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Immunohistochemical detection of putative pathogenetic factors
in adhesions of infants: a pilot study
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ABSTRACT

Newborns’ intestinal adhesions have been reported in 4.7% infants who underwent a laparotomy, but adhesions
can also appear idiopathically. Etiology and pathogenesis of adhesions is still to be determined, but evidence
shows relation to inflammation, formation of fibrin bands, hypoxia and tissue remodelation. Multiple candidate
genes have been associated with adhesion development. The aim of this study was to evaluate the appearance
of Sonic Hedgehog (SHH), Indian Hedgehog (IHH), Forkhead-box F1 (FOXF1), caudal type homeobox 1
(CDX1), HCLS1-associated protein X-1 (HAX-1), GATA Binding Protein 4 (GATA4) and Granzyme-B
(GZMB) proteins in infant adhesions and to describe possible interfactorial correlations. Adhesion affected tis-
sue samples were collected from 14 patients under one year of age that underwent abdominal surgery to treat
partial or complete intestinal obstruction. The control group consisted of 6 individuals that had surgical repair-
ment of inguinal hernia. Routine staining and immunohistochemistry were performed. Immunopositive fibrob-
lasts, macrophages, endotheliocytes, smooth muscle myocytes of blood vessel wall and mesotheliocytes were
investigated. The relative distribution of all factors was evaluated by the semiquantitative counting method.
Statistical analysis was done using non-parametric tests and correlations were calculated based on Spearman’s
correlation analysis. A statistically significant decrease was observed for SHH, IHH, FOXF1, GATA4 and par-
tially for GZMB in the adhesion group. There were also decreased HAX-1 and CDX1 immunopositive struc-
tures in the adhesion group, however, without any statistical significance. SHH, ITHH, FOXF1, GATA4 and
GZMB might have a role in adhesion development among infant patients which could suggest a dysregulation
of cellular events. Abundance of correlations between the gene protein appearances in different structures indi-
cate the affected blood vessels, fibroblasts and macrophages, however, mesothelium seems not to be the key
driver in the morphopathogenesis of adhesion development.
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Introduction

Intestinal adhesion formation is a natural and inevitable part of
post-operative period. Different studies show that it is present in
approximately 90% of cases following open intra-abdominal sur-
gery.!? It can be associated with infections and inflammation as
well, for example, peritonitis, and it can also be congenital - with-
out any previous surgical intervention associations.’ The nature of
surgical interventions in pediatric patients, especially infants, pos-
sess a significantly higher risk of adhesion-related complications.
Intestinal adhesions are a major cause of, for example, adhesive
small bowel obstruction (ASBO), which has been reported in 4.7%
infants that underwent a laparotomy.**

Intra-abdominal adhesions are conjunctions of connective tis-
sue that can develop between any organ surfaces in the peritoneal
cavity.® Their morpho-pathogenesis is still not fully understood
yet, but evidence shows that it can be associated with inflammato-
ry processes and formation of fibrin matrix bands, hypoxia of tis-
sue and reduction in fibrinolytic cascade activity, it all resulting to
tissue extracellular matrix remodelation and accumulation with
altered expression of various modulating factors that determine
and regulate tissue growth.” All of these processes depend on the
genes and their products’ influence in both pre- and post-natal peri-
ods. Some of the most important factors regulating tissue develop-
ment during embryogenesis are the Hedgehog genes - Sonic
Hedgehog (SHH) and Indian Hedgehog (/HH). They are involved
in the organogenesis of many different tissues, such as central
nervous system, eye, axial skeleton, limbs, tooth, hair follicles,
lung, liver, kidney and gut. SHH also participates in regulating left-
right asymmetry of visceral organs.®?

A morphogen is another term used when describing a
Hedgehog gene. It means that SHH and /HH eftects are dependent
on their expressed protein concentration around their target cells
and their distance from the structures that secrete the Hedgehog
protein.®!%!! Different concentration thresholds lead the target cells
into different fates (proliferation, growth arrest, differentiation,
programmed cell death or migration) by either activating or sup-
pressing the intracellular Hedgehog signaling pathway, which
affects the Hedgehog target genes’ expression at distinct time and
places in the embryo.”>!3 In early developmental stages it is
expressed in the early gut endoderm, throughout the notochord and
other structures, which corresponds to expression in fetal intestine,
liver, lung, and kidney in the later stages of embryogenesis.!. A
very low level of Hedgehog postnatal expression has been detected
in adult stomach, distal colon and possibly other regions, where it
is thought to have a role in maintenance of tissue homeostasis or
so called morphostasis.!! SHH is one of the ligands in the intracel-
lular Hedgehog signaling pathway, which is an important regulato-
ry pathway in early embryogenesis in most animals, including
Homo sapiens. Alterations in Hedgehog expression may contribute
to pathological adhesion development.

Forkhead-box F1 (FOXFI), also known as Hepatocyte Nuclear
Factor 8 (HFHS) or Forkhead Related Activator 1 (FREAC-1), is a
member of the human FOX gene family located on chromosome
16q24.1. The expression of FOXFI begins during gastrulation in
extraembryonic mesoderm, allantois, and lateral mesoderm and
continues in splanchnic (visceral) mesoderm, which is critical for
the mesenchymal/epithelial induction of gut-derived organs, such
as the liver, gallbladder, lung, stomach, and intestine. FOXF'I in
developing mouse embryo has been detected in stomach and intes-
tine dependently on N-SHH protein induced glioma-associated
oncogene 2 (Gli2) and Gli3 expression, although a total absence of
Glis does not completely extinguish FOXFI expression in the
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developing gut.'s It is thought that FOXFI deficiency in the intes-
tine could be the reason for defects in cell migration during villus
development, which in turn can affect the epithelial organization
and distribution along the crypt-villus axis.!>!®* FOXF1 also has an
essential role in normal midgut rotation by leading the formation
of the dorsal mesentery in generating the left-right asymmetry that
allows rotation to take place.!”

Caudal type homeobox 1 (CDX1) (5q32) is a protein-coding
gene belonging to the so-called caudal genes. CDXI is expressed
in the developing endoderm, where its expression also persists
postnatally - mainly in the distal colon and along the crypt-villus
axis in the region of intestinal crypts.'®!* CDX1 is an intestine-spe-
cific transcription factor that directs the maturation and differenti-
ation of enterocytes and the maintenance of intestinal phenotype in
general. CDX transcription factors act as crucial effectors for acti-
vating central Hox genes.?

HCLS1-associated protein X-1 (HAX-1) seems to play an
inhibitory role in apoptosis, the organization of the cytoskeleton
and molecule shuttle. In jejunum it is mainly expressed in epithe-
lial cells of crypts and villi.?'?? Specific functions of H4X-1 during
embryogenesis are still not fully understood.

GATA Binding Protein 4 (GATA4) (8p23.1) encodes a member
of the GATA family of zinc-finger transcription factors. GATA4 is
expressed in the midgut endoderm during embryogenesis and in
both crypt and villus enterocytes of duodenum and jejunum but not
ileum throughout adulthood.?* In jejunum GATA4 plays an essen-
tial role in regulating enterocyte jejunal-specific gene expression,
cytodifferentiation and maintenance of the jejunal-type enterocyte
identity, while suppressing ileal-type enterocyte identity. GATA4
expression is required in jejunum for normal fat and cholesterol
absorption. Moreover, it is suggested that GATA4 contributes to
intestinal epithelial cell fate decisions by modulation Notch signal-
ing through the regulation of delta like canonical Notch ligand 1
(DI11).2¢

Granzyme-B (GZMB, 14q12) is a protein coding gene from
granzyme gene family. It encodes a pro-apoptotic protein that is a
part of the peptidase S1 family of serine proteases - a granzyme
subfamily of proteins. GZMB is currently recognized for its intra-
cellular roles in immune cell-mediated apoptosis as well as extra-
cellular roles in inflammation, chronic injuries, tissue remodeling,
as well as processing of cytokines, matrix proteins, and autoanti-
gens.”’ The active form of GZMB induces target cell apoptosis via
two kinds of apoptotic cell death, the intracellular perforin-depen-
dent apoptosis and the extracellular perforin-independent apopto-
sis, called anoikis. Anoikis is characterized with apoptosis induced
by disruption of the interactions between normal epithelial cells
and extracellular matrix. It does not occur in normal fibroblasts.?®
GZMB also processes cytokines and degrades extracellular matrix
proteins, such as fibronectin, vitronectin, laminin, SMC matrix,
VE-cadherin, fibrillin-1, proteoglycan, biglycan and decorin, and
these roles are implicated in chronic inflammation and wound
healing. Likewise, GZMB promotes impaired epithelial function
of the gut and other organs. GZMB is one of the drivers of the acti-
vation of pro-inflammatory, pro-fibrotic and aging mediators
belonging to the IL-1 cytokine family.?

The formation of adhesions may involve a multifaceted inter-
play of various morpho-pathogenetic factors. A better understand-
ing of it at the cellular and molecular levels would help to develop
more effective and targeted treatment and prevention strategies for
adhesions. Although, a lot of factors have been studied before, the
data is scarce, therefore, in order to extend the knowledge on basis
of above mentioned, the aim of this study was to determine the rel-
ative quantity of specific gene products (SHH, IHH, FOXFI,
CDX1, HAX-1, GATA4, GZMB) and their distribution in infant
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patients’ intestinal adhesion tissue and to find possible interfactor-
ial correlations that might be involved in the formation and devel-
opment of adhesions.

Materials and Methods

Characteristics of subjects

This research study was done in the Institute of Anatomy and
Anthropology (IAA) of Riga Stradins University (RSU)
Department of Morphology, Latvia. It was approved by RSU
Ethical committee on 10.05.2007. During the study all regulations
mentioned in the Helsinki Declaration were followed.

Fourteen intestinal adhesion tissue samples in the size of
approximately 1-2 mm were collected at the Department of
Children Surgery from infant patients, from which 9 were females
and 5 were males, ageing from 1 to 134 days. The most common

Table 1. Description of patients in the adhesion group.

pathologies among the patients were intestinal rotation disorders
(six cases) and presence of Ladd’s bands (four cases), as well as
gastroschisis (four cases). The most common place of adhesions
was the jejunum or the proximal ileum (seven cases). Detailed
information about the patients can be seen in Table 1. The samples
were included from patients that underwent abdominal surgery to
treat partial or complete intestinal obstruction.

Parents or legal guardians of study groups’ patients gave
authorization and permission for the tissue sampling and research
conduction.

Characteristics of control group

Six samples in the size of approximately 3-4 mm for control
group were collected at Department of Children Surgery. The con-
trol group consists of four males and two females, ageing from 46
to 92 days. Information about the control group is shown in
Table 2. The control group’s inclusion criterion was surgical
repairment of inguinal hernia. Parents or legal guardians of control

No. Sex Age (days) Adhesion place Diagnosis
1 F 1 LB Meconium ileus, Ladd's ligament, rotation disorders of the intestinal tract
2 F 1 LB Left-sided diaphragmatic hernia, Ladd's ligament
3 M 2 JI Intrauterine ileus with volvulus at the distal end of the ileum, necrosis of the caecum. Ileostomy
4 M 2 D Atresia of the ileum
5 M 3 LB Malrotation of the intestinal tract, volvulus of the small intestine (360°) with perfusion
disorders in the distal ileum (16 cm),
Ladd's ligament. Ileostomy (T)
6 M 4 D Intestinal rotation disorders, partial patency of the gastrointestinal tract, congenital peritoneal
adhesions in the duodenal region
7 F 9 D Gastroschisis
8 M 14 JI Gastroschisis. Condition after plastic surgery of the anterior wall of abdomen. Adhesion ileus
9 F 51 LB Intestinal rotation disorders, congenital peritoneal adhesions, Ladd's ligament
10 E 56 JI Gastroschisis. Condition after plastic surgery of the anterior wall of abdomen, condition
after ileostomy (T) placement
11 F 56 JI Gastroschisis. Condition after plastic surgery of the anterior wall of abdomen, condition
after ileostomy (T) placement
12 F 71 JI Volvulus of the small intestine (360°), condition after partial obstruction of the gastrointestina
tract, rupture of Ladd's ligament
13 F 94 JI Partial impermeability of the gastrointestinal tract, condition after diaphragmatic hernia surgery
14 F 134 JI Partial impermeability of the gastrointestinal tract. Condition after mesenteric thrombosis,

condition after partial resection of jejunum, total resection of ileocecal angle and ascending colon,
condition after application and closure of jejuno-transversostomy

LB, Ladd's bands; D, duodenum; JI, jejunum and the proximal part of ileum.

Table 2. Description of patients in the control group.

No. Gender Age (days) Clinical diagnosis

1 F 46 Left side inguinal hernia
2 M 56 Right side inguinal hernia
3 F 60 Right side inguinal hernia
4 M 73 Left side inguinal hernia
5 M 76 Right side inguinal hernia
6 M 92 Right side inguinal hernia
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groups’ patients gave authorization and permission for the tissue
sampling and research conduction.

Immunohistochemical (IHC) analysis

For tissue sample fixation a formaldehyde 2% solution was
used together with 0.2% picric acid and 0.1M phosphate buffer at
pH level 7.2. Then a washing process for 12 h was carried out
using phosphate buffer, saline solution, and a 10% saccharose
solution. Afterwards, the tissue samples were embedded in paraffin
and sliced into thin sections measuring 5-7 um. Finally, deparaf-
finization and sample staining was performed. Routine staining
with haematoxylin and eosin was done in order to evaluate the gen-
eral morphology of the samples. To detect and evaluate gene prod-
uct presence and relative distribution tissue IHC staining was done
by biotin-streptavidin standard method,*® using these primary anti-
bodies: anti-SHH antibodies (code ab53281, rabbit, working dilu-
tion 1:500, Abcam, Cambridge, UK); anti-IHH antibodies (code
sc-271101, mouse, working dilution 1:100, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA); anti-FOXF1 antibodies
(code orb522377, rabbit, working dilution 1:100, Biorbyt Ltd.,
Cambridge, UK); anti-CDX1 antibodies (code orb518774, rabbit,
working dilution 1:100, Biorbyt Ltd.); anti-HAX-1 antibodies

(code sc-166845, mouse, working dilution 1:100, Santa Cruz
Biotechnology, Inc.); anti-GATA-4 antibodies (code sc-25310,
mouse, working dilution 1:100, Santa Cruz Biotechnology, Inc.);
anti-GZMB antibodies (code sc-8022, mouse, working dilution
1:100, Santa Cruz Biotechnology, Inc.). First, the antibodies were
diluted using an antibody diluent (code-938B-05, Cell MarqueTM,
Rocklin, CA, USA). After that deparaffinization of previously cut
tissue samples, rehydration of samples in alcohol and water, rins-
ing with tris buffer solution (code-2017X12508, Diapath S.p.A.,
Martinengo, Italy) twice for 5 min each, heating the samples in a
microwave with boiling EDTA buffer (code-2017X02239, Diapath
S.p.A.) for 20 min and then cooling, washing with tris buffer 2 x 5
min, blocking with 3% peroxide for 10 min, and washing with tris
buffer.

Finally, incubation of samples with above mentioned antibod-
ies for 1 h, washing of samples with tris buffer three times, expos-
ing the samples to the HiDef DetectionTM reaction amplifier
(code 954D-31, Cell MarqueTM) for 10 min at room temperature,
and washing with tris buffer three times for 5 min each.
Hematoxylin was used for nuclear counterstaining. Positive con-
trols were performed in accordance with the manufacturer’s
instructions, using the recommended tissues to verify antibody

Figure 1. a) Control sample with normal morphology of intestinal wall tissue, hematoxylin and eosin, x100. b) Adhesion sample with
chaotic architecture of connective tissue fibers, increased cellularity and infiltration of inflammatory cells (arrows), hematoxylin and eosin,

X100.
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specificity. Negative controls were prepared by omitting the pri-
mary antibody from the immunohistochemical protocol.

Sample analyzing by two independent raters was done with a
light microscope (Leica DC 300F, Leica Biosystems, Richmond,
VA, USA; 10x, 20x), the semi-quantitative scoring method?! with
certain non-parametric identifiers listed on Table 3. was applied for
assessing the relative appearance and distribution of the
immunopositive morphopathogenic factors in these tissue struc-

tures - mesothelium, fibroblasts, macrophages, endothelium and
wall of blood vessels. A semi-quantitative scoring method is an
evaluation approach that converts qualitative observations into
ordinal numerical scores, it is widely used when precise quantita-
tive measurement is impractical, but consistent, reproducible, and
biologically meaningful comparison between groups is required.
Because findings obtained by the raters showed minimal variation
and near-complete agreement, additional inter-rater and intra-rater

Figure 2. Immunopositive structures of SHH. a) Control sample with moderate number of SHH-immunopositive smooth muscle cells,
fibroblasts and macrophages (arrows), SHH THC, x200. b) Adhesion sample with few to moderate number of SHH-immunopositive
fibroblasts and macrophages (arrows), but absence of SHH immunoreactivity in blood vessels, SHH IHC, x200.

Table 3. Semi-quantitative scoring identifiers used for relative frequency determination of immunopositive factors.

Legend Description

0 No immunopositive factors in the visual field

0/+ Rare occurrence of immunopositive factors in the visual field

+ Few immunopositive factors in the visual field

+++ Few to moderate number of immunopositive factors in the visual field
++ Moderate number of immunopositive factors in the visual field
A+ Moderate to abundant immunopositive factors in the visual field

+++ Abundance of immunopositive factors in the visual field
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reliability analyses were considered unnecessary. Semi-quantita-
tive scores were treated as ordered ordinal data, and median values
across samples were calculated for each marker and reported using
the corresponding identifier. For visual illustration photos of the
sample slides were taken with a digital camera Leica DC 300F
(Leica Microsystems Digital Imaging, Cambridge, UK) and
processed with Image Pro Plus program (Media Cybernetics, Inc.,
Rockville, MD, USA).

Statistical analysis

All the data were statistically analyzed with program IBM
SPSS version 26.0 (IBM Company, Chicago, IL, USA).
Correlation analysis and non-parametric statistic tests were used.
Spearman’s rank correlation analysis was done, where 0.0 < R <
0.3 indicated a negligible correlation, 0.3 <R < 0.5 indicated a low
positive correlation, 0.5 < R < 0.7 indicated a moderate positive
correlation, 0.7 <R < 0.9 indicated a high positive correlation and
0.9 <R <1 indicated a very high positive correlation.?? Statistical
significance was determined with a Mann-Whitney U test between
the controls and patient group. The p values less than 0.05 were
considered statistically significant for all statistical tests.

Results

Routine staining

Control sample did not show any distinct changes from the
standard loose connective tissue structure generally (Figure 1a). In
all adhesion samples fibrous tissue with pronounced connective
tissue fiber agglomerates was observed, as well as infiltration of
inflammatory cells (lymphocytes, macrophages and gigantic cells)
(Figure 1b). In samples where mesothelium could be identified
(five cases), a rounded form of some mesothelial cells was noted.

IHC staining

SHH

In the control group the median quantity of SHH-immunopos-
itive structures was few (+) mesotheliocytes, moderate number
(++) of fibroblasts, endothelium and smooth muscle cells in the
blood vessel wall, and moderate to abundant number (++/+++) of
macrophages (Figure 2a). In adhesion group the median number
of SHH-immunopositive structures was rare occurring (0/+) in

Figure 3. Immunopositive structures of IHH. a) Sample of control group with moderate to abundant IHH-immunopositive fibroblasts,
macrophages and myocytes in blood vessels (arrows), IHC IHH, x100. b) Adhesion sample with few to moderate IHH-immunopositive

fibroblasts, macrophages, endotheliocytes (arrows), IHC THH, x100.

[European Journal of Histochemistry 2026; 70:4438]
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mesothelium, endothelium and in blood vessel walls, there were
few (+) fibroblasts, and few to moderate number (+/++) of
macrophages (Figure 2b). Statistical tests revealed that significant-
ly less SHH-positive mesotheliocytes (U = 2.5, p=0.017), fibrob-
lasts (U = 15.5, p=0.026) and structures in blood vessel walls (U =
5.0, p<0.001) were found in adhesion group when compared to
controls (Table 4).

RN R

IHH

In the control group the median quantity of [HH-immunopositive
structures was detected to be few to moderate number (+/++) of
mesotheliocytes, while moderate to abundant number (++/+++) of
fibroblasts, macrophages and smooth myocytes in blood vessel walls
were seen, and abundant number of cells (+++) in endothelium (Figure
3a). In adhesion group the median number of IHH-immunopositive

Figure 4. Immunopositive structures of FOXF1. a) Control sample with moderate number of FOXF1-immunopositive fibroblasts and
myocytes in blood vessels (arrows), IHC FOXF1, x100. b) Adhesion sample with low intensity of rare occurring FOXF1-immunoreactive

structures (arrow), IHC FOXF1, x100.

Table 4. Semiquantitative scoring of immunoreactivities of FOXF1, SHH, IHH, and GATA-4 in adhesion group and control group.

Factors

FOXF1
StructureMt

IHH GATA-4

Patients 0/+  + 0+ 0+ 0+ 0/+ + +++ 04+
Control 0+ ++

A +H A

0+

0+ 0+ 0/+ 0/+ 0 0 0+ 0+ 0+ 0+
HAt A A R 0+

U test 6.0 110 4.0 0.0 1.0 25 155 190 5.0

pvalue 0.548 0.009 <0.001 <0.001 <0.001

0.017 0.026 0.062 <0.001 <0.001

0.0 0.0 0.0 0.0 00 0.0 30 30 00 00
0.016 <0.001 <0.001 <0.001 <0.001 0.095 <0.001 <0.001 <0.001<0.001

Mt, mesothelium; F, fibroblasts; Mp, macrophages; E, endothelium; BW, blood vessel wall; U test, Mann-Whitney U test value.
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structures was of rare occurring (0/+) in all the studied histological
structures, except in blood vessel walls, where a lack of (0) immunore-
activity was observed (Figure 3b). In the adhesion specimens
immunopositive structures were found in significantly lower number
(U =0.0, p<0.001) for IHH than in control tissues (Table 4).

FOXF1

In the control group the median quantity of FOXFI1-
immunopositive structures was rare occurring (0/+) in mesotheli-
um, few to moderate number (+/++) of macrophages and endothe-
lium, a moderate number (++) of fibroblasts and myocytes in blood

Table 5. Semiquantitative scoring of immunoreactivities of GZMB, CDX1 and HAX-1 in adhesion group and control group.

Factors
Granzyme-B (61)). ¢} HAX-1
Patients 0+ +HA++ 0+ 0+ 0+ 0+ ++ A + + 0 0+ 0+ 0 0
Control + ++ HH HH A 0+ A4+ A A A 0 0+ 0+ 0+ 0+
U test 2.0 20.0 6.0 2.0 2.0 3.5 360 335 20.5 20.5 0 28.0 42.0 17.0 14.0
p value 0381 0.076  0.002 <0.001 <0.001 0.429 0.659 0494 0076  0.076 0 0274 1.000  0.041 0.020

Table 6. Statistically significant correlations between factors in patients’ adhesion tissue samples based on Spearman’s correlation analyses.

Factor 1 Factor 2 Spearman’s rho )4
High positive correlations

FOXF1 in endothelium GATA4 in endothelium 0.765 <0.001
FOXFI in blood vessels GZMB in blood vessels 0.754 0.002
FOXF1 in blood vessels CDXI1 in blood vessels 0.771 <0.001
SHH in fibroblasts SHH in macrophages 0.704 0.005
SHH in endothelium SHH in blood vessels 0.773 <0.001
IHH in fibroblasts IHH in macrophages 0.849 <0.001
GATA4 in fibroblasts GATA4 in macrophages 0.803 <0.001
GATA4 in macrophages HAX1 in macrophages 0.727 0.003
GATA4 in endothelium CDXI1 in endothelium 0.708 0.005
GATA4 in endothelium GATA4 in blood vessels 0.891 <0.001
GZMB in fibroblasts GZMB in macrophages 0.725 0.003
GZMB in endothelium CDXI1 in endothelium 0.727 0.003
CDX1 in fibroblasts CDX1 in macrophages 0.831 <0.001

Moderate positive correlations

FOXFI in fibroblasts FOXF1 in macrophages 0.537 0.048
FOXFI1 in endothelium SHH in macrophages 0.669 0.009
FOXF1 in endothelium THH in endothelium 0.686 0.007
FOXFI in endothelium GZMB in endothelium 0.563 0.036
FOXF1 in endothelium CDXI1 in endothelium 0.622 0.018
FOXFI in endothelium HAXI1 in fibroblasts 0.536 0.048
SHH in macrophages GATAA4 in endothelium 0.590 0.026
IHH in fibroblasts GATA4 in fibroblasts 0.668 0.009
IHH in macrophages GATAA4 in fibroblasts 0.536 0.048
IHH in macrophages GZMB in fibroblasts 0.540 0.046
THH in endothelium GZMB in endothelium 0.603 0.023
IHH in endothelium HAXI1 in fibroblasts 0.549 0.042
GATAA4 in fibroblasts HAXI1 in macrophages 0.626 0.017
GATA4 in macrophages GZMB in fibroblasts 0.597 0.024
GATA4 in endothelium GZMB in endothelium 0.562 0.036
GATAA4 in blood vessels SHH in fibroblasts 0.591 0.026
GATA4 in blood vessels CDXI1 in blood vessels 0.622 0.017
HAXI in fibroblasts HAXI1 in macrophages 0.627 0.017
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vessel walls was seen (Figure 4a). In the adhesion samples the
median number of FOXF1-immunopositive structures was of rare
occurring (0/+) in mesothelium, endothelium and blood vessel
walls, also just rare macrophages and few (+) fibroblasts were seen
(Figure 4b). Compared to control group, a statistically significant
decrease in the number of immunopositive fibroblasts (U = 11.0,
»=0.009), macrophages (U = 4.0, p<0.001) and blood vessels (U =
1.0, p<0.001) was observed in adhesion group (Table 4).

CDX1

In the control samples the median quantity of CDXI-
immunopositive structures was rare occurring (0/+) in mesotheli-
um, moderate number (++) of fibroblasts, macrophages, endothe-
lium and myocytes in blood vessel walls was detected (Figure 5a).
In the adhesion samples the median number of CDX1-immunopos-
itive structures was rare occurring (0/+) in mesothelium, few (+) in
blood vessel wall, few to moderate number (+/++) of
macrophages, and moderate number (++) fibroblasts was detected
(Figure 5b). The number of the observed positive mesotheliocytes
(U = 3.5, p=0.429), fibroblasts (U = 36.0, p=0.659), macrophages
(U =33.5, p=0.494) and blood vessels (U =20.5, p=0.076) was not
significantly different in comparison to the control group tissues
(Table 5).

HAX-1

In the control samples the median number of HAX-1
immunopositive structures was rare occurring (0/+), except for
mesothelium where absence (0) of any immunoreactive structures
was detected (Figure 6a). In the adhesion samples only rare number
(0/+) of HAX-1 immunopositive fibroblasts and macrophages were
found. No other HAX-1 immunoreactive (0) structures were
observed (Figure 6b). In adhesion group a statistically significant
decrease in the number of immunopositive blood vessels (U = 14.0,
p=0.020) was seen when comparing to control group (Table 5).

GATA4

In the control samples the median number of GATA4
immunoreactive structures was moderate (++), except mesotheli-
um where only rare occurrence (0/+) of immunopositive cells was
detected (Figure 7a). In the adhesion samples the median number
of GATA4 immunopositive structures was rare occurring (0/+),
except for mesothelium, which lacks (0) GATA4 immunoreactivity
completely (Figure 7b). A statistically significant lower number of
fibroblasts (U = 3.0, p<0.001), macrophages (U = 3.0, p<0.001)
and blood vessels (U = 0.0, p<0.001) was observed in adhesion
group when compared to controls (Table 4).
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Figure 5. Immunopositive structures of CDX1. a) Control sample with moderate number of CDX1-positive structures (arrows), IHC
CDX1, x100. b) Adhesion sample with few CDX1-immunopositive fibroblasts and macrophages (arrows), IHC CDX1, x100.
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GZMB

In the control samples the median quantity of GZMB-
immunopositive structures was few (+) in mesothelium, few to
moderate number (+/++) of macrophages and myocytes in blood
vessels, and moderate number (++) of fibroblasts was detected
(Figure 8a). In the adhesion samples the median number of
GZMB-immunopositive structures was rare (0/+), except few to
moderate number (+/++) of immunoreactive fibroblasts were
found (Figure 8b). Between the control and the adhesion group a
statistically significant decrease in the number of immunopositive
macrophages (U = 6.0, p=0.002) and blood vessels (U = 2.0,
p<0.001) was observed (Table 5).

Correlations

Spearman correlation analysis showed statistically significant
correlations for these factors in the adhesion group: a strong posi-
tive correlation was seen between the number of FOXF1
immunopositive endotheliocytes and GATA4 immunopositive
endotheliocytes (Spearman’s rho = 0.765, p<0.001); between
FOXF1 immunopositive blood vessels and GZMB immunoposi-
tive blood vessels (Spearman’s rho = 0.754, p=0.002); between
FOXF1 immunopositive blood vessels and CDX1 immunopositive
blood vessels (Spearman’s rho = 0.771, p<0.001); between the
number of SHH immunopositive fibroblasts and SHH immunopos-
itive macrophages (Spearman’s rho = 0.704, p=0.005); between
the number of SHH immunopositive endotheliocytes and SHH
immunopositive cells in blood vessels (Spearman’s rho = 0.773,
p<0.001); between IHH immunopositive fibroblasts and
macrophages (Spearman’s rho = 0.849, p<0.001); between the

number of GATA4 immunopositive fibroblasts and macrophages
(Spearman’s rho = 0.803, p<0.001); between GATA4 immunopos-
itive fibroblasts and HAX-1 immunopositive macrophages
(Spearman’s rho = 0.727, p=0.003); between GATA4 immunopos-
itive endotheliocytes and CDX1 immunopositive endotheliocytes
(Spearman’s rho = 0.708, p=0.005); between the number of
GATA4 immunopositive endotheliocytes and cells in blood vessels
(Spearman’s tho =0.891, p<0.001); between GZMB immunoposi-
tive fibroblasts and macrophages (Spearman’s rho =0.725,
p=0.003); between the number of GZMB immunopositive
endotheliocytes and CDX1-positive endotheliocytes (Spearman’s
rho =0.727, p=0.003); between CDX1 immunopositive fibroblasts
and macrophages (Spearman’s rho = 0.831, p<0.001). No impor-
tant correlations were seen for mesothelium. A summary of statis-
tically significant Spearman’s correlations is shown in Table 6.
Statistical calculations also showed significant moderate posi-
tive correlations in the adhesion group between the following fac-
tors: FOXF1-positive fibroblasts and macrophages (Spearman’s
rho = 0.537, p=0.048); between FOXF1-positive endotheliocytes
and SHH-positive macrophages (Spearman’s rho =0.669,
p=0.009); between FOXF 1-positive endotheliocytes and IHH-pos-
itive endotheliocytes (Spearman’s rho = 0.686, p=0.007); between
FOXF1-positive endotheliocytes and GZMB-positive endothelio-
cytes (Spearman’s rho =0.563, p=0.036); between FOXF1-positive
endotheliocytes and CDX1-positive endotheliocytes (Spearman’s
rho = 0.622, p=0.018); between FOXF1-positive endotheliocytes
and HAX-1-positive fibroblasts (Spearman’s rho = 0.536,
p=0.048); between SHH-positive macrophages and GATA4-posi-
tive endotheliocytes (Spearman’s tho =0.590, p=0.026); between

Table 7. Correlations between gene proteins in patient adhesion tissue samples based on Spearman’s correlation analysis.

GZMB | COX1 | FOXF1 | FOXF1 | FOXF1

FOXF1B
w BW | BW F Mp E

GATA4
SHHEBW| “ o

SHHF |SHHMp| SHHE | IHHF

HH Mp | HHE U.R';M M'LM | UJ\;H GIMB coxi HAX1

GIMB F GIMBE|CDX1F COX1E | HAX1F

FOXF1BW

SHH BW

GATA-4 BW

GZMB BW

COX1 BW

FOXF1F

FOXF1 Mp

FOXF1E

SHHF

SHHE

IHHF

IHH Mp

HH E

GATA4F

i

GATA4 Mp

GATA4E

GIMBF

GZMB Mp

GIMBE

CDX1F

cOX1 Mp

COX1E

HAN1F

HAX1 Mp
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IHH-positive and GATA4-positive fibroblasts (Spearman’s rho =
0.668, p=0.009); between IHH-positive macrophages and GATA4-
positive fibroblasts (Spearman’s tho = 0.536, p=0.048); between
IHH-positive macrophages and GZMB-positive fibroblasts
(Spearman’s tho = 0.540, p=0.046); between IHH- and GZMB-
positive endotheliocytes (Spearman’s rho = 0.603, p=0.023);
between IHH-positive endotheliocytes and HAX-1-positive
fibroblasts (Spearman’s rho = 0.549, p=0.042); between GATA4-
positive  fibroblasts and HAX-1-positive macrophages
(Spearman’s rtho = 0.626, p=0.017); between GATA4-positive
macrophages and GZMB-positive fibroblasts (Spearman’s tho =
0.597, p=0.024); between GATA4- and GZMB positive endothe-
liocytes (Spearman’s tho = 0.562, p=0.036); between the number
of GATA4 immunopositive cells in blood vessels and SHH-posi-
tive fibroblasts (Spearman’s rho = 0.5941, p=0.026); between the
number of GATA4 and CDX1 immunopositive cells in blood ves-
sels (Spearman’s rho = 0.622, p=0.017) and between HAX-1-pos-
itive fibroblasts and macrophages (Spearman’s rho = 0.627,
p=0.017). No correlations were found for mesothelium. An
overview of correlations between gene proteins in adhesion tissue
samples is shown in Table 7.
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Discussion

Intra-abdominal adhesions, especially in infants, continue to be
a big burden for both the patient and the medical staff. The infor-
mation about this pathology, its morphological development and
molecular mechanisms is quite limited, however, at the same time,
the adhesion formation shares aspects with other fibrotic processes
including activation of important signaling cascades and cellular
transitions to myofibroblasts. This study discovered statistically
significant differences between the number of immunopositive
structures in control and adhesion group for SHH, IHH, FOXF1
and GATA4 and partially for GZMB.

Hedgehog signaling is thought to have an important role in
regulating embryogenesis and tissue homeostasis. In this research
a lack of both SHH and IHH expression was observed in the adhe-
sion specimens while in literature the information is rather contra-
dictory. Some reports state that loss of /HH initiates several events
that are characteristic of an intestinal wound repair response, but
prolonged loss resulted in progressive inflammation and the devel-
opment of intestinal fibrosis with influx of fibroblasts and
macrophages, and deposition of extracellular matrix proteins,*
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Figure 6. Immunopositive structures of HAX-1. a) Control sample with rare HAX-1 immunoreactive blood vessels (arrow), IHC HAX-
1, x200. b) Adhesion sample with a lack of HAX-1 immunoreactivity, IHC HAX-1, x200.

OPEN aACCESS

[European Journal of Histochemistry 2026; 70:4438]



Article

while other researchers have reported quite the opposite - an upreg-
ulated SHH expression in other fibrosis affected organs, such as
kidney, lungs and liver.’*3¢ Hedgehog signaling pathway can be
partially connected to other essential signaling cascades that are
associated with fibrogenic effects, such as Wnt/b-catenin signaling
and Notch signaling.’” Through these pathways Snaill, a direct tar-
get and downstream mediator and a key transcription factor for
mediating epithelial-mesenchymal transition and fibroblast migra-
tion, may be induced.’’3% Alpha-smooth muscle actin (a-SMA) is
another protein, partially controlled by Hedgehog signaling, that is
associated with myofibroblast activation and matrix produc-
tion.>”* It could be argued that while SHH and /HH expression is
diminished, the fibrogenesis in the adhesion specimens could have
occurred through other signaling pathways. It is known that loss of
IHH signaling results in, for example, increased Wnt signaling.’
However, the role of Hedgehog protein absence might be also
associated with impaired cellular events like migration or apopto-
sis that result in altered peritoneal healing. Although the mesothe-
lium did not exhibit widespread changes across all analyzed fac-
tors, the observed differences in SHH and IHH expression suggest

that mesothelial Hedgehog signaling may contribute to adhesion-
related remodeling, albeit to a much lesser extent than other struc-
tures. Notably, both SHH and IHH as components of the Hedgehog
signaling pathway demonstrated strong correlations between
fibroblasts and macrophages, indicating potential stromal-immune
crosstalk during adhesion development. FOXFI has been
described to be involved in midgut rotation and epithelial organi-
zation in the intestine. It is also identified as an anti-fibrotic factor
that regulates key myofibroblast functions.* Our study revealed a
significantly decreased expression of FOXF1 in the adhesion
affected tissue, which is consistent with some other reports regard-
ing the fibrogenesis in other organs. A lack of FOXFI in mice liver
results in stimulated expression of pro-fibrotic genes.*! Absence of
FOXFI in mice endotheliocytes increases collagen deposition,
myofibroblast activation and cytokine (IL-6, TNFa) secretion,
which stimulates migration of macrophages. FOXF deficiency is
associated with impaired Ras-related protein (R-Ras) signaling,
which is a direct transcriptional target of FOXF1.#> R-Ras is impor-
tant for blood vessel stabilization and maturation (it stimulates the
signaling between endotheliocytes and pericytes), as well as regu-

Figure 7. Immunopositive structures of GATA-4. a) Control sample with moderate number of GATA-4 immunopositive fibroblasts,
macrophages and myocytes in blood vessels (arrows), IHC GATA-4, x200. b) Adhesion sample with a rare number of GATA-4 immunore-

active structures (arrow), IHC GATA-4, x200.
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lation of different cellular events, for example, cell adhesion to the
extracellular matrix through activation of integrin.># A lack of
FOXFI and, therefore, a lack of R-Ras increases vascular perme-
ability that can be involved in intensified fibrogenesis. FOXF'I has
been proven to be a part also in the hedgehog signaling pathway,*
and in this study a statistically significant moderate positive corre-
lation was observed between FOXF1 and SHH and IHH.

In the intestines it is thought that GATA4 is responsible for
jejunal-type enterocyte development and provides their function-
ing regarding intestinal absorption, however its role regarding
fibrosis is still unclear. This study showed a significant downregu-
lated expression of GATA4 in the adhesion group. Information
about GATA4 functions and involvement in intestinal fibrogenic
processes is very limited, but as for other organs yet again it is
rather contradictory. For example, some reports say that in cardiac
tissue changes of GATA4 expression has not shown any involve-
ment in extra-cellular matrix accumulation,*® while others have
reported that inactivation of GATA4 through the inhibition of extra-
cellular signal-regulated kinases 1 and 2 (ERK1/2) signaling path-
way attenuates cardiac hypertrophy and fibrosis.*® Aberrant activa-

tion of ERK1/2 cascade is associated with peritoneal adhesion for-
mation.*’ Interestingly, cell senescence has been reported to have
beneficial effects for tissue and organs.*® GATA4 signals to main-
tain cell senescence in heart, which together with CCN1 signaling
pathway exerts anti-fibrosis effect.*” It is worth mentioning that
GATAA4 is only one of the members of the GATA family of zinc-
finger transcription factors, and many studies have shown that they
can be partially or completely compensated by each other in sev-
eral tissues and disease states.?®>%5! Previously, an interaction of
GATA4 and CDX2 (a paralog of CDX1) has been discovered, indi-
cating their combinatory role in morphogenesis of intestinal devel-
opment.>? This study also observed a statistically significant high
positive correlation between GATA-4 and CDXI1.

GZMB is one of the most highly expressed granzymes both
intra- and extracellularly and is currently known for its pro-apop-
totic and pro-fibrotic effects.’ It is responsible for proteolysis of
fibronectin, decorin and VE-cadherin, which further contributes to
the development of fibrosis. In cardiac fibrosis GZMB was found
to be elevated,** however, our results showed a significant decrease
in the number of GZMB-positive macrophages and blood vessels

Figure 8. Immunopositive structures of GZMB. a) Control sample with moderate number of GZMB-immunopositive fibroblasts,
macrophages and intensively stained myocytes in blood vessels (arrows), IHC GZMB, x100. b) Adhesion sample with rare occurring

GZMB-immunoreactive structures (arrow), [IHC GZMB, x100.

OPEN 8ACCE55

[European Journal of Histochemistry 2026; 70:4438]



Article

of intestinal adhesions. Data in literature about GZMB role in intes-
tinal adhesion formation is scarce. Since this protein is considered
a cytolytic factor, it could be argued that its expression is being
downregulated physiologically in order to prevent too much dam-
age in the already affected tissue, however the knowledge about
exact mechanisms behind GZMB regulation is rather limited. Some
studies have described the serine protease inhibitor b9 (serpinb9)
as one of the GZMB secretion endogenous modulators, but due to
its high sensitivity to oxidation it is most likely functioning only
intracellularly, therefore suggesting that, when secreted, GZMB
mostly remains in the tissue unregulated.> Experts say that GZMB
located extracellularly is believed to have a significant influence
on wound healing and fibrogenesis. Nonetheless, its interaction
with its substrates and its involvement in different pathologies
seem to vary greatly depending on the environment and circum-
stances, for example on the origin of the affected cells and the pro-
tein susceptibility to GZMB-driven cleavage.>* Our findings of
lack of GZMB in intestinal adhesions could also be possibly
explained by granzyme polymorphism. However, more knowledge
needs to be obtained in this matter and in GZMB molecular biolo-
gy in general, since the information in the literature is very contra-
dicting >

CDX1 is an intestine-specific transcription factor involved in
normal development and homeostasis of the gut. This study
revealed no significant changes regarding CDX1 expression in
adhesions, indicating that it does not play a key role in pathogene-
sis. A reduced CDXI expression can usually occur upon CDX/
promoter hypermethylation which is present in malignant tumors,
for example, colorectal carcinoma.’

HAX-1 in humans has at least 8 isoforms, and studies suggest
there is a variability of its sub-localizations within the cells and
functions.>® In general, HAX-1 is described as a pleiotropic protein
with main functions in regulating apoptosis.” In this study no sig-
nificant changes were observed for HAX-1, except a slight
decrease in blood vessels of intestinal adhesions, suggesting that it
might not be involved in adhesion formation process. However,
other reports have stated that in animal models inhibition of HAX-
1 functions induces anti-inflammatory effects and results in
decrease of fibrosis.*

Correlation analysis revealed a consistent pattern of strong
positive associations among multiple factors across both stromal
and vascular structures in adhesion tissue, which could suggest
coordinated biological responses rather than isolated cell-specific
changes, consistent with the complex multicellular nature of adhe-
sion formation. Correlations between factors of immune/inflam-
matory related processes, like GZMB and HAX1, and develop-
mental factors, such as GATA4 and CDXI, further suggest an
interaction between inflammatory activity and developmental sig-
naling pathways. This interplay may reflect an aberrant or persist-
ent repair response contributing to adhesion formation and mainte-
nance in the developing intestinal microenvironment.

Taking everything into account, the morphopathogenesis of
infant adhesions is a multiplex process and based on this study it is
characterized by a decreased expression of SHH, IHH, FOXF1,
GATA4 and GZMB, which might be involved in aberrant develop-
mental signaling cascades, inflammatory responses, possible vas-
cular remodeling and other cellular events that lead to intensified
fibrogenesis and intestinal adhesion formation. In order to gain a
deeper insight into the mechanisms of this pathology and other
involved factors, more research ought to be done.

Our manuscript possesses some limitations. There are relative-
ly small adhesion and control groups. Additionally, only proteins
were detected, which means that separate research should be made
on gene level, and could be used to compare the findings. Also, it

[European Journal of Histochemistry 2026; 70:4438]

might be beneficial to separate and study specific type of adhe-
sions - post-inflammatory and congenital ones, and to correlate this
to the research data; and, finally, tissue factor concentration by
usage of, for instance, ELISA method, could provide a more pre-
cise amount/level of the specific factor present during adhesion
formation.

The diminished expression of FOXF1, GATA4, IHH and SHH
suggests a dysregulation of the cellular proliferation, differentia-
tion, migration and apoptosis of the main connective tissue cells
fibroblasts and macrophages, also endothelium and blood vessel
cells of infant adhesions. As for mesothelium, the present findings
suggest it may play a limited and selective role in infant adhesion
morphopathogenesis, particularly through Hedgehog-related sig-
naling, rather than serving as a primary driver of adhesion forma-
tion.

GZMB, CDX1, HAX-1 appearance is similar in adhesions and
control tissue, giving evidence about not significant role of these
factors in infant adhesion development. Although, the slight ten-
dency for GZMB to decrease in adhesions might indicate an
impaired programmed cell death and inflammation/fibrosis stimu-
lation in connective tissue.
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