pathophysiological aspect
of MASLD.

Larger studies with control groups and additional non-invasive markers are needed to validate
these findings and to determine the clinical utility of fecal zonulin in routine MASLD assessment.
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Abbreviations

MASLD Metabolic dysfunction-associated steatotic liver disease
NAFLD Non-alcoholic fatty liver disease

NASH Non-alcoholic steatohepatitis

MASH Metabolic dysfunction-associated steatohepatitis
BMI Body mass index

T2DM Type 2 diabetes mellitus

HOMA-IR Homeostasis Model Assessment of Insulin Resistance
AUC Area under the curve

ROC Receiver operating characteristic

LPS Lipopolysaccharide

Z0-1 Zonula occludens-1

AST Aspartate aminotransferase

ALT Alanine aminotransferase

HDL High-density lipoprotein

LDL Low-density lipoprotein

LBP Lipopolysaccharide-binding protein

ELISA Enzyme-linked immunosorbent assay

SPSS Statistical Package for the Social Sciences

SD Standard Deviation
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