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ABSTRACT

Background/Aims: Intestinal alkaline phosphatase (IAP) is a key regulator of gut barrier function, inflammation, and metabolic homeo-
stasis. Human studies evaluating tissue IAP (tIAP) and serum IAP (sIAP) levels in obesity are limited. The current study aimed to investi-
gate the association of sIAP and duodenal IAP levels with obesity and metabolic syndrome (MeS).

Materials and Methods: Fifty-two adults undergoing diagnostic upper endoscopy were prospectively enrolled. sIAP and tIAP levels
were measured using Enzyme-Linked Immunosorbent Assay (ELISA), and intestinal IAP expression was assessed by Western blotting.
Participants were classified according to body mass index (BMI) and MeS status.

Results: Both sIAP and tIAP levels showed strong inverse correlations with BMI (P < .01) and waist circumference. Obese individuals
exhibited significantly lower IAP levels than normal-weight participants (P <.001). tIAP levels were significantly lower in subjects with
MeS. Western blot analysis confirmed reduced IAP expression in obese individuals (P =.0139).

Conclusion: Reduced systemic and local IAP levels are associated with obesity and MeS, suggesting that IAP may serve as a potential

biomarker for metabolic disease.
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INTRODUCTION

Obesity is a multifactorial metabolic disorder character-
ized by abnormal adipose tissue accumulation and persis-
tent low-grade systemic inflammation. This condition is
closely associated with the development of insulin resis-
tance, alterations in lipid metabolism, and an increased
risk of cardiovascular disease. Beyond caloric imbalance,
recent research has emphasized the pivotal role of the
gut-liver axis and intestinal microbiota in the develop-
ment of obesity and metabolic syndrome (MeS). Alkaline
phosphatase (ALP), first described in 1907 by Suzuki et
al,'is a membrane-bound glycoprotein that, in humans, is
classified into 4 isoenzymes according to tissue distribu-
tion: placental ALP, germ cell ALP, tissue-nonspecific ALP
(expressed in the liver, bone, and kidney), and intestinal
alkaline phosphatase (IAP).21AP is an endogenous brush
border enzyme expressed in the entire intestinal mucosa,
with highest expression in the duodenal mucosa. IAP
is localized to the apical microvilli on the brush edge of
enterocytes and is released into both the intestinal lumen
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andthe bloodstream.? IAP exerts several critical physiolog-
ical functions, including detoxification of lipopolysaccha-
rides (LPS), regulation of gut permeability, modulation of
lipid absorption, and maintenance of microbiota homeo-
stasis.* With these functions, IAP plays an important role
in chronic intestinal inflammation and energy balance.
Animal studies have shown that IAP deficiency in mice
leads to endotoxemia, insulin resistance, and obesity.>¢
Another animal study demonstrated a clear association
between IAP and MeS, showing that IAP inhibits endo-
toxin absorption and both prevents and reverses high-fat
diet-induced MeS.” An early human study evaluating both
duodenal tissue messenger ribonucleic acid (mRNA) and
protein expression demonstrated that IAP levels were
significantly decreased in newly diagnosed celiac dis-
ease, likely reflecting impaired intestinal barrier integrity
given the role of IAP in lipopolysaccharide detoxification
and innate immune regulation, with partial normaliza-
tion following a gluten-free diet.2 Another human study
by Malo et al® demonstrated that IAP plays a protective
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role against type 2 diabetes mellitus (T2DM). The authors
showed that fecal IAP levels were significantly lower in
patients with T2DM compared to healthy controls and
that decreased IAP levels were independently associ-
ated with an increased risk of diabetes. Human studies,
however, remain limited and partially conflicting. Reduced
fecal or serum IAP (slIAP) levels have been associated with
obesity and MeS, but data on duodenal tIAP expression
remain scarce.”® Given that IAP is secreted into both the
intestinal luminal and the systemic circulation, simulta-
neous evaluation of serum and tissue levels may provide
more reliable insights into its metabolic relevance.

The current study was designed to examine the associa-
tion of obesity with both sIAP and duodenal IAP levels and
to assess their relationship with MeS. It was hypothesized
that obese individuals and those with MeS would exhibit
lower IAP activity than normal-weight subjects.

MATERIALS AND METHODS

This prospective observational study included 52 adult
patients scheduled to undergo upper gastrointestinal
endoscopy in the Ege University Endoscopy Unit based
on indications determined by a gastroenterologist. Eligible
patients had serum ALP, fasting blood glucose, and lipid
profile measurements available within at least 1 month
prior to the procedure. Patients were enrolled between
December 2017 and May 2018 (Figure 1). Exclusion cri-
teria included chronic liver disease, renal dysfunction,
inflammatory bowel disease, recent infection, malig-
nancy, and antibiotic or probiotic use within the previous
3 months. Anthropometric measurements were obtained
with participants wearing light clothing and no shoes.
Body mass index (BMI) was calculated as body weight in
kilograms divided by height in meters squared. Waist cir-
cumference was measured at the midpoint between the
inferior border of the last rib and the iliac crest. After a
10-minute resting period, blood pressure was measured
using an automated sphygmomanometer. Fasting venous
blood samples were collected following an overnight fast
of at least 12 hours for sIAP measurement.

Main Points

Intestinal alkaline phosphatase (IAP) levels differ accord-
ing to obesity status.

Reduced IAP levels are associated with metabolic and
inflammatory parameters in obese individuals.

IAP may serve as a clinically relevant biomarker of obesity-
related metabolic dysfunction.

Serum samples were centrifuged at 1000 x g for 10 min-
utes and stored at —80°C until analysis. Duodenal mucosal
biopsy specimens were obtained from the second portion
of the duodenum during endoscopy and immediately
frozen in liquid nitrogen. IAP levels were quantified in
both serum and tissue homogenates using a commercial
ELISA kit (FineTest Human IAP ELISA Kit, Wuhan, China)
according to the manufacturer's instructions. Protein
concentration was measured using the Lowry method,
and |IAP levels were expressed as ng/mL.

Participants were categorized into 3 groups based on
BMI: normal-weight individuals with a BMI <25 kg/m? (n
= 16), overweight individuals with a BMI between 25 and
30 kg/m? (n = 18), and obese individuals with a BMI >30
kg/m? (n =18). MeS was diagnosed in accordance with the
criteria established by the National Cholesterol Education
Program Adult Treatment Panel Ill. Individuals fulfilling
at least 3 of the following 5 criteria were considered to
have MeS: waist circumference 2102 cm in men or 288
cm in women; fasting plasma glucose 2110 mg/dL or cur-
rent use of antidiabetic therapy; triglyceride levels 2150
mg/dL; high-density lipoprotein cholesterol <40 mg/dL in
men or <50 mg/dL in women; and systolic/diastolic blood
pressure 2130/85 mmHg or ongoing antihypertensive
treatment.

Western Blot Analysis

Semiquantitative assessment of |AP expression in
duodenal tissue was performed using immunoblotting
techniques. Duodenal homogenates were separated by
Sodium dodecyl sulfate—polyacrylamide gel electropho-
resis and subsequently transferred onto polyvinylidene
difluoride membranes. After blocking with 5% non-
fat dry milk prepared in Tris-buffered saline containing
0.1% Tween-20, the membranes were incubated over-
night at 4°C with a primary antibody against IAP (Abcam,
UK; 1:1000 dilution). After incubation with a horseradish
peroxidase-linked secondary antibody, immunoreactive
bands were detected using an enhanced chemilumi-
nescence system (Bio-Rad). Densitometric analysis was
performed using ImageJ software, and protein expres-
sion levels were normalized to p-actin as an internal
control.

Statistical Analysis

Statistical analyses were performed using Python 3.13
(64-bit) (Python Software Foundation, Wilmington, DE,
USA). Categorical variables were expressed as counts and
percentages and compared using the Pearson chi-square
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Patients assessed for eligibility (n = 72)

Excluded (n = 20)
- Inadequate sample (n=12)
- Other exclusion criteria (n =8

Figure 1. Patient selection flow diagram.

test, with appropriate correction for multiple compari-
sons applied when necessary. Effect size for categorical
variables was evaluated using Cramer's V. Continuous
variables were presented as median (interquartile range)
because of distributional characteristics and sample
size. Comparisons among the 3 groups were performed
using the Kruskal-Wallis H-test. When significant dif-
ferences were identified, post hoc pairwise comparisons
with appropriate correction for multiple testing were
conducted. Effect size was calculated using eta squared
based on the Kruskal-Wallis statistic.

To visualize biomarker distributions, boxplots and jitter/
strip plots were generated. Scatterplots with fitted lin-
ear regression lines were used to assess the associations
between BMI and biomarker levels.

To evaluate the discriminative performance of biomark-
ers across BMI categories, multiclass receiver operating
characteristic (ROC) analysis was performed using a one-
vs-rest approach, adjusting for age and sex. ROC curves
were generated from predicted probabilities derived
from logistic regression models. The area under the curve
(AUC) and 95% Cls were calculated using bootstrap resa-
mpling (2000 iterations), and statistical significance was
assessed using permutation testing with 5000 iterations.
Holm correction was applied for multiple comparisons.

Final study population (n = 52)

Group allocation based on BMI:
- Normal weight (n = 16)

- Overweight (n = 18)

- Obesity (n = 18)

Optimal cut-off values were determined using the
Youden index.

To obtain clinically interpretable thresholds, an additional
conventional (unadjusted) ROC analysis was performed
using raw biomarker values to compare obese and non-
obese individuals.

In addition, multinomial logistic regression analysis was
conducted to further support the ROC findings. The BMI
category was included as the dependent variable, and
biomarker levels were entered as independent variables
adjusted for age and sex. The strength of associations
was reported as odds ratios (ORs) with 95% Cls, allowing
assessment of the independent effect of biomarkers on
BMI category classification.

A P-value of <.05 was considered statistically significant.
Written informed consent was obtained from all par-
ticipants. The study was approved by the Ege University
Clinical Research Ethics Committee on December 22,
2016 (Approval No. 16-12/6).

RESULTS

A total of 52 participants were included in the study and
categorized as normal weight, overweight, and obese.
Significant differences were observed among the groups
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in age (P =.034), height (P =.025), weight (P <.001), BMI
(P<.001),and waist circumference (P <.001). Overweight
individuals were older than normal-weight individuals.
In contrast, no significant differences were observed in
sex distribution, blood pressure, fasting plasma glucose,
lipid parameters, or other clinical variables (all P > .05)
(Table 1).

Both sIAP and tIAP levels differed significantly among
BMI groups (P < .001 for both) (Figure 2). Median sIAP
levels were 251.58 ng/mL (218.96-270.17) in the nor-
mal-weight group, 212.66 ng/mL (148.64-257.46) in
the overweight group, and 110.23 ng/mL (81.70-138.91)
in the obese group. Similarly, tIAP levels were 292.97 ng/
mL (246.29-336.76), 211.21 ng/mL (175.06-269.59), and
72.44 ng/mL, respectively. Post hoc analyses revealed
that both biomarkers were significantly lower in obese
individuals than in normal-weight and overweight groups
(P < .05), whereas no significant difference was observed
between normal-weight and overweight groups. Effect
sizes were large (3= 0.521 for sIAP and »? = 0.524 for

tIAP), indicating strong associations between BMI cat-
egory and biomarker levels (Table 2).

BMI showed strong negative correlations with both bio-
markers. Specifically, BMI was inversely correlated with
sIAP (r = -0.630, P <.001) and tIAP (r = -0.660, P <.001),
indicating that higher BMI values were associated with
lower IAP levels (Figure 3).

Multinomial logistic regression analysis was performed to
evaluate the independent association between biomark-
ers and BMI categories, with obesity used as the reference

group.

In the model including tIAP, higher tIAP levels were inde-
pendently associated with greater odds of belonging to the
normal-weight group (OR = 1.037, 95% Cl: 1.018-1.056, P
< .001) and the overweight group (OR = 1.026, 95% ClI:
1.009-1.043, P = .002). Age was not a significant predic-
tor (P > .05). Female sex was associated with lower odds
of belonging to the overweight group than to the obese

Table 1. Comparison of Demographic and Clinical Characteristics Between Groups

Normal Weight Overweight Obesity n?/Cramer’'s V
Age 51.50 (31.00-58.25) 62.50 (53.50-70.50) 53.50 (42.50-59.00) .034 0.0972
Sex (female/male) 10 (62.5)/6 (37.5) 9 (50.0)/9 (50.0) 15 (83.3)/3 (16.7) 105 0.294°
Height (m) 1.70 (1.66-1.73) 1.67 (1.60-1.70) 1.60 (1.50-1.67) .025 0.110¢
Weight (kg) 67.50 (59.00-71.00) 79.50 (71.50-84.00) 84.00 (79.25-107.00) <.001 0.377¢
BMI (kg/m?) 23.80 (22.63-24.28) 27.71 (27.21-28.98) 34.37 (32.89-37.51) <.001 0.884¢
WC (cm) 85.50 (82.25-98.00) 102.50 (100.25-108.50) 106.00 (101.00-116.00) <.001 0.430¢
sBP (mmHg) 115.00 (109.50-121.50)  135.00 (110.00-140.75) 127.00 (121.25-136.50) .059 0.074
dBP (mmHg) 74.50 (68.00-82.50) 80.00 (69.25-91.00) 78.50 (71.50-83.25) 618 -0.021
FBG (mg/dL) 89.00 (85.00-93.25) 88.50 (85.25-95.75) 89.50 (81.25-95.75) 956 -0.039
HDL (mg/dL) 48.00 (34.00-55.50) 46.00 (40.25-57.00) 47.00 (40.00-56.00) .866 -0.035
TGL (mg/dL) 112.00 (81.25-135.25) 111.50 (81.00-151.25) 168.50 (110.25-202.00) 197 0.025
ALP (U/dL) 69.00 (60.25-72.50) 74.00 (61.50-86.50) 72.50 (66.00-91.50) .257 0.015
Smoker 6 (37.5) 4 (22.2) 3(16.7) .355 0.200
Alcohol user 3(18.8) 3(16.7) 0(0.0) 163 0.264

Categorical variables are presented as n (%) and compared using the Pearson chi-square test, with Cramer's V reported as the effect size. Continuous variables
are presented as median (interquartile range) and compared across the 3 groups using the Kruskal-Wallis H-test. Effect size for the Kruskal-Wallis test was
calculated using eta squared (n? = (H — k+1)/(N — k)). When a significant overall difference was detected, Dunn’s post hoc test with Bonferroni correction was
applied for pairwise comparisons. All P values are 2-sided and reported to 3 decimal places.

ALP, alkaline phosphatase; BMI, body mass index; dBP, diastolic blood pressure; FBG, fasting blood glucose; HDL, high-density lipoprotein; sBP, systolic blood

pressure; TGL, triglycerides; WC, waist circumference.
20verweight > Normal weight.

*Obesity > Overweight.

°Obesity < Overweight.

9Obesity > Overweight, Normal weight.

¢Obesity > Overweight > Normal weight.
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Figure 2. Distribution of intestinal alkaline phosphatase levels across body mass index groups.

group (OR = 0.023, 95% CI: 0.001-0.903, P = .044). The
model was statistically significant (y?(6) = 52.449, P <.001)
and demonstrated high explanatory power (Nagelkerke R?
= 0.715) (Table 3). In the model including sIALP, similar
findings were observed. Higher sIAP levels were associ-
ated with greater odds of belonging to the normal-weight
group (OR = 1.069, 95% CI: 1.023-1.116, P = .003) and
the overweight group (OR = 1.054, 95% CI: 1.011-1.098,
P =.013). Female sex was associated with lower odds of
belonging to both the normal-weight group (OR = 0.027,
95% CI: 0.001-0.978, P = .049) and the overweight group
(OR = 0.023, 95% CI: 0.001-0.667, P = .028) than to the
obese group. Age was not significantly associated with
BMI category. This model also demonstrated strong fit
(x?(6) = 55.872, P < .001; Nagelkerke R?= 0.741) (Table 4).

Table 2. Comparison of sIAP and tIAP Levels Among BMI Groups

To complement and validate these regression-based
findings from a discriminative perspective, ROC analy-
sis was subsequently performed. This approach allowed
evaluation of the ability of sIAP and tIAP to distinguish
among BMI categories, thereby providing additional
support for the classification performance suggested
by the multinomial regression models. In age- and sex-
adjusted multiclass ROC analysis, both biomarkers
demonstrated high discriminative performance across
BMI categories. For sIAP, AUC values were 0.906 ng/
mL (95% CI: 0.814-0.974) for normal-weight individu-
als, 0.783 ng/mL (95% Cl: 0.645-0.897) for overweight
individuals, and 0.966 ng/mL (95% CI: 0.918-0.997) for
obese individuals (Figure 4). For tIAP, AUC values were
0.892 ng/mL (95% CI: 0.786-0.972), 0.904 (95% CI:

Post

Normal Weight Overweight Obesity P n? Hoc
SIAP (ng/mL) 251.58 (218.96-270.17) 212.66 (148.64-257.46) 110.23 (81.70-138.91) <.001 0521 1-3,2-3
tIAP (ng/mL) 292.97 (246.29-336.76) 211.21 (175.06-269.59) 72.44 (53.65-103.02) <.001 0.524 1-3,2-3

Continuous variables are presented as median (interquartile range) and compared across the 3 groups using the Kruskal-Wallis H-test. Effect size for the
Kruskal-Wallis test was calculated using eta squared (n? = (H - k+1)/(N - k)). When a significant overall difference was detected, Dunn’s post hoc test with
Bonferroni correction was applied for pairwise comparisons. All P values are 2-sided and reported to 3 decimal places.

BMI, body mass index; sIAP, serum intestinal alkaline phosphatase; tIAP, tissue intestinal alkaline phosphatase.
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Figure 3. Association between body mass index and intestinal alkaline phosphatase levels.

0.812-0.971), and 0.940 ng/mL (95% CI: 0.843-1.000),
respectively (Figure 5). All comparisons remained sta-
tistically significant after Holm correction (P < .001).
Adjusted ROC-derived optimal cutoff probabilities for
identifying obesity were 0.477 for sIALP and 0.487 for
tIALP (Table 5).

In conventional (unadjusted) ROC analysis comparing
obese and nonobese individuals, sIAP demonstrated an
AUC of 0.928 with an optimal cutoff value of 164.81
ng/mL (sensitivity of 1.00 and specificity of 0.765).
Similarly, tIAP showed an AUC of 0.928 with a cutoff
value of 121.62 ng/mL (sensitivity of 0.833 and specific-
ity of 1.00).

Table 3. Multinomial Logistic Regression Model

Following the qualitative analysis of enzyme levels, tIALP
protein expression was evaluated using the Western blot
method, which allows semiquantitative assessment.
According to the findings, intestinal tIAP levels differed
among BMI categories (Figure 6). No significant differ-
ence was observed between the normal-weight and the
overweight groups (P >.05). On the other hand, IAP levels
decreased with increasing BMI, and a significant reduc-
tion was observed in the obese group (P =.0139; BMI <25:
112 + 0.11; BMI >30: 0.41 + 0.18).

MeS was identified in 18 participants (34.6%). Subjects

with MeS exhibited significantly lower tIAP levels (161.1 £
106.5 ng/mL) than those without MeS (232.5 £ 124.9 ng/

Table 4. Multinomial Logistic Regression Model

Variable Comparison OR 95% GA P Variable Comparison OR 95% GA P
Age 1vs. 3 1.036 0.928-1.157 529 Age 1vs. 3 1.012 0.906-1.131 .830
2vs. 3 1.106 0.989-1.238 .078 2vs. 3 1.079 0.967-1.204 176
tIAP 1vs. 3 1.037 1.018-1.056 <.001 sIAP 1vs. 3 1.069 1.023-1.116 .003
2vs. 3 1.026 1.009-1.043 .002 2vs. 3 1.054 1.011-1.098 .013
Sex (female) 1vs. 3 0.077 0.002-3.303 181 Sex (female) 1vs. 3 0.027 0.001-0.978 .049
2vs. 3 0.023 0.001-0.903 .044 2vs. 3 0.023 0.001-0.667 .028

Model fit statistics: Likelihood ratio x?(6) = 52.449; P <.001. Pseudo
R% Cox ve Snell R? = 0.635; Nagelkerke R?= 0.715; McFadden R? = 0.460. 1,
normal-weight group; 2, overweight group; 3, obese group. Bold values indi-
cate statistically significant results (p < 0.05).

GA, generalized additive; OR, odds ratio; tIAP, tissue intestinal alkaline
phosphatase.

Model fit statistics: Likelihood ratio x?(6) = 55.872; P <.001. Pseudo R% Cox ve
Snell R? = 0.659; Nagelkerke R? = 0.741; McFadden R? = 0.490. 1, normal-
weight group, 2, overweight group; 3, obese group.

GA, generalized additive; OR, odds ratio; sIAP, serum intestinal alkaline
phosphatase.
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Figure 4. Age- and sex-adjusted receiver operating characteristic analysis of serum intestinal alkaline phosphatase for discrimination of body

mass index groups. AUC, area under the curve.

mL, P=.045).sIAP levels were also lower in the MeS group
(170.2 £ 82.3 ng/mL vs. 197.9 + 73.2 ng/mL), although
this difference was not statistically significant (P = .093)
(Table 6).

A total of 52 patients were analyzed according to ABO
blood groups. Mean sIAP levels were 189.75 + 88.34 ng/
mL in group A (n = 19), 187.66 + 84.00 ng/mL in group
B (n=14),190.56 £ 45.24 ng/mL in group AB (n = 6),

and 189.75 £ 88.34 ng/mL in group O (n = 13). No sig-
nificant difference was found among groups (P > .05).
Similarly, mean tIAP levels were 222.16 + 131.30 ng/mL
in group A, 185.61 + 95.23 ng/mL in group B, 300.18 %
161.42 ng/mL in group AB, and 167.98 + 102.64 ng/mL
in group O, with no statistically significant difference (P
=.137). Smokers (n =13) had a mean sIAP level of 217.51
+ 79.65 ng/mL, whereas nonsmokers (n = 39) had a
mean slAP level of 177.38 = 74.78 ng/mL; however, this
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Figure 5. Age- and sex-adjusted receiver operating characteristic analysis of tissue intestinal alkaline phosphatase for discrimination of body

mass index groups. AUC, area under the curve.
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Table 5. ROC Analysis Results (Adjusted for Age and Sex)

Cutoff Value (Adjusted

Group AUC 95% GA P (Permutation) P (Holm Adjusted) ROC)

sIAP  Normal weight 0.906 0.814-0.974 <.001 .001 0.192
Obesity 0.966 0.918-0.997 <.001 <.001 0.477
Overweight 0.783 0.645-0.897 .001 .001 0.225

tIAP  Normal weight 0.892 0.786-0.972 <.001 .001 0.399
Obesity 0.940 0.843-1.000 <.001 <.001 0.487
Overweight 0.904 0.812-0.971 <.001 <.001 0.383

AUC, area under the curve; GA, generalized additive; ROC, receiver operating characteristic; sIAP, serum intestinal alkaline phosphatase; tIAP, tissue intestinal

alkaline phosphatase.

difference was not statistically significant (P = .102).
Similarly, mean tIAP levels were 248.85 + 86.72 ng/mL
in smokers and 194.08 + 130.59 ng/mL in nonsmokers,
with no significant difference between the groups (P =
.166). In terms of alcohol consumption, mean sIAP lev-
els were 214.18 + 55.68 ng/mL in alcohol users (n = 6)
and 183.92 + 78.64 ng/mL in nonusers (n = 46), without
a statistically significant difference (P = .368). In con-
trast, mean tIAP levels are significantly higher in alcohol
users (310.09 £ 65.54 ng/mL) than in nonusers (194.43
+122.48 ng/mL) (P =.028).

A IALP, 57 kDa B-actin, 42 kDa
<25 25-30 >30 <25 25-30 > 30
o — —
.

[IAP

DISCUSSION

The present study comprehensively evaluated the asso-
ciation between sIAP and duodenal IAP levels and BMI
in a well-characterized cohort. The findings demon-
strated that IAP levels were associated with metabolic
parameters across different BMI categories, supporting
a potential link between IAP and overall metabolic sta-
tus. Notably, this association was consistent when both
circulating and tissue-level measurements were con-
sidered, suggesting that IAP may reflect both systemic
and local intestinal processes. However, these findings
should be interpreted with caution because the cross-
sectional design of the study precludes any conclusions
regarding causality or directionality. It remains unclear
whether alterations in IAP levels contribute to the devel-
opment of metabolic disturbances or represent a second-
ary response to underlying metabolic and inflammatory
changes. Taken together, the results suggest that IAP
may serve as a biologically relevant marker of metabolic
and intestinal homeostasis rather than a direct indicator
of adiposity, highlighting its potential role in the complex
pathophysiology of obesity-related metabolic alterations.

IAP is a key brush-border enzyme involved in maintaining
intestinal homeostasis through the detoxification of LPS
and modulation of Toll-like receptor 4 (TLR4)-mediated
inflammatory signaling.""'By dephosphorylating LPS, IAP

Table 6. sIAP and tIAP Levels in Subjects with and Without
Metabolic Syndrome

0.0-

BMI <25 BMI=25-30

Figure 6. Western blot analysis of intestinal tissue intestinal alkaline
phosphatase levels in individuals with different body mass index.

Variable MeS (+) (n=18) MeS (=) (n=34) P
- sIAP (ng/mL) 170.2 £82.3 197.9+73.2 .093
B 1> 30
tIAP (ng/mL) 161.1+106.5 2325+124.9 .045

IAP, intestinal alkaline phosphatase; MeS, metabolic syndrome; mL, milliliter;
ng, nanograms; sIAP, serum IAP; tIAP, tissue IAP.
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reduces endotoxin-induced activation of innate immune
pathways and contributes to the preservation of intestinal
barrier integrity. It has been demonstrated that IAP signifi-
cantly affects intestinal permeability, as evidenced by its
ability to reduce inflammation-induced barrier dysfunc-
tion and preserve tight junction protein expression and
localization."In this context, impaired IAP activity has been
associated with increased intestinal permeability, low-
grade systemic inflammation, and metabolic dysregulation.

Experimental studies have demonstrated that IAP plays a
protective role against MeS, showing that both endoge-
nous and exogenously administered IAP can inhibit intes-
tinal endotoxin absorption and prevent as well as reverse
high-fat diet-induced metabolic alterations.”*Similarly, in
models of liver disease, decreased IAP activity has been
associated with impaired gut barrier function and pro-
gression of liver fibrosis, whereas IAP supplementation
restores barrier integrity and attenuates fibrosis through
a TLR4-dependent mechanism.™

In humans, reduced fecal IAP levels have been consis-
tently associated with metabolic disorders. Early stud-
ies demonstrated an inverse relationship between fecal
IAP levels and T2DM, with low IAP levels identified as
an independent risk factor.®These findings were further
supported by longitudinal data showing that persistent
or incident IAP deficiency significantly increases the risk
of developing T2DM over time, whereas higher IAP lev-
els appear to be protective.’ In addition, lower fecal IAP
levels have also been associated with an increased risk of
ischemic heart disease, suggesting a broader role of IAP in
cardiometabolic health.'

Beyond metabolic conditions, IAP has also beenimplicated
in inflammatory and barrier-related disorders. Tissue-
based human studies have demonstrated that duodenal
IAP expression at both mRNA and protein levels is signifi-
cantly reduced in newly diagnosed celiac disease and nor-
malizes following a gluten-free diet.? Similarly, decreased
IAP expression in inflamed mucosa has been associated
with worse clinical outcomes, including increased recur-
rence risk in Crohn's disease."” In line with these findings,
reduced circulating IAP levels have been associated with
increased markers of intestinal permeability and systemic
inflammation, including lipopolysaccharide-binding pro-
tein, zonulin, and inflammatory indices such as the neu-
trophil-to-lymphocyte ratio.”

More recently, integrative human studies combining met-
abolicandintestinal parameters have shown that duodenal

IAP activity is reduced in individuals with obesity and dys-
glycemia and is inversely correlated with glycemic mark-
ers such as fasting glucose and HbA1c.'® Supporting the
role of IAP as a dynamic regulator, alterations in IAP activ-
ity have also been observed in inflammatory conditions
such as severe coronavirus disease 2019, where changes
in IAP kinetics may reflect a compensatory response to
disrupted gut homeostasis."®Furthermore, experimental
data indicate that IAP deficiency contributes to gut bar-
rier dysfunction, microbial dysbiosis, and hepatic inflam-
mation in the context of inflammatory bowel disease,
promoting the development of non-alcoholic fatty liver
disease via a TLR4-dependent mechanism."

IAP plays a key role in regulating metabolic inflamma-
tion, and reduced activity has been associated with MeS
in previous studies. In the current study, lower tIAP levels
observed in patients with MeS are consistent with the
existing literature. However, although sIAP levels were
also lower, this difference did not reach statistical sig-
nificance. The discrepancy between tIAP and sIAP lev-
els may be explained by the fact that tIAP more directly
reflects local intestinal production and mucosal barrier
function, whereas circulating IAP represents a more
heterogeneous and diluted pool influenced by sys-
temic distribution, hepatic clearance, and other alkaline
phosphatase isoenzymes. In MeS, alterations are likely
to originate primarily at the level of the intestinal epi-
thelium, leading to more pronounced and detectable
changes in tissue measurements. In contrast, these local
changes may not be fully reflected in the circulation,
where the signal can be attenuated and masked by bio-
logical variability. Furthermore, the relatively small sam-
ple size may have limited the statistical power to detect
modest differences in slAP levels, even if a similar trend
was present.

Collectively, these findings from experimental, clinical,
and translational studies consistently support a biologi-
cally plausible link between IAP, intestinal barrier integrity,
endotoxemia, and metabolic and systemic inflamma-
tory processes, providing a comprehensive mechanistic
framework for the associations observed in the study.
Within this framework, the findings are consistent with
the literature, suggesting that IAP is more closely related
to metabolic and inflammatory alterations than to obe-
sity per se. The heterogeneity of previous results may be
partly explained by differences in measurement methods
(fecal IAP, slIAP, or tIAP) and study populations. By evalu-
ating both sIAP and tIAP levels, together with histochemi-
cal validation using Western blotting analysis, the study
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adds to the existing evidence of systemic and local IAP
alterations in obesity.

A further important limitation of this study, in addition to
its cross-sectional design and relatively small sample size,
is the lack of detailed dietary assessment and preanalyti-
cal standardization. IAP levels are known to be influenced
by multiple nutritional and physiological factors, including
macronutrient composition, caloric intake, and feeding
status, which may have introduced unmeasured vari-
ability into the findings. Experimental and translational
evidence indicates that nutrients such as dietary fats,
carbohydrates, amino acids, vitamins, and probiotics can
significantly modulate IAP expression and activity as well
as intestinal barrier function.?’In addition, IAP levels may
vary between fasting and postprandial states, reflecting
dynamic regulation in response to luminal stimuli and
endotoxin exposure.?' Therefore, the lack of standardized
dietary conditions and timing of sample collection may
have introduced variability in IAP measurements and may
have influenced the observed associations. Additionally,
although alcohol consumption?? and smoking are known
to influence IAP levels, and despite the low number of
individuals with alcohol use and smoking in this cohort,
the findings did not demonstrate a significant association
between smoking status and either sIAP or tIAP levels.
Similarly, alcohol consumption was not associated with
SIAP levels; however, tIAP levels were significantly higher
in individuals who consume alcohol. Notably, both smok-
ing and alcohol users tended to exhibit numerically higher
IAP levels overall, although this does not reach statistical
significance for smoking. One possible explanation is that
IAP expression may increase as a compensatory response
to luminal inflammatory stimuli. In particular, acute alco-
hol exposure can disrupt intestinal barrier integrity and
increase endotoxin translocation, potentially trigger-
ing a protective upregulation of IAP. Thus, the elevated
tIAP levels observed in alcohol users may reflect a reac-
tive response to increased luminal inflammation rather
than a direct causal effect. These findings should be
interpreted with caution, as the relatively low prevalence
of smoking and alcohol use in the cohort and the cross-
sectional design limit the robustness and causal inter-
pretation of these associations. Therefore, larger studies
with balanced cohorts, controlled dietary conditions, and
standardized sampling protocols are warranted to better
clarify the relationship between IAP, lifestyle factors, and
metabolic parameters.

Future studies should aim to clarify the causal relation-
ship between IAP and metabolic disorders through

well-designed prospective and longitudinal investiga-
tions. Standardization of preanalytical conditions, includ-
ing dietary intake and sampling timing, will be essential
to reduce variability and better characterize the biological
role of IAP. In addition, integrating multi-compartment
measurements such as slAP, tIAP, and fecal IAP, may pro-
vide a more comprehensive understanding of IAP dynam-
ics and its compartment-specific functions. Moreover,
given emerging evidence suggesting that IAP activity
can be modulated by nutritional and pharmacological
interventions, future research should explore whether
targeted modulation of IAP—either through dietary strat-
egies or exogenous supplementation—could have thera-
peutic potential in metabolic diseases.

In conclusion, the findings demonstrate that IAP is asso-
ciated with metabolic parameters in humans and may
reflect underlying intestinal barrier dysfunction and
metabolic inflammation. IAP appears to be linked to the
broader metabolic milieu, including glucose metabolism
and low-grade inflammatory processes. These results
are consistent with accumulating evidence suggesting a
role for IAP in maintaining gut homeostasis and modu-
lating endotoxin-mediated pathways. However, given
the observational design of the study, these associations
should be interpreted with caution. Future prospective
and mechanistic studies are needed to clarify the causal
role of IAP and to determine whether modulation of IAP
activity could represent a potential therapeutic strategy
in metabolic disorders.
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