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Abstract

Human epididymis protein 4 (HE4) plays a crucial role in promoting extracellular matrix
(ECM) deposition by inhibiting matrix metalloproteinase (MMP) activity. Crohn's disease
(CD) often leads to intestinal fibrosis and obstruction due to chronic inflammation. This
study evaluated HE4 expression in serum and intestinal tissues from CD patients, and the
effects of anti-HE4 antibody in a TNBS-induced mouse model of intestinal fibrosis. HE4
levels were significantly elevated in both serum and intestinal tissues of patients with
stricturing CD, correlating with increased intestinal fibrosis and wall thickness. Inhibition
of HE4 expression in mice reduced serum levels of IL-6, TNF-«, and intestinal expression
of key fibrotic markers, including a-SMA, COL1A1, Fibronectin. These results suggest that
HE4 is a potential biomarker for CD-associated intestinal fibrosis and a promising
therapeutic target to mitigate fibrosis progression in CD.

Introduction

In recent years, the incidence of inflammatory bowel disease (IBD) in Asia has increased
rapidly!. The pathogenesis of IBD is multifactorial, involving dietary patterns, genetic
predisposition, immune dysregulation, environmental factors, and the intestinal
microbiota2. Crohn’s disease (CD), a common subtype of IBD, is characterized
pathologically by transmural inflammation that can extend through the muscularis propria
to the serosal layer, often leading to complications such as intestinal stenosis and
frequently requiring surgical resection of the affected intestinal segments3. Clinical
observations indicate that intestinal obstruction is a frequent and severe complication,
affecting approximately 39.9-48.2% of patients with a disease duration exceeding 20
years, many of whom eventually require surgical intervention or biologic therapy*°. This
fibrotic progression is currently attributed to an imbalance in the intestinal mucosal
immune barrier, which triggers the release of various inflammatory cytokines that activate
mesenchymal cells, leading to the excessive accumulation of extracellular matrix (ECM)
components like fibrin® .

The human epididymis protein 4 (HE4) gene encodes a secreted glycoprotein with four
whey acidic protein (WAP) domains that exhibits protease inhibitory activity. The WAP
domains of HE4 are highly conserved across species and may play significant roles in
antimicrobial and anti-inflammatory responses 7-8. Functionally, HE4 has been shown to
promote organ fibrosis by inhibiting the activity of matrix metalloproteinases (MMPs)
through its WAP domain, thereby favoring the deposition of ECM %10, Recent studies have
reported HE4 expression in various fibrotic conditions, including renal fibrosis, hepatic

fibrosis, idiopathic pulmonary fibrosis, and ischemic cardiomyopathy!!-14.
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In the context of CD, the persistent elevation of pro-inflammatory cytokines such as TNF-a
and IL-6 establishes a microenvironment that facilitates fibrosis!'®. Specifically, TNF-a can
promote the production of IL-6 and directly stimulate the TGF-B1 signaling pathway,
triggering the phosphorylation of Smad proteins (such as Smad3), inducing the expression
of fibrosis-related genes and reducing matrix degradation'®. However, its specific
expression and role in CD-associated intestinal fibrosis remain unclear. Therefore, this
study aims to evaluate whether HE4 could serve as a potential biomarker and therapeutic
target for CD-associated intestinal fibrosis.

Materials and Methods
Patient Enrollment and Sample Collection

All patients with stenotic CD who underwent surgical treatment at our hospital were
included in the experimental group (n = 20). Patients with intestinal obstruction who had
normal tissue from both ends of the obstructed segment were included as controls(n = 8).
The specimens were obtained from archived tissue samples in the Pathology Department
of Hunan Provincial People's Hospital.

A cohort of 51 IBD patients (38 CD and 13 ulcerative colitis (UC)) admitted to Hunan
Provincial People's Hospital between September 2021 and September 2022 was enrolled.
A control group (CTR) included five healthy adults undergoing routine health examinations
at the same hospital during the same period. All sample collection was performed
following approval by the Medical Ethics Committee of Hunan Provincial People's Hospital
(Ethical Approval No. 2022 — 191). All methods were performed in accordance with the
relevant guidelines and regulations, including the Declaration of Helsinki. Written
informed consent was obtained from all participants. On the first day of hospitalization, 3
mL of venous blood was collected from each patient into a coagulation tube, and serum
was obtained after centrifugation. The 38 CD patients were further subdivided into four
groups based on clinical diagnosis, imaging or endoscopic evidence of intestinal stricture,
and the use of biologic agents (Infliximab): (1) stenotic CD (n=16), (2) stenotic CD +
biologic agents (n=10), (3) non-stenotic CD (n =6), and (4) non-stenotic CD + biologic
agents (n=0).

Clinical Data Collection

Clinical data were retrieved from the electronic medical record system of Hunan
Provincial People's Hospital. Recorded parameters included patient age, gender, and
laboratory values: serum albumin (ALB), hemoglobin (Hb), red blood cell count (RBC),
absolute lymphocyte count (ALC), erythrocyte sedimentation rate (ESR), neutrophil

Page 4/21



percentage (N%), and platelet count (PLT). The location of any stenotic intestinal
segments was also recorded. Intestinal wall thickness was measured from imaging data by
a specialist using the hospital’s medical imaging system. For CD patients, three
measurements were taken from the most severely affected intestinal segment and
averaged. For control subjects, the ascending, transverse, and descending colon wall

thicknesses were measured and averaged!”.

TNBS-Induced Mouse Model

A TNBS-induced chronic intestinal fibrosis model was established using male BALB/c mice
(8 weeks old, 18-20 g, n =24; from Hunan SJA Laboratory Animal Co., Ltd). The mice were
randomly assigned to four groups (n =6 per group): (1) Saline, (2) TNBS, (3) TNBS + IgG,
and (4) TNBS+HE4. Chronic colitis was induced by rectal administration of TNBS
following a modified protocol!®. After the fourth TNBS enema, mice in the TNBS + IgG and
TNBS + HE4 groups received intraperitoneal injections of anti-IgG neutralizing antibody or
anti-HE4 neutralizing antibody, respectively, while the Saline and TNBS groups received
equivalent volumes of saline (5 mg/kg) twice weekly(Figure 1)!°. Treatments continued
for 3 weeks (six injections). Three days after the final injection, mice were fasted for 6
hours and then euthanized by CO2 asphyxiation followed by cervical dislocation to ensure
death. Blood samples were collected via cardiac puncture, and tissues were harvested
immediately and either snap-frozen in liquid nitrogen or fixed in 4% paraformaldehyde for
subsequent analysis. All animal procedures were approved by the Medical Ethics
Committee of Hunan Provincial People's Hospital (Ethical Approval No. 2022-17) and all
methods were performed in accordance with relevant institutional guidelines and
regulations, as well as the ARRIVE guidelines (v2.0) for reporting animal research.

Serum and Tissue Analysis

Serum HE4 levels in human samples and IL-6 and TNF-q«, levels in mouse serum were
measured by ELISA. Intestinal tissue samples from both humans and mice were fixed,
embedded, and subjected to Masson’s trichrome staining to assess fibronectin deposition.
Immunohistochemistry (IHC) was used to detect expression of HE4, «-SMA, and collagen.
Fresh mouse colon tissue samples were homogenized and protein extracts were analyzed
by Western blot to quantify «a-SMA, COL3A1, COL1A1, fibronectin, TGF-B1, and
phosphorylated Smad3 (P-Smad3/Smad3) levels.

Statistical analysis

The data are expressed as mean + standard deviation. Spearman's rank correlation
analysis was used to evaluate the correlation. Grayscale values from Western blot analyses
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and the percentage of positive cells from immunohistochemistry were quantified using
Image] software. In the Western blot analysis, GAPDH served as the internal reference
protein. Each sample's grayscale value was measured in triplicate, and the mean of these
measurements was utilized as the final value. The relative expression levels of the target
protein were determined by normalizing its grayscale value to that of GAPDH. All
graphical representations and statistical analyses were conducted using GraphPad Prism
version 8.0. Comparisons of continuous variables between two groups were analyzed using
Student's t-test, while categorical variables were compared using the Chi-square test, with
statistical significance set at a p-value of less than 0.05. Significance levels are indicated
as follows: *p < 0.05, *p < 0.01, **p < 0.001, and ****p <0.0001.

Results

HE4 Expression Is Elevated in IBD Patient Serum

Serum HE4 levels were measured by ELISA in the control, CD, and UC groups. As shown
in Fig. 2, serum HE4 levels were significantly higher in the CD group (6123 +2292.2

pg/mL) and UC group (7482.4 + 2861.6 pg/mL) than in the control group (3817.4 +771.0
pg/mL) (P <0.05). The increase in the UC group was more significant (P < 0.01), whereas
the difference between the CD and UC groups was not statistically significant (P > 0.05) .

Biologic Agents Reduce Serum HE4 Levels in Stenotic CD
Patients

We compared serum HE4 levels among the CD patient subgroups (Fig. 3). Stenotic CD
patients not treated with biologic agents had higher serum HE4 levels (7397.3 + 2363.5
pg/mL) than the control group (P <0.01) and also higher than stenotic CD patients treated
with biologics (4630.8 = 1460.7 pg/mL, P < 0.05). No significant differences were observed
between the stenotic CD patients treated with biologics, the non-stenotic CD patients
(with or without biologics), and the control group (P > 0.05 for all comparisons).

Correlation Between Serum HE4 Levels and
Clinical Indicators

We analyzed the correlation between serum HE4 levels and clinical parameters (Fig. 4).
Serum HE4 levels were positively correlated with the thickness of the most stenotic
intestinal segment (R=0.608, P <0.001), ESR (R=0.478, P<0.001), percentage of
neutrophil (R=0.441, P<0.001), platelet count (PLT) (R=0.583, P<0.001), and patient
age (R=0.439, P=0.001). HE4 levels were negatively correlated with serum albumin
(ALB) (R=-0.514, P<0.001), hemoglobin (R=-0.422, P =0.002), RBC count (R=-0.451, P<
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0.001), and absolute lymphocyte count (R=-0.364, P =0.009). No significant correlation
was found between HE4 levels and patient gender or the location of stenosis (ileum, colon,
or ileocolon) (P > 0.05 for all).

Fibronectin and HE4 Expression in Stenotic CD
Intestinal Tissue

Masson’s trichrome staining and IHC were performed on intestinal tissue specimens

(Fig. 5). Compared to controls, stenotic CD tissues showed extensive fibronectin
deposition in the submucosa, rupture of the muscularis mucosa, and destruction of normal
tissue architecture. HE4 expression was increased in the mucosal and submucosal layers.
Chi-square test analysis revealed that HE4 expression was significantly higher in stenotic
CD tissues compared to the CTR group (p <0.05).

Macroscopic Appearance of Mouse Colon Tissue

The colon length and gross appearance of mice in each group were evaluated. The Saline
and TNBS + HE4 groups had normal colon length and uniform coloration, with consistent
wall thickness and no necrosis, distortion, or stenosis. In contrast, the TNBS and TNBS +
IgG groups exhibited colons with localized edema and lumen stenosis, and the colonic
walls appeared rigid, twisted, and deformed(Figure 6). However, differences in colon
length and weight between groups were not statistically significant (P > 0.05).

Inhibition of HE4 Expression Reduces Inflammatory
Cytokine Release

Serum IL-6 and TNF-« levels were measured by ELISA. IL-6 and TNF-«a levels were
significantly higher in the TNBS group than in the Saline group (P <0.05). In the TNBS +
IgG group, IL-6 levels were not significantly different from c Salines, but TNF-a levels
remained elevated (P <0.01). Both IL-6 and TNF-« levels were significantly lower in the
TNBS + HE4 group compared to the TNBS and TNBS + IgG groups (P < 0.05), and were
not significantly different from the Saline group(Figure 7). These results indicate that HE4
inhibition attenuated the release of inflammatory cytokines.

Inhibition of HE4 Expression Ameliorates Chronic
Intestinal Fibrosis in Mice

Masson’s trichrome and THC staining (Fig. 8) revealed that fibronectin deposition was
significantly higher in the submucosa and muscularis propria of the TNBS and TNBS + IgG
groups compared to the Saline and TNBS+HE4 groups, with disorganized tissue structure.
Chi-square test analysis showed that the expression levels of a-SMA and collagen I were
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significantly increased in the TNBS and TNBS + IgG groups compared with the Saline and
TNBS + HE4 groups (P <0.0001). In these groups, «a-SMA and collagen I expression were
also significantly increased in the mucosal, submucosal, and muscular layers. By contrast,
the TNBS+HE4 group showed normal colon tissue structure and low fibronectin
expression in the submucosa, comparable to Salines. In this group, a-SMA and collagen I
levels in all layers did not differ significantly from the Saline group.

Western blot analysis (Fig. 9) confirmed that protein levels of a-SMA, COL3A1, COL1A1,
fibronectin, TGF-B1, and phosphorylated Smad3 (P-Smad3/Smad3) were significantly
higher in the TNBS group than in Salines, indicating successful induction of fibrosis. In the
TNBS+HE4 group, levels of fibronectin, COL3A1, COL1A1, P-Smad3/Smad3, «-SMA, and
TGF-B1 were significantly lower than in the TNBS + IgG group (P < 0.05 for each),
demonstrating that anti-HE4 treatment alleviated intestinal fibrosis by suppressing
inflammatory cytokine production and extracellular matrix deposition.

Discussion

Intestinal fibrosis is a complex and dynamic process. It is currently believed that, on the
basis of genetic susceptibility 2°, the imbalance of the intestinal mucosal immune barrier
triggers the release of various inflammatory cytokines, which further activate intestinal
mesenchymal cells, leading to excessive deposition of ECM components such as fibrin,
which in turn induces fibrosis and subsequently causes segmental intestinal stricture or
even obstruction b. Intestinal obstruction is one of the most common complications of CD,
occurring in 39.9-48.2% of patients with a disease duration of over 20 years, most of

whom require surgical intervention or biologic agents*>.

HE4, a WAP-domain glycoprotein, can inhibit matrix metalloproteinases (MMPs) via its
WAP domain, leading to extracellular matrix (ECM) deposition and subsequent organ
fibrosis> 1. While HE4 expression is typically confined to the epididymis and selected
normal tissues with negligible levels in the normal colon, evidence from Kemal et al.
demonstrates significant HE4 overexpression within colonic epithelial cells during
malignancy, notably in advanced-stage (III-IV) colorectal cancer 2122, Such a shift in
expression patterns indicates that the transcription of HE4 in the intestinal epithelium is
inducible and can be triggered by specific pathophysiological stimuli, reinforcing its role
as a responsive mediator in intestinal pathology. Previous studies have implicated HE4 in

cystic fibrosis, renal fibrosis, and liver fibrosis?23-24. Therefore, we explored whether HE4
could serve as a biomarker for CD-associated intestinal fibrosis.

Clinical evaluation of CD often relies on symptoms, laboratory tests, and imaging, where

severe anemia, hypoalbuminemia, elevated neutrophil percentage, and ESR typically

indicate active disease?®. Previous studies have shown that combining HE4 with other
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biomarkers improves diagnostic accuracy for ovarian cancer?. In our analysis, serum HE4
levels correlated positively with intestinal wall thickness, ESR, neutrophil percentage,
platelet count, and age, and negatively with albumin, hemoglobin, RBC count, and
lymphocyte count. The particularly strong correlation between HE4 and wall thickness
suggests that HE4 may be useful for early prediction of CD-associated intestinal fibrosis.

In this study, we found that the stenotic CD patients without biologic therapy (specifically
Infliximab) had significantly higher serum HE4 levels than the control group. In contrast,
there were no significant differences between non-stenotic CD patients (with or without
biologics) and controls. Moreover, serum HE4 levels in untreated stenotic CD patients
were significantly higher than in biologic-treated stenotic CD patients, indicating that HE4
expression is elevated in CD and shows specific expression in stenotic CD, and that
biologic therapy may reduce serum HE4 levels. Our findings align with current clinical
practices where biologic agents targeting TNF-«, IL-6, and leukocyte adhesion molecules
improve CD treatment outcomes by blocking key inflammatory pathways 27-28. Infliximab,
as a TNF-«a inhibitor, plays a critical role in autoimmune diseases by suppressing

inflammation. TNF-a has been confirmed to induce the upregulation of IL-6, a key pro-

inflammatory cytokine involved in acute phase responses and chronic inflammation 2°.

Considering that excessive IL-6 production has been implicated in hepatic, pulmonary, and
renal fibrosis 3931, it is plausible that inflammatory factors contribute to HE4 expression

and drive the progression of CD-associated intestinal fibrosis.

Thus, we established a TNBS-induced chronic intestinal fibrosis model in mice and
demonstrated that inhibition of HE4 expression via neutralizing antibodies ameliorates
fibrosis. The TNBS group showed shortened, rigid, and narrowed colons, along with
elevated serum IL-6 and TNF-a levels and increased collagen in colon tissue, indicating
successful fibrosis modeling 8. In contrast, the TNBS + HE4 group displayed reduced
serum IL-6 and TNF-a levels compared to the TNBS + IgG group, as well as decreased
expression of TGF-B1 and downstream P-Smad3/Smad3 in colon tissue, alongside reduced
expression of fibrosis-associated proteins including a-SMA, COL3A1, COL1A1, and
fibronectin. These results suggest that HE4 contributes to intestinal fibrosis via
inflammation-mediated pathways and that HE4 inhibition mitigates fibrosis by suppressing
inflammatory cytokine production and ECM deposition.

The imbalance of the intestinal mucosal immune barrier in CD leads to the release of
various inflammatory cytokines. Pro-inflammatory cytokines, including IL-6 and TNF-q,
are persistently elevated in CD and contribute to sustained inflammatory responses and
repeated cycles of intestinal injury and repair, thereby promoting a profibrotic
microenvironment '°. Accumulating evidence indicates that increased levels of IL-6 and
TNF-a are associated with enhanced expression of TGF-f1, suggesting that these
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inflammatory cytokines may act as upstream modulators of fibrotic responses 32. As a core
cytokine in CD, TNF-a further triggers inflammatory responses and immune cell
activation; it not only promotes IL-6 production but also directly activates the TGF-B1
signaling pathway. Both TNF-«a and IL-6 can enhance the expression of profibrotic factors,
including TGF-B1. Concurrently, IL-6, as another key inflammatory cytokine, can further
stimulate TGF-B1 secretion to amplify the fibrotic process and enhance TGF-f1 activity.
TGF-B1 is widely recognized as a central profibrotic mediator in CD; once activated, the
TGF-B1 signaling pathway triggers a cascade of intracellular events, including the
phosphorylation of Smad proteins (specifically Smad2 and Smad3). These phosphorylated
Smad proteins subsequently translocate to the nucleus to induce the expression of fibrosis-
related genes, which is closely associated with fibroblast activation, ECM deposition, and
reduced matrix degradation 6. Recent studies have identified HE4 as an important
regulator of fibrotic remodeling through its inhibitory effects on matrix metalloproteinase
activity, thereby favoring ECM accumulation . In the context of chronic intestinal
inflammation, increased TGF-B1 expression may contribute to HE4 upregulation, which in
turn shifts intestinal tissue repair toward fibrosis 33. Collectively, these findings suggest
that elevated IL-6 and TNF-a levels, enhanced TGF-B1 signaling, and HE4-mediated
impairment of ECM degradation are closely associated with the development of intestinal
fibrosis in CD, highlighting HE4 as a potential biomarker and therapeutic target for
fibrotic complications. The interaction between TNF-«, IL-6, HE4, and TGF-B1 amplifies
the fibrotic process in CD, ultimately leading to the formation of strictures and intestinal
obstruction.

Conclusions

This study demonstrated that HE4 is specifically upregulated in CD-associated intestinal
fibrosis and correlates with disease severity markers. Preliminary mouse model
experiments support a role for HE4 in promoting fibrosis through inflammatory pathways.
Further large-scale clinical studies are required to validate whether HE4 can serve as an
early biomarker for CD-associated intestinal fibrosis and potential therapeutic target.
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Figure 1

Schematic of the TNBS-induced intestinal fibrosis mouse model.

An experimental timeline depicting the induction of intestinal fibrosis in male C57BL/6
mice (approximately 8 weeks old). Prior to intrarectal administration, mice were
presensitized by epicutaneous application of TNBS on a shaved area of the dorsal skin to
assess potential allergic reactions. Subsequently, intestinal fibrosis was induced via
intrarectal (i.r.) administration of TNBS at varying concentrations and time points,
combined with intraperitoneal (i.p.) injections (5 mg/kg). Colonic tissue samples were
harvested from the mice at 7 weeks post-modeling.Abbreviations: i.r., intrarectal; i.p.,
intraperitoneal.
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Figure 2

Serum HE4 concentration in human subjects measured by ELISA.

Serum levels of HE4 were quantified by ELISA in healthy controls (CTR), patients with
Crohn's disease (CD), and patients with ulcerative colitis (UC). Blood samples were
collected, centrifuged, and the supernatant was analyzed. Experiments were performed in
at least triplicate. Data are presented as mean + SD. Statistical significance was
determined by Student’s t-test (*p < 0.05, **p < 0.01%*).
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Serum HE4 Concentration (pg/mL)

Figure 3

Serum HE4 levels in CD patient subgroups with or without biologic therapy.

Serum HE4 concentrations were compared across five groups: healthy controls (CTR),
stenotic CD , stenotic CD + biologic agents , non-stenotic CD, non-stenotic CD + biologic
agents .Data are presented as mean *+ SD. Differences were analyzed by Student’s t-test
(*p < 0.05, *p < 0.01%).
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Correlation Between Serum HE4 Levels and Clinical Indicators
Spearman’s rank correlation analysis was performed to assess the association of serum

Serum HE4 Concentration (pg/mL)

HE4 levels with (a) intestinal wall thickness and (b-i) various clinical indicators. The

correlation coefficient (R) ranges from —1 to +1, where values closer to +1 indicate

stronger monotonic relationships.
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Figure 5

Histopathological evaluation of human intestinal tissues.

(a) Representative images of Masson’s trichrome staining and immunohistochemical (IHC)
staining for HE4 in human colon sections. (b) Quantitative analysis of IHC staining
positivity was performed using Image]. Differences in positive rates between groups were
compared by Chi-square test (p < 0.05).
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Macroscopic Appearance of Mouse Colon Tissue

Colon tissues were collected after euthanasia, rinsed with cold physiological saline, and
photographed. The TNBS and TNBS+IgG groups exhibited colons with localized edema
and lumen stenosis, and the colonic walls appeared rigid, twisted, and deformed.
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Figure 7

Serum cytokine levels in mice measured by ELISA.

Concentrations of (a) IL-6 and (b) TNF-a in mouse serum were determined by ELISA. Data
are presented as mean + SD. Statistical comparisons between groups were performed
using Student’s t-test (*p < 0.05, **p < 0.01, **p < 0.001).
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Figure 8. Histopathological staining of mouse colon tissues.

(a) Representative images of Masson’s trichrome staining and immunohistochemistry (IHC)
for relevant markers in different intervention groups. (b) IHC positivity was quantified using

Imaged across at least three different regions per sample. Statistical analysis was
performed using Chi-square test (***p < 0.0007).

Figure 8

See image above for figure legend
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Figure 9. Western blot analysis of mouse colon tissues from the TNBS model.
Protein expression profiles were compared between (a) TNBS vs. Saline groups and (b)
TNBS+HE4 vs. TNBS+IgG groups. Band intensity was quantified using Imagel, with at least
three independent measurements averaged per sample. GAPDH was used as a loading
control, and relative expression was calculated as the ratio of target protein to GAPDH.

Statistical significance was determined by Student’s t-test (xp < 0.05, »*p < 0.01, **»*p < 0.001,
*x < 0.0001).
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