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Abstract: Antimicrobial peptides, such as beta-defensin 2 (BD2), are vital in controlling
infections and immune responses. In this study, we investigated the expression and role
of BD2 in the amniotic membrane and human amniotic epithelial cells (hAECs) from pa-
tients with preterm birth and chorioamnionitis, focusing on its regulation of inflammatory
cytokines and its protective effect on the epithelial barrier. Our results show increased
BD2 expression in chorioamnionitis, and Lipopolysaccharide (LPS)-induced inflammation
increased BD2 release from hAECs in a dose- and time-dependent manner. BD2 treatment
effectively modulated the inflammatory response by reducing pro-inflammatory cytokines
(IL-6, IL-1β) and enhancing the release of the anti-inflammatory cytokine IL-10. Addition-
ally, BD2 helps preserve epithelial barrier integrity by restoring E-cadherin expression and
reducing Snail expression in inflamed hAECs. In an LPS-induced preterm birth mouse
model, BD2 treatment delayed preterm delivery and reduced inflammatory cytokine lev-
els. These results suggest that BD2 plays a protective role in preventing preterm birth
by regulating inflammation and maintaining epithelial barrier function, highlighting its
therapeutic potential for inflammation-related preterm birth.

Keywords: antimicrobial peptides; beta-defensin; chorioamnionitis; preterm birth

1. Introduction
Antimicrobial peptides (AMPs), also known as cationic host defense peptides, are

a class of small peptides capable of controlling infections through their antimicrobial
properties and modulating hosts’ immune responses [1–4]. AMPs are expressed in most
parts of the human body exposed to microbial environments, including the skin, intestinal
mucosa, lungs, oral mucosa, eyes, and reproductive tract [2,4]. While some AMPs are
consistently expressed, the majority are induced in response to an infection, inflammation,
or injury [1,2]. Dysregulation of AMP expression can compromise antimicrobial defense
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and has been associated with the pathogenesis of infectious and inflammatory diseases,
including Crohn’s disease and atopic dermatitis [5–10].

Preterm birth (PTB), defined as delivery before 37 weeks of gestation, is the most
frequent cause of infant mortality, accounting for at least one-third of all infant deaths.
Neonates born preterm are at increased risks of long-term morbidity, including neurodevel-
opmental impairments, as well as respiratory and gastrointestinal complications [11–13].
While multiple pathological mechanisms contribute to preterm labor, such as uterine
overdistension, uteroplacental hemorrhage, and various immunologically mediated pro-
cesses, ascending infection of vaginal microbiota is recognized as a major contributor to
spontaneous PTB (sPTB) [11,13,14]. During pregnancy, AMPs are expressed in the cervix,
vagina, uterine wall, amniotic fluid, fetal membranes, placenta, and fetus, where they play
a crucial role in protecting against intrauterine infections and inflammatory stimuli [15–25].
In particular, clinical conditions associated with sPTB, such as preterm labor, preterm
premature rupture of membranes (PPROM), and cervical insufficiency, have been linked to
altered AMP expression in the cervicovaginal secretions and amniotic fluid [23,24,26–28].

Among the major AMPs, defensins are characterized by a conserved β-sheet core
stabilized by three disulfide bonds formed between six cysteine residues [29,30]. Based on
the configuration of these disulfide bonds, defensins are classified into three subgroups: α-,
β-, and θ-defensins [2,29]. Human α-defensins are primarily produced by neutrophils and
Paneth cells of the small intestine [30–33]. In contrast, human β-defensins (BDs) are mainly
expressed in epithelial cells, providing a protective function in microbial-exposed sites such
as the respiratory, intestinal, and genitourinary tracts, as well as the skin [31]. Human BD1–
3s have been identified in the placenta, chorionic trophoblasts, amniotic epithelium, and
decidua, where they act as crucial components of mucosal innate immunity [16,23,34–36].

Recent studies reported elevated β-defensin levels in amniotic fluid in sPTB-related
conditions, including intra-amniotic infection, inflammation, PPROM, and cervical insuffi-
ciency [23,24,26–28,37]. While previous studies primarily focused on BD2 elevation in these
conditions, recent findings suggest that higher vaginal BD2 levels during mid-pregnancy
are associated with a reduced risk of sPTB [27]. These findings indicate that although BD2
levels rise in response to inflammation in sPTB, its baseline levels during mid-pregnancy
may influence pregnancy outcomes and play a protective role in preventing PTB. Further-
more, AMPs, including BD2, can be secreted from the amniotic membrane in response to
inflammatory cytokines such as IL-1β [25,38]. This result suggests that the antibacterial
activity of the amnion and the presence of AMPs in the amniotic fluid serve as mechanisms
to protect the fetus from infection.

While previous research examined changes in AMP expression and their association
with sPTB-related conditions, the specific role of β-defensin in sPTB-associated inflam-
mation remains unclear. Therefore, this study aims to investigate BD2 expression in the
amniotic membrane of patients with sPTB and chorioamnionitis. Moreover, we intend
to reveal BD2 functions in intrauterine infection and inflammation associated with sPTB.
Finally, we assessed whether BD2 effectively prevents preterm birth in a mouse model of
intrauterine inflammation-induced preterm birth.

2. Results
2.1. Beta-Defensin 2 Expression in the Amniotic Membrane Is Increased in Preterm Birth
with Chorioamnionitis

After fixing and sectioning the amniotic membrane from the normal group (n = 3)
and preterm patient diagnosed with chorioamnionitis (n = 3) in paraffin, we analyzed BD2
expression using immunohistochemistry. The BD2 expression was predominantly localized
to the epithelial and sub-epithelial stromal layer of the amniotic membrane. In comparison
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to the normal controls, the patient group exhibited more brown-stained areas. Analysis
using the ImageJ software (ver. 1.53e, National Institutes of Health, Bethesda, MD, USA;
https://imagej.nih.gov/ij/, accessed on 3 November 2023) revealed a higher proportion of
BD2-stained areas in the amniotic membrane of preterm patients with chorioamnionitis
compared to controls (Figure 1a,b).
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Figure 1. Beta-defensin 2 expression in amniotic membrane. Paraffin-embedded sections from the
normal and patient group were stained with H&E and BD2-specific immunohistochemistry (a). Quanti-
tative comparison of BD2 staining intensity using ImageJ software (b). Expression levels of BD2 mRNA
and protein release from hAECs from normal and patient groups (c,d). * Significant difference (p < 0.05)
compared with normal group. BD2, β-defensin 2; hAECs, human amniotic epithelial cells.

Moreover, the mRNA expression of BD2 in human amniotic epithelial cells (hAECs)
isolated from the patient group was higher than that in the control group. Furthermore,
the BD2 levels in the culture medium of hAECs were significantly elevated in the patient
group. These findings indicate an increased expression of BD2 in the amniotic membrane
and hAECs of patients who experienced preterm delivery with chorioamnionitis, as well as
an increase in BD release from hAECs (Figure 1c,d).

To determine whether the increase in BD2 in the patient group was due to inflamma-
tion, hAECs isolated from the normal group were treated with lipopolysaccharide (LPS)
(10 or 50 ng/mL) to induce inflammation mimicking chorioamnionitis. BD2 mRNA and
protein expression were significantly increased in LPS-treated hAECs compared to that
in normal controls. In addition, a significant elevation in BD2 levels was observed in the
culture medium of LPS-stimulated hAECs compared to that in the medium from normal
controls (Figure 2a–c). BD2 levels in the culture medium of hAECs were significantly higher
with 50 ng/mL of LPS treatment compared to 10 ng/mL. Furthermore, when comparing
treatment durations, the group treated with LPS for 48 h exhibited higher BD2 levels in the
culture medium than the group treated for 24 h. These findings indicate that the release of
BD2 from hAECs treated with LPS is both dose- and time-dependent (Figure 2d,e).

2.2. Effect of Beta-Defensin 2 on LPS-Induced Inflammation in Human Amniotic Epithelial Cells

To investigate the effect of BD2 on the amniotic membrane in patients with chorioam-
nionitis, we compared the levels of inflammatory cytokines, including IL-6 and IL-1β, and
anti-inflammatory cytokines such as IL-10 between the patient and normal groups. hAECs
isolated from the patient group (patient-derived hAECs, PD-hAECs) exhibited significantly
higher mRNA expression levels of IL-6 and IL-1β compared to the control group, with no
significant difference in IL-10 between the two groups (Figure 3a–c). Similarly, the levels of
IL-6 and IL-1β in the culture medium of PD-hAECs were significantly higher than those in
the culture medium of normal controls. To assess the effect of BD2 on the inflammatory
response in the amniotic membrane, PD-hAECs were treated with BD2, which significantly
reduced the elevated levels of IL-6 and IL-1β while increasing IL-10 levels in the culture

https://imagej.nih.gov/ij/
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medium (Figure 3d–f). These findings were consistent in hAECs from the normal group
following LPS treatment, which significantly increased IL-6 and IL-1β expression at both
the mRNA and protein levels. BD2 co-treatment mitigated this increase, while also enhanc-
ing IL-10 expression in a dose-dependent manner, with significant changes in the culture
medium observed at 1 µg/mL BD2’s (Supplementary Figure S1). When examining other
cytokines associated with intrauterine infection and inflammation, such as IL-8, MCP-1,
MMP9, MMP8, and MMP2, their expression levels remained unchanged following BD2
co-treatment with LPS (Supplementary Figure S2).
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Figure 2. Beta-defensin 2 expression in human amniotic epithelial cells. BD2 protein and mRNA
expression in hAECs treated with LPS at concentrations of 10, and 50 ng/mL for 24 h (a–c). Compar-
ison of BD2 mRNA expression levels and protein release from hAECs in response to varying LPS
doses and administration durations (d,e). * Significant difference (p < 0.05) compared with normal
group. ** Significant difference (p < 0.01) compared with normal group. BD2, β-defensin 2; hAECs,
human amniotic epithelial cells; and LPS, lipopolysaccharide.

Chorioamnionitis can compromise the amniotic epithelial barrier, increasing its per-
meability to pathogens, with the accompanying elevation of proinflammatory cytokines
further contributing to the barrier weakening [39–42]. Therefore, we subsequently investi-
gated the effect of BD2 on the amniotic epithelial barrier under inflammatory conditions
such as chorioamnionitis. We examined the expression of the epithelial surface marker
E-cadherin and the transcription factor Snail, a direct repressor of E-cadherin, in PD-hAECs.
PD-hAECs exhibited significantly lower E-cadherin expression compared to the control
group. However, treatment with BD2 in PD-hAECs significantly increased E-cadherin
expression. In contrast, Snail expression was significantly higher in PD-hAECs than in the
control group, but BD2 treatment significantly reduced Snail expression. Similar results
were observed in LPS-treated hAECs (Figure 4a). LPS treatment significantly reduced
E-cadherin expression, but co-treatment with BD2 restored its expression. Additionally,
Snail expression was markedly elevated in LPS-treated hAECs; however, co-treatment with
BD2 and LPS significantly reduced Snail expression (Figure 4b). These findings suggest
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that the amniotic epithelial barrier is compromised during LPS-induced inflammation.
BD2 plays a protective role by preserving E-cadherin expression and suppressing Snail
expression, thereby mitigating barrier damage.
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Figure 3. Effect of beta-defensin 2 on the expression of inflammatory cytokines in human amniotic
epithelial cells. IL-6, IL-1β, and IL-10 mRNA expression in hAECs and protein levels in the culture
medium of hAECs from normal and patient groups, with or without BD2 0.1 g/mL, 1.0 µg/mL
co-treatment (a–f). * Significant difference (p < 0.05), and ** significant difference (p < 0.01). BD2,
β-defensin 2; hAECs, human amniotic epithelial cells; and LPS, lipopolysaccharide.
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Figure 4. Effect of Beta-defensin 2 on cell adhesion molecules expression in human amniotic epithelial
cells. E-cadherin and Snail expression in hAECs from normal and patient groups treated with
0.1 µg/mL or 1 µg/mL BD2, with quantitative comparison using ImageJ software (a). E-cadherin
and Snail expression in hAECs from normal controls treated with 10 ng/mL LPS and 0.1 µg/mL
or 1 µg/mL BD2 for 24 h, with quantitative comparison using ImageJ software (b). * Significant
difference (p < 0.05), and ** significant difference (p < 0.01). hAECs, human amniotic epithelial cells;
BD2, β-defensin 2; and LPS, lipopolysaccharide.
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2.3. NF-kB Mediated Regulation of Beta-Defensin 2 Expression in hAECs During
LPS-Induced Inflammation

NF-kB is a central regulatory pathway induced by LPS in inflammation. BD2 has
binding sites on the promoter that interact with NF-kB at positions −2193 to −2182 (dκB),
−596 to −572 (pκB2), and −205 to −186 (pκB1) (Figure 5a). A vector with mutations in
these binding sites was transfected into hAECs, followed by LPS treatment for 6 h. LPS
treatment led to high luciferase expression in the wild-type (non-mutated) cells. However,
in the mutant type with NF-kB site mutations, this expression was lower than that in the
wild type (Figure 5b,c). This result indicates that BD2 expression in hAECs is regulated by
NF-kB during LPS-stimulated inflammation.
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the luciferase reporter assay. Constructs include wild-type (WT) and various deletion mutants, as
indicated by shaded and open circles representing regulatory elements. hAECs were transfected
with either wild-type or mutant constructs (a). The schematic diagram highlights the differences
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2.4. The Effect of Beta-Defensin 2 in an LPS-Induced Preterm Birth Mouse Model

To evaluate the potential of BD2 in preventing preterm birth in vivo, we employed
an LPS-induced preterm birth mouse model [43–45]. Four experimental groups were
established based on the intrauterine treatment received: a control group treated with
phosphate-buffered saline (PBS) (100 µL, n = 9), an LPS-treated group (5 µg/100 µL,
n = 11), a BD2-only-treated group (15 µg/100 µL, n = 8), and a group treated with both
LPS and BD2 (5 µg/100 µL and 15 µg/100 µL, respectively, n = 13). In the BD2-only-
treated group and the LPS + BD2-treated group, BD2 was additionally administered
subcutaneously 24 h before intrauterine BD2 injection. In the LPS-treated group, deliv-
ery occurred within 24 h after LPS administration (median (range) 17.8 h (11.0–23.1 h)).
In contrast, the BD2-only and the LPS + BD2-co-treated group exhibited delivery tim-
ings comparable to the control group (median (range) 99.1 h (96.5–104.7 h), 112.3 h
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(98.4–119.6 h), and 97.9 h (97.5–98.9 h), respectively) with no significant differences observed
between groups (Figure 6a). Therefore, BD2 treatment significantly extended the pregnancy
duration compared to the LPS-treated group, where preterm birth occurred (LPS-treated
group vs. LPS + BD2-co-treated group, p < 0.001). Moreover, we analyzed the levels of the
inflammatory cytokines IL-6 and IL-1β between the groups, and the results demonstrate
that BD2 significantly reduced the LPS-induced elevation of these cytokines (Figure 6b,c).
These findings suggest that BD2 has therapeutic potential for preventing preterm birth by
regulating inflammatory cytokines and are consistent with previous in vitro results.
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3. Discussion
Our results demonstrate a significant increase in the expression of BD2 in the amniotic

membrane of patients with chorioamnionitis, as well as in isolated hAECs from preterm
patients with chorioamnionitis. LPS-induced inflammation elevates BD2 expression in
hAECs in a dose- and time-dependent manner. Moreover, our study using hAECs revealed
that BD2 modulates the inflammatory response and plays a role in preserving the integrity
of the epithelial barrier under inflammatory conditions associated with preterm birth.
Additionally, our study found that BD2 expression in hAECs is regulated by NF-kB during
LPS-induced inflammation. Furthermore, we explored the therapeutic potential of BD2 in
preventing preterm birth using an LPS-induced mouse model. Our findings demonstrate
that BD2 effectively mitigates LPS-induced preterm delivery and reduces inflammatory
cytokine levels, highlighting its potential as a therapeutic agent for inflammation-associated
preterm birth.

Beta-defensins are expressed in the pregnant uterus: BD1–3 are detected in the pla-
centa and chorion trophoblasts, amniotic epithelium, decidua, and amniotic fluid, whereas
BD1 and BD2 mRNA are expressed in the chorion, villus, and placental tissues [18,20,22,46].
Previous studies demonstrated that BD2 concentration in the amniotic fluid is markedly in-
creased in women with intra-amniotic infection/inflammation. Additionally, patients who
delivered preterm had higher amniotic fluid BD2 concentrations than those who delivered
at term [37,47]. Furthermore, the levels of BD2 in the amniotic fluid were higher in women
with cervical insufficiency than in normal controls [24]. In addition, proteomic analysis of
amniotic fluid revealed that defensins exhibit a distinctive proteomic profile associated with
intrauterine inflammation and chorioamnionitis, highlighting their potential as biomarkers
for the early recognition of these conditions [28,48–50]. As demonstrated in previous stud-
ies, defensins have been reported to be elevated in the amniotic fluid of patients exhibiting
symptoms associated with sPTB. Consequently, defensins have been highlighted as mark-
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ers associated with microbial invasion of the amniotic cavity, intrauterine inflammation,
and chorioamnionitis. However, a recent study demonstrated an association between
higher vaginal BD2 levels at mid-pregnancy and reduced risk of sPTB [27]. Moreover,
high maternal stress and low cervicovaginal defensin 2 levels are associated with an in-
creased risk of sPTB [51]. Furthermore, although BD2 levels are higher in women with
cervical insufficiency compared to normal controls, elevated amniotic fluid BD2 levels
at mid-pregnancy have been associated with favorable pregnancy outcomes in women
with cervical insufficiency [24]. These findings indicate that the differential expression
of defensins, depending on the severity of infection and the inflammatory response, can
significantly influence pregnancy outcomes.

In an experimental study using amniotic epithelial cells, treatment with LPS led to
a marked upregulation of BD3 mRNA expression, and the BD3 protein in the amniotic
sections was intensively positive in women with histological chorioamnionitis who deliv-
ered preterm compared to control patients who delivered at term [34]. Moreover, exposure
of the amniotic membrane to IL-1β leads to increased secretion of AMPs: BD-2, BD3,
cathelicidin, and elafin [25,38]. Thus, amnion epithelial cells produce AMPs in the amniotic
fluid in response to infection or inflammation and contribute to the innate immunity of
the intra-amniotic cavity that protects the fetus during pregnancy [52,53]. Consistent with
previous studies, this study demonstrated that BD2 expression is elevated in the amniotic
membranes, with increased BD2 release observed in preterm patients with chorioamnionitis
and in hAECs stimulated by LPS. These findings suggest that BD2 plays a crucial role in the
amniotic membrane’s response to infection and inflammation, contributing to physiological
defense mechanisms that support pregnancy maintenance.

To further investigate the role of BD2 in inflammatory conditions, hAECs were co-
treated with BD2 during LPS exposure. This significantly reduced the expression of
pro-inflammatory cytokines, such as IL-6 and IL-1β, at both the mRNA and protein lev-
els, while increasing the expression and release of the anti-inflammatory cytokine IL-10.
These findings indicate that BD2 not only suppresses excessive inflammation, but also
supports balanced immune regulation. The integrity of the amniotic epithelial barrier is
crucial for maintaining a sterile environment in the uterus and preventing the ascent of
pathogens from the vagina into the amniotic sac [52,53]. During intrauterine infection,
such as chorioamnionitis, this barrier becomes compromised, leading to increased per-
meability and facilitating the entry of pathogens into the amniotic cavity [39–42]. Our
study also revealed that co-administration of BD2 with LPS mitigated the LPS-induced
reduction in E-cadherin expression. Additionally, BD2 treatment downregulated Snail,
a transcription factor that suppresses E-cadherin and promotes epithelial–mesenchymal
transition, thereby reinforcing its role in preserving epithelial integrity. This function is crit-
ical in chorioamnionitis, where barrier disruption can lead to fetal exposure to pathogens
and inflammation.

Finally, we investigated the therapeutic potential of BD2 in preventing preterm birth
using an LPS-induced mouse model. Recent advancements in understanding the complex
pathophysiology of sPTB shifted the focus of treatment from traditional agents, such as
tocolytics and antibiotics, to approaches targeting intrauterine inflammation [54–56]. Al-
though some promising agents demonstrated favorable results, few new medications have
yet been introduced to the commercial market. In this study, preterm delivery occurred
within 24 h in the LPS-treated group. In contrast, BD2 administration, both subcutaneously
before LPS injection and intrauterinely at the time of LPS injection, significantly delayed
delivery, maintaining timing comparable to that observed in control mice. When BD2
was given only subcutaneously, it had little effect in preventing preterm birth. However,
intrauterine BD2 administration alongside LPS, without prior subcutaneous treatment,
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provided some protective effect, though it was less effective than the combination of both
subcutaneous and intrauterine BD2 administration (Supplementary Figure S3). These
findings suggest that BD2’s protective effect against PTB depends on the route of adminis-
tration, with local delivery being more effective. The most pronounced effect was observed
with both subcutaneous pre-treatment and intrauterine BD2 administration, suggesting
that systemic priming may enhance its local activity. However, due to the limited sample
size, further validation is needed to draw definitive conclusions. To clarify whether BD2’s
effects result from its biological activity or the injection procedure itself, an additional
control group, such as an LPS + PBS subcutaneous group, would help address potential
confounding factors. Furthermore, BD2 treatment significantly attenuated the LPS-induced
elevations in IL-6 and IL-1β levels, suggesting its significant anti-inflammatory properties
in vivo. Our results are consistent with previous in vitro findings, where BD2 demonstrated
the ability to downregulate pro-inflammatory cytokine expression in hAECs exposed to
LPS. The delayed delivery observed in the BD2-treated groups aligns with the cytokine pro-
file, further supporting the hypothesis that BD2 exerts its protective effects by counteracting
the inflammatory cascades associated with PTB. Notably, BD2 treatment did not adversely
affect normal gestational progression in the absence of LPS. This finding highlights its
safety profile and potential for therapeutic application.

The strength of this study lies in its detailed analysis of the role of BD2 in both in vitro
and in vivo experimental settings. We conducted experiments using the amniotic mem-
branes of preterm patients diagnosed with chorioamnionitis, demonstrating the changes
in BD2 expression in these membranes and highlighting the role of BD2 in the context
of chorioamnionitis. To identify the stimuli responsible for changes in BD2 expression,
we used LPS as an inflammatory stimulus, showing that BD2 expression is induced by
infection/inflammation. Furthermore, by replicating the experimental results obtained
from patient-derived epithelial cells isolated from the amniotic membrane, we identified
these epithelial cells as a key source of BD2 expression and release. Our findings underscore
the significant role of amniotic epithelial cells in regulating the inflammatory response
and protecting the epithelial barrier during inflammation-induced PTB. We further demon-
strated that BD2 prevented sPTB and significantly extended the gestational period in an
LPS-induced PTB mouse model, highlighting its potential as a therapeutic agent. However,
this study has several limitations. First, the experiments were conducted using amniotic
membranes obtained from a total of 26 patients, which may limit the ability to draw defini-
tive conclusions. Future studies with larger cohorts are needed to examine variations in
BD2 levels according to different clinical presentations and disease severity, as well as its
potential associations with pregnancy outcomes. Additionally, this study did not address
various other actions of defensins, such as their roles in chemotaxis and the activation
of diverse immune cells, including neutrophils and macrophages. While BD2 expression
was shown to be regulated by NF-κB, previous research indicated that it is also influenced
by AP-1 and MAPK pathways and controlled by a complex network of transcription fac-
tors [57,58]. However, our study did not explore these molecular interactions or immune
signaling pathways in depth. Further research is necessary to elucidate the role of BD2 in
PTB by investigating its interactions with various immune signaling pathways and their
contributions to host defense mechanisms during pregnancy. Defensins are known to inter-
act synergistically with other AMPs to modulate responses to inflammatory stimuli. Since
this study focused exclusively on the isolated effects of BD2, the observed responses might
differ from those occurring within the intricate interplay of factors in vivo. Furthermore,
the in vivo results primarily highlight short-term outcomes, such as delivery timing and
cytokine levels following BD2 treatment. To fully understand its therapeutic potential,
long-term studies are necessary to evaluate both the benefits and risks of BD2 treatment in
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preventing preterm birth or managing chorioamnionitis. For the clinical application of BD2,
further investigation is required to address practical challenges, including safety, optimal
dosage, and delivery methods. Additionally, potential off-target effects and interactions
with other endogenous antimicrobial peptides must be carefully considered to ensure its
safe and effective therapeutic use.

4. Materials and Methods
4.1. Amnion Collection and Processing

Placental samples (n = 6) were collected from women diagnosed with chorioamnionitis
due to prolonged latency after PPROM and/or preterm labor (median gestational age of
29.3, range 23.3–34.5), with four delivering via cesarean section and the remaining two via
vaginal delivery. Additionally, samples were obtained from healthy women undergoing
elective cesarean delivery at term in the absence of labor (n = 20; median gestational age
38.3 weeks, range 37.5–39.4). The amniotic membrane was manually separated from the
chorion and sectioned into small pieces (approximately 1.0 cm3 each). Full-thickness
placental biopsies were then collected and fixed in formalin. A placental pathologist,
blinded to the clinical and laboratory data, analyzed the specimens. Amnion samples
histologically diagnosed with acute chorioamnionitis were utilized as patient samples
in the experiments. The collection and use of the samples were approved by the Ethics
Committee of Kangnam Sacred Heart Hospital (Ethics ref. 2021-05-003).

4.2. Immunohistochemistry

Amniotic tissue obtained through cesarean section was fixed in 4% formaldehyde and
embedded in paraffin to create blocks. The paraffin blocks were sectioned into 8 µm slices
for immunohistochemistry. The sections were deparaffinized with xylene, rehydrated with
ethanol, and blocked for 1 h at room temperature with 5% bovine serum albumin. The
primary antibody was incubated overnight at 4 ◦C, followed by a 30 min incubation with
the secondary antibody at room temperature. Detection was performed using horseradish
peroxidase, and cross-sectional analysis was performed using an Axio Observer optical
microscope (Carl Zeiss, Jena, Germany) equipped with a digital camera.

4.3. Isolation of Primary Human Amniotic Epithelial Cells

The primary human amniotic epithelial cells were isolated from freshly obtained
amnion as described above. The amniotic membrane was washed with ice-cold PBS
(pH 7.2) to remove blood clots and cellular debris and cut into 6 cm-long pieces. The first
enzymatic digestion was performed by incubating the membrane pieces with 20 mL of
pre-warmed 0.05% trypsin/EDTA (Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C
for 10 min with gentle shaking. The cells obtained in this step were discarded to remove
blood clots and cellular debris. The second and third digestions were conducted in a similar
manner. The membrane pieces were transferred into new 50 mL conical tubes containing
20 mL 0.05% trypsin/EDTA and incubated at 37 ◦C for 30 min with gentle shaking. The
digestion mixtures obtained from the second and third digestions were filtered through
a 70 µm cell strainer and centrifuged at 500× g for 10 min. Cell pellets were suspended
and grown in DMEM/F12 (Gibco, Franklin Lakes, NJ, USA) supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, 100 µg/mL streptomycin (Sigma-Aldrich, St. Louis,
MO, USA), and 10 ng/mL epidermal growth factor (R&D Systems, Madison, WI, USA).

4.4. Reagents

Lipopolysaccharides from Escherichia coli O55:B5 was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Recombinant Human Beta-Defensin 2 was purchased from ProSpec
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Bio (Hamada, Japan). The transfection reagent was purchased from PolyPlus-Transfection
(Strasbourg, France). Antibodies, including beta-actin, anti-human Snail, and anti-human
E-Cadherin, were purchased from Cell Signaling, while anti-human Beta-Defensin2 from
Abcam (Cambridge, UK). BD2-wild type and BD2-mutant vectors were purchased from
VectorBuilder (Chicago, IL, USA). The ONE-Glo Luciferase Assay System was purchased
from Promega (Madison, WI, USA).

4.5. Western Blot Analysis

Western blot analyses were performed using standard methods. Proteins were sepa-
rated using 15% and 10% SDS-PAGE and transferred unto a methanol-activated polyvinyli-
dene difluoride membrane. The target protein was detected by attaching the corresponding
antibody, and enhanced chemiluminescence was employed for the process.

4.6. RNA Isolation and Quantitative PCR (qPCR)

Total RNA from hAEC was isolated using TRIzol reagent (Qiagen, Hilden, Germany).
RNA (1 µg) was used to synthesize cDNA using a Maxime RT PreMix Kit (iNtRON
Biotechnology, Washington, DC, USA). PCR was performed on Rotor-Gene Q (Qiagen)
using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA).
Primers used were Actin (forward): 5′-GTGCTATCCCTGTACCCCTC-3,’ Actin (reverse): 5′-
GGCCATCTCTTGCTCGAAGT-3,’ IL-6 (forward): 5′-AATTCGGTACATCCTCGACGG-3,’
IL-6 (reverse): 5′-GGTTGTTTTCTGCCAGTGCC-3,’ IL-10 (forward): 5′-TCAAGGCGCATG
TGAACTCC-3,’ IL-1β (forward): 5′-ATGATGGCTTATTACAGTGGCAA-3,’ and IL-1β (re-
verse): 5′-GTCGGAGATTCGTAGCTGGA-3.’ Data were analyzed using the 2−∆∆Ct method.

4.7. Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of BD2, IL-6, IL-1β, IL-10, IL-8, IL-17, MCP-1, MMP9, MMP8, and MMP2
in the culture media of hACEs were determined using ELISA kits (Cusabio, Wuhan,
China) according to the manufacturer’s instructions. The levels of IL-6 and IL-1β in
mouse plasma were quantified using ELISA kits (Cusabio, Wuhan, China) according to the
manufacturer’s instructions.

4.8. Transfection and Luciferase Assay

hAECs were seeded in 6-well plates, and luciferase expression vectors (wild-type and
mutant) were transfected using the PolyPlus-Transfection kit. Transfection was performed
for 24 h, followed by treatment with LPS for 6 h. Cells were lysed using the ONE-Glo™ Lu-
ciferase Assay System, and luminescence and EGFP fluorescence were measured. Promoter
activity was relative to that of the wild-type BD2 vector.

4.9. Experimental Animals

Pregnant C57BL/6 mice at embryonic day 12 (E12) were purchased from Dooyeol
Biotech (Seoul, Republic of Korea) to establish infection-induced preterm birth mouse
models using LPS. The research protocol was approved by the Institutional Animal Care
and Use Committee (IACUC) of Hallym University (permit number R3 (2021-87)), and
all experiments were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals by the National Institute of Health.

To better mimic the physiological conditions of inflammation-induced preterm birth,
we established a preterm birth model using intrauterine LPS administration. A dose–
response curve for LPS was performed, and a dose of 5 µg was determined to be optimal,
yielding reliable PTB rates with minimal maternal morbidity and mortality while preserving
fetal survival. At this dose, intrauterine injection of LPS resulted in preterm delivery in
over 75% of cases within 24 h post-injection.
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A total of 41 mice were included in the study and divided into four groups: a control
group treated with PBS (n = 9), an LPS-treated group (n = 8), a BD2-only-treated group
(n = 11), and a group treated with both LPS and BD2 (n = 13). The experimental procedure
was as follows: On gestation day 15 (E15), dams received a subcutaneous injection of
morphine (5 mg/kg) for analgesia prior to a mini laparotomy performed under isoflurane
anesthesia (5%) isoflurane in oxygen at a flow rate of 1.5 L/min. The uterine horns were
exteriorized and kept moist using sterile PBS applied with a sterile swab. LPS (2.5 µg
per uterine horn, for a total of 5 µg) in 100 µL sterile PBS, or 100 µL sterile PBS alone for
controls, was injected into the distal regions of the bilateral uterine horns between the
first and second uppermost fetuses, avoiding the amniotic cavities. Fetal viability was
confirmed before returning the uterine horns to the abdominal cavity. Post-procedure,
the mice were allowed to recover in a heated recovery chamber and were subsequently
housed individually. Regular monitoring was conducted until euthanasia. Labor time
was calculated as the interval from injection to the delivery of one or more fetuses. Blood
samples were collected via retro-orbital bleeding at 6 h post-LPS injection and centrifuged
immediately at 3000 g for 15 min, after which serum was separated and stored at −80 ◦C
for subsequent analysis.

4.10. Statistical Analyses

All experiments were conducted at least three times independently. Statistical analyses
were performed using GraphPad Prism version 8.0 (GraphPad Software, www.graphpad.com,
accessed on 1 March 2024). Data were compared using the Mann–Whitney U test or
Kruskal–Wallis test, with Bonferroni corrections applied for multiple comparisons. The
proportions of sPTB occurrences were compared using Fisher’s exact test. Statistical
analysis of immunoassay data was performed after logarithmic transformation. A p-value
of less than 0.05 was considered statistically significant.

5. Conclusions
Our study demonstrates that BD2 plays a crucial role in regulating the inflammatory

response and maintaining epithelial barrier integrity in infection/inflammation conditions
during pregnancy, such as chorioamnionitis, ultimately contributing to the prevention
of sPTB. Further research is needed to explore the precise mechanisms underlying BD2’s
protective effects and to evaluate its clinical applicability in prophylactic and therapeutic
tools against sPTB.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms26052127/s1.

Author Contributions: Conceptualization, J.Y.H. and G.-H.S.; methodology, J.Y.H., G.-H.S., S.Y. and
S.-H.K.; validation, J.J.L. and S.-H.K.; formal analysis, S.Y. and S.-H.K.; investigation, J.Y.H., G.-H.S.,
S.Y. and S.-H.K.; resources, J.R. and K.K.; data curation, J.R. and K.K.; funding acquisition, J.Y.H. and
G.-H.S.; writing—original draft preparation, S.Y. and G.-H.S.; writing—review and editing, G.-H.S.
and J.Y.H.; supervision, J.J.L. and K.-Y.L.; S.Y. and S.-H.K. contributed equally to this work. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a grant from the Korea Health Technology R&D Project
through the Korea Health Industry Development Institute (KHIDI); by the Ministry of Health &
Welfare, Republic of Korea, grant number HI21C1624, by the Hallym University Research Fund, by
Hallym University Medical Center Research Fund, by the Korea Medical Device Development Fund
grant funded by the Korean government (the Ministry of Science and ICT, the Ministry of Trade,
Industry and Energy, the Ministry of Health & Welfare, the Ministry of Food and Drug Safety), project
number: 1711139109 KMDF_PR_20210527_0005; and by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MSIT), grant number RS-2023-00252948.

www.graphpad.com
https://www.mdpi.com/article/10.3390/ijms26052127/s1


Int. J. Mol. Sci. 2025, 26, 2127 13 of 15

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Hallym University Kangnam Sacred
Heart Hospital (protocol codes 2021-05-003 and 20 May 2021). The animal study protocol was
approved by the Institutional Animal Care and Use Committee (IACUC) of Hallym University
(permit number R3 (2021-87) and 14 December 2023) for studies involving animals.

Informed Consent Statement: Written informed consent was obtained from all participants.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no competing interests.

References
1. Hemshekhar, M.; Anaparti, V.; Mookherjee, N. Functions of cationic host defense peptides in immunity. Pharmaceuticals 2016,

9, 40. [CrossRef] [PubMed]
2. Mookherjee, N.; Anderson, M.A.; Haagsman, H.P.; Davidson, D.J. Antimicrobial host defence peptides: Functions and clinical

potential. Nat. Rev. Drug Discov. 2020, 19, 311–332. [CrossRef] [PubMed]
3. van der Does, A.M.; Hiemstra, P.S.; Mookherjee, N. Antimicrobial host defence peptides: Immunomodulatory functions and

translational prospects. Adv. Exp. Med. Biol. 2019, 1117, 149–171.
4. Hancock, R.E.; Haney, E.F.; Gill, E.E. The immunology of host defence peptides: Beyond antimicrobial activity. Nat. Rev. Immunol.

2016, 16, 321–334. [CrossRef] [PubMed]
5. Clausen, M.L.; Slotved, H.C.; Krogfelt, K.A.; Andersen, P.S.; Agner, T. In vivo expression of antimicrobial peptides in atopic

dermatitis. Exp. Dermatol. 2016, 25, 3–9. [CrossRef] [PubMed]
6. Gallo, R.L.; Hooper, L.V. Epithelial antimicrobial defence of the skin and intestine. Nat. Rev. Immunol. 2012, 12, 503–516. [CrossRef] [PubMed]
7. Harder, J.; Dressel, S.; Wittersheim, M.; Cordes, J.; Meyer-Hoffert, U.; Mrowietz, U.; Fölster-Holst, R.; Proksch, E.; Schröder, J.M.;

Schwarz, T.; et al. Enhanced expression and secretion of antimicrobial peptides in atopic dermatitis and after superficial skin
injury. J. Investig. Dermatol. 2010, 130, 1355–1364. [CrossRef]

8. Kopfnagel, V.; Harder, J.; Werfel, T. Expression of antimicrobial peptides in atopic dermatitis and possible immunoregulatory
functions. Curr. Opin. Allergy Clin. Immunol. 2013, 13, 531–536. [CrossRef]

9. Wehkamp, J.; Schmid, M.; Stange, E.F. Defensins and other antimicrobial peptides in inflammatory bowel disease. Curr. Opin.
Gastroenterol. 2007, 23, 370–378. [CrossRef] [PubMed]

10. Wehkamp, J.; Schmid, M.; Fellermann, K.; Stange, E.F. Defensin deficiency, intestinal microbes, and the clinical phenotypes of
crohn’s disease. J. Leukoc. Biol. 2005, 77, 460–465. [CrossRef]

11. Goldenberg, R.L.; Culhane, J.F.; Iams, J.D.; Romero, R. Epidemiology and causes of preterm birth. Lancet 2008, 371,
75–84. [CrossRef] [PubMed]

12. McCormick, M.C. The contribution of low birth weight to infant mortality and childhood morbidity. N. Engl. J. Med. 1985, 312,
82–90. [CrossRef] [PubMed]

13. Romero, R.; Dey, S.K.; Fisher, S.J. Preterm labor: One syndrome, many causes. Science 2014, 345, 760–765. [CrossRef] [PubMed]
14. Hein, M.; Helmig, R.B.; Schonheyder, H.C.; Ganz, T.; Uldbjerg, N. An in vitro study of antibacterial properties of the cervical

mucus plug in pregnancy. Am. J. Obstet. Gynecol. 2001, 185, 586–592. [CrossRef] [PubMed]
15. Frew, L.; Stock, S.J. Antimicrobial peptides and pregnancy. Reproduction 2011, 141, 725–735. [CrossRef]
16. Svinarich, D.M.; Gomez, R.; Romero, R. Detection of human defensins in the placenta. Am. J. Reprod. Immunol. 1997, 38,

252–255. [CrossRef]
17. Akinbi, H.T.; Narendran, V.; Pass, A.K.; Markart, P.; Hoath, S.B. Host defense proteins in vernix caseosa and amniotic fluid. Am. J.

Obstet. Gynecol. 2004, 191, 2090–2096. [CrossRef] [PubMed]
18. King, A.E.; Kelly, R.W.; Sallenave, J.M.; Bocking, A.D.; Challis, J.R. Innate immune defences in the human uterus during pregnancy.

Placenta 2007, 28, 1099–1106. [CrossRef] [PubMed]
19. Niemelä, A.; Kulomaa, M.; Vija, P.; Tuohimaa, P.; Saarikoski, S. Lactoferrin in human amniotic fluid. Hum. Reprod. 1989, 4,

99–101. [CrossRef] [PubMed]
20. King, A.E.; Paltoo, A.; Kelly, R.W.; Sallenave, J.M.; Bocking, A.D.; Challis, J.R. Expression of natural antimicrobials by human

placenta and fetal membranes. Placenta 2007, 28, 161–169. [CrossRef] [PubMed]
21. Yarbrough, V.L.; Winkle, S.; Herbst-Kralovetz, M.M. Antimicrobial peptides in the female reproductive tract: A critical component of the

mucosal immune barrier with physiological and clinical implications. Hum. Reprod. Update 2015, 21, 353–377. [CrossRef] [PubMed]
22. Zhai, Y.J.; Feng, Y.; Ma, X.; Ma, F. Defensins: Defenders of human reproductive health. Hum. Reprod. Update 2023, 29,

126–154. [CrossRef]

https://doi.org/10.3390/ph9030040
https://www.ncbi.nlm.nih.gov/pubmed/27384571
https://doi.org/10.1038/s41573-019-0058-8
https://www.ncbi.nlm.nih.gov/pubmed/32107480
https://doi.org/10.1038/nri.2016.29
https://www.ncbi.nlm.nih.gov/pubmed/27087664
https://doi.org/10.1111/exd.12831
https://www.ncbi.nlm.nih.gov/pubmed/26269388
https://doi.org/10.1038/nri3228
https://www.ncbi.nlm.nih.gov/pubmed/22728527
https://doi.org/10.1038/jid.2009.432
https://doi.org/10.1097/ACI.0b013e328364ddfd
https://doi.org/10.1097/MOG.0b013e328136c580
https://www.ncbi.nlm.nih.gov/pubmed/17545771
https://doi.org/10.1189/jlb.0904543
https://doi.org/10.1016/S0140-6736(08)60074-4
https://www.ncbi.nlm.nih.gov/pubmed/18177778
https://doi.org/10.1056/NEJM198501103120204
https://www.ncbi.nlm.nih.gov/pubmed/3880598
https://doi.org/10.1126/science.1251816
https://www.ncbi.nlm.nih.gov/pubmed/25124429
https://doi.org/10.1067/mob.2001.116685
https://www.ncbi.nlm.nih.gov/pubmed/11568782
https://doi.org/10.1530/REP-10-0537
https://doi.org/10.1111/j.1600-0897.1997.tb00511.x
https://doi.org/10.1016/j.ajog.2004.05.002
https://www.ncbi.nlm.nih.gov/pubmed/15592296
https://doi.org/10.1016/j.placenta.2007.06.002
https://www.ncbi.nlm.nih.gov/pubmed/17664005
https://doi.org/10.1093/oxfordjournals.humrep.a136854
https://www.ncbi.nlm.nih.gov/pubmed/2708511
https://doi.org/10.1016/j.placenta.2006.01.006
https://www.ncbi.nlm.nih.gov/pubmed/16513165
https://doi.org/10.1093/humupd/dmu065
https://www.ncbi.nlm.nih.gov/pubmed/25547201
https://doi.org/10.1093/humupd/dmac032


Int. J. Mol. Sci. 2025, 26, 2127 14 of 15

23. Espinoza, J.; Chaiworapongsa, T.; Romero, R.; Edwin, S.; Rathnasabapathy, C.; Gomez, R.; Bujold, E.; Camacho, N.; Kim, Y.M.;
Hassan, S.; et al. Antimicrobial peptides in amniotic fluid: Defensins, calprotectin and bacterial/permeability-increasing protein
in patients with microbial invasion of the amniotic cavity, intra-amniotic inflammation, preterm labor and premature rupture of
membranes. J. Matern. Fetal Neonatal Med. 2003, 13, 2–21. [CrossRef]

24. Kim, Y.; Lee, K.Y.; Lee, J.J.; Tak, H.; Park, S.T.; Song, J.E.; Son, G.H. Expression of antimicrobial peptides in the amniotic fluid of
women with cervical insufficiency. Am. J. Reprod. Immunol. 2022, 88, e13577. [CrossRef]

25. Stock, S.J.; Kelly, R.W.; Riley, S.C.; Calder, A.A. Natural antimicrobial production by the amnion. Am. J. Obstet. Gynecol. 2007,
196, 255.e1–6. [CrossRef] [PubMed]

26. Son, G.H.; Lee, J.J.; Kim, Y.; Lee, K.Y. The role of antimicrobial peptides in preterm birth. Int. J. Mol. Sci. 2021, 22, 8905. [CrossRef] [PubMed]
27. Elovitz, M.A.; Gajer, P.; Riis, V.; Brown, A.G.; Humphrys, M.S.; Holm, J.B.; Ravel, J. Cervicovaginal microbiota and local immune

response modulate the risk of spontaneous preterm delivery. Nat. Commun. 2019, 10, 1305. [CrossRef]
28. Heine, R.P.; Wiesenfeld, H.; Mortimer, L.; Greig, P.C. Amniotic fluid defensins: Potential markers of subclinical intrauterine

infection. Clin. Infect. Dis. 1998, 27, 513–518. [CrossRef] [PubMed]
29. Yeaman, M.R.; Yount, N.Y. Mechanisms of antimicrobial peptide action and resistance. Pharmacol. Rev. 2003, 55, 27–55. [CrossRef]
30. Takahashi, D.; Shukla, S.K.; Prakash, O.; Zhang, G. Structural determinants of host defense peptides for antimicrobial activity and

target cell selectivity. Biochimie 2010, 92, 1236–1241. [CrossRef] [PubMed]
31. Ganz, T. Defensins: Antimicrobial peptides of innate immunity. Nat. Rev. Immunol. 2003, 3, 710–720. [CrossRef]
32. Yount, N.Y.; Bayer, A.S.; Xiong, Y.Q.; Yeaman, M.R. Advances in antimicrobial peptide immunobiology. Biopolymers 2006, 84,

435–458. [CrossRef]
33. Bevins, C.L.; Salzman, N.H. Paneth cells, antimicrobial peptides and maintenance of intestinal homeostasis. Nat. Rev. Microbiol.

2011, 9, 356–368. [CrossRef] [PubMed]
34. Para, R.; Romero, R.; Miller, D.; Panaitescu, B.; Varrey, A.; Chaiworapongsa, T.; Hassan, S.S.; Hsu, C.D.; Gomez-Lopez, N. Human

β-defensin-3 participates in intra-amniotic host defense in women with labor at term, spontaneous preterm labor and intact
membranes, and preterm prelabor rupture of membranes. J. Matern. Fetal Neonatal Med. 2020, 33, 4117–4132. [CrossRef] [PubMed]

35. Buhimschi, I.A.; Jabr, M.; Buhimschi, C.S.; Petkova, A.P.; Weiner, C.P.; Saed, G.M. The novel antimicrobial peptide beta3-defensin
is produced by the amnion: A possible role of the fetal membranes in innate immunity of the amniotic cavity. Am. J. Obstet.
Gynecol. 2004, 191, 1678–1687. [CrossRef]

36. Harder, J.; Bartels, J.; Christophers, E.; Schroder, J.M. Isolation and characterization of human beta-defensin-3, a novel human
inducible peptide antibiotic. J. Biol. Chem. 2001, 276, 5707–5713. [CrossRef]

37. Soto, E.; Espinoza, J.; Nien, J.K.; Kusanovic, J.P.; Erez, O.; Richani, K.; Santolaya-Forgas, J.; Romero, R. Human beta-defensin-2: A
natural antimicrobial peptide present in amniotic fluid participates in the host response to microbial invasion of the amniotic
cavity. J. Matern. Fetal Neonatal Med. 2007, 20, 15–22. [CrossRef] [PubMed]

38. Tehrani, F.A.; Modaresifar, K.; Azizian, S.; Niknejad, H. Induction of antimicrobial peptides secretion by il-1beta enhances human
amniotic membrane for regenerative medicine. Sci. Rep. 2017, 7, 17022. [CrossRef]

39. Cappelletti, M.; Presicce, P.; Kallapur, S.G. Immunobiology of acute chorioamnionitis. Front. Immunol. 2020, 11, 649. [CrossRef] [PubMed]
40. Zhang, C.; Cao, J.; Xu, M.; Wu, D.; Li, W.; Chang, Y. The role of neutrophils in chorioamnionitis. Front. Immunol. 2023,

14, 1198831. [CrossRef]
41. Kobayashi, K.; Miwa, H.; Yasui, M. Inflammatory mediators weaken the amniotic membrane barrier through disruption of tight

junctions. J. Physiol. 2010, 588, 4859–4869. [CrossRef]
42. McAdams, R.M.; Juul, S.E. The role of cytokines and inflammatory cells in perinatal brain injury. Neurol. Res. Int. 2012,

2012, 561494. [CrossRef] [PubMed]
43. McCarthy, R.; Martin-Fairey, C.; Sojka, D.K.; Herzog, E.D.; Jungheim, E.S.; Stout, M.J.; Fay, J.C.; Mahendroo, M.; Reese, J.;

Herington, J.L.; et al. Mouse models of preterm birth: Suggested assessment and reporting guidelines. Biol. Reprod. 2018, 99,
922–937. [CrossRef] [PubMed]

44. Migale, R.; Herbert, B.R.; Lee, Y.S.; Sykes, L.; Waddington, S.N.; Peebles, D.; Hagberg, H.; Johnson, M.R.; Bennett, P.R.;
MacIntyre, D.A. Specific lipopolysaccharide serotypes induce differential maternal and neonatal inflammatory responses in a
murine model of preterm labor. Am. J. Pathol. 2015, 185, 2390–2401. [CrossRef]

45. Elovitz, M.A.; Wang, Z.; Chien, E.K.; Rychlik, D.F.; Phillippe, M. A new model for inflammation-induced preterm birth: The role
of platelet-activating factor and toll-like receptor-4. Am. J. Pathol. 2003, 163, 2103–2111. [CrossRef] [PubMed]

46. King, A.E.; Fleming, D.C.; Critchley, H.O.; Kelly, R.W. Differential expression of the natural antimicrobials, beta-defensins 3 and 4,
in human endometrium. J. Reprod. Immunol. 2003, 59, 1–16. [CrossRef] [PubMed]

47. Iavazzo, C.; Tassis, K.; Gourgiotis, D.; Boutsikou, M.; Baka, S.; Hassiakos, D.; Hadjithomas, A.; Botsis, D.; Malamitsi-Puchner, A. The
role of human beta defensins 2 and 3 in the second trimester amniotic fluid in predicting preterm labor and premature rupture of
membranes. Arch. Gynecol. Obstet. 2010, 281, 793–799. [CrossRef] [PubMed]

https://doi.org/10.1080/jmf.13.1.2.21
https://doi.org/10.1111/aji.13577
https://doi.org/10.1016/j.ajog.2006.10.908
https://www.ncbi.nlm.nih.gov/pubmed/17346544
https://doi.org/10.3390/ijms22168905
https://www.ncbi.nlm.nih.gov/pubmed/34445608
https://doi.org/10.1038/s41467-019-09285-9
https://doi.org/10.1086/514691
https://www.ncbi.nlm.nih.gov/pubmed/9770150
https://doi.org/10.1124/pr.55.1.2
https://doi.org/10.1016/j.biochi.2010.02.023
https://www.ncbi.nlm.nih.gov/pubmed/20188791
https://doi.org/10.1038/nri1180
https://doi.org/10.1002/bip.20543
https://doi.org/10.1038/nrmicro2546
https://www.ncbi.nlm.nih.gov/pubmed/21423246
https://doi.org/10.1080/14767058.2019.1597047
https://www.ncbi.nlm.nih.gov/pubmed/30999788
https://doi.org/10.1016/j.ajog.2004.03.081
https://doi.org/10.1074/jbc.M008557200
https://doi.org/10.1080/14767050601036212
https://www.ncbi.nlm.nih.gov/pubmed/17437194
https://doi.org/10.1038/s41598-017-17210-7
https://doi.org/10.3389/fimmu.2020.00649
https://www.ncbi.nlm.nih.gov/pubmed/32373122
https://doi.org/10.3389/fimmu.2023.1198831
https://doi.org/10.1113/jphysiol.2010.197764
https://doi.org/10.1155/2012/561494
https://www.ncbi.nlm.nih.gov/pubmed/22530124
https://doi.org/10.1093/biolre/ioy109
https://www.ncbi.nlm.nih.gov/pubmed/29733339
https://doi.org/10.1016/j.ajpath.2015.05.015
https://doi.org/10.1016/S0002-9440(10)63567-5
https://www.ncbi.nlm.nih.gov/pubmed/14578208
https://doi.org/10.1016/S0165-0378(02)00083-9
https://www.ncbi.nlm.nih.gov/pubmed/12892899
https://doi.org/10.1007/s00404-009-1155-4
https://www.ncbi.nlm.nih.gov/pubmed/19554343


Int. J. Mol. Sci. 2025, 26, 2127 15 of 15

48. Buhimschi, I.A.; Christner, R.; Buhimschi, C.S. Proteomic biomarker analysis of amniotic fluid for identification of intra-amniotic
inflammation. BJOG 2005, 112, 173–181. [CrossRef] [PubMed]

49. Buhimschi, I.A.; Zambrano, E.; Pettker, C.M.; Bahtiyar, M.O.; Paidas, M.; Rosenberg, V.A.; Thung, S.; Salafia, C.M.;
Buhimschi, C.S. Using proteomic analysis of the human amniotic fluid to identify histologic chorioamnionitis. Obstet. Gy-
necol. 2008, 111, 403–412. [CrossRef] [PubMed]

50. Buhimschi, C.S.; Bhandari, V.; Hamar, B.D.; Bahtiyar, M.O.; Zhao, G.; Sfakianaki, A.K.; Pettker, C.M.; Magloire, L.; Funai, E.;
Norwitz, E.R.; et al. Proteomic profiling of the amniotic fluid to detect inflammation, infection, and neonatal sepsis. PLoS Med.
2007, 4, e18. [CrossRef] [PubMed]

51. Burris, H.H.; Riis, V.M.; Schmidt, I.; Gerson, K.D.; Brown, A.; Elovitz, M.A. Maternal stress, low cervicovaginal β-defensin, and
spontaneous preterm birth. Am. J. Obstet. Gynecol. MFM 2020, 2, 100092. [CrossRef] [PubMed]

52. Sket, T.; Ramuta, T.Z.; Starcic Erjavec, M.; Kreft, M.E. The role of innate immune system in the human amniotic mem-
brane and human amniotic fluid in protection against intra-amniotic infections and inflammation. Front. Immunol. 2021,
12, 735324. [CrossRef] [PubMed]

53. Johnstone, K.F.; Herzberg, M.C. Antimicrobial peptides: Defending the mucosal epithelial barrier. Front. Oral Health 2022,
3, 958480. [CrossRef]

54. Pavlidis, I.; Stock, S.J. Preterm birth therapies to target inflammation. J. Clin. Pharmacol. 2022, 62 (Suppl. S1), S79–S93. [CrossRef]
55. Shynlova, O.; Dorogin, A.; Li, Y.; Lye, S. Inhibition of infection-mediated preterm birth by administration of broad spectrum

chemokine inhibitor in mice. J. Cell. Mol. Med. 2014, 18, 1816–1829. [CrossRef]
56. Coleman, M.; Orvis, A.; Wu, T.Y.; Dacanay, M.; Merillat, S.; Ogle, J.; Baldessari, A.; Kretzer, N.M.; Munson, J.; Boros-Rausch, A.J.; et al.

A broad spectrum chemokine inhibitor prevents preterm labor but not microbial invasion of the amniotic cavity or neonatal
morbidity in a non-human primate model. Front. Immunol. 2020, 11, 770. [CrossRef] [PubMed]

57. Cieślik, M.; Bagińska, N.; Górski, A.; Jończyk-Matysiak, E. Human β-defensin 2 and its postulated role in modulation of the
immune response. Cells 2021, 10, 2991. [CrossRef] [PubMed]

58. Steubesand, N.; Kiehne, K.; Brunke, G.; Pahl, R.; Reiss, K.; Herzig, K.H.; Schubert, S.; Schreiber, S.; Folsch, U.R.; Rosenstiel, P.; et al.
The expression of the beta-defensins hbd-2 and hbd-3 is differentially regulated by nf-kappab and mapk/ap-1 pathways in an
in vitro model of candida esophagitis. BMC Immunol. 2009, 10, 36. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1471-0528.2004.00340.x
https://www.ncbi.nlm.nih.gov/pubmed/15663581
https://doi.org/10.1097/AOG.0b013e31816102aa
https://www.ncbi.nlm.nih.gov/pubmed/18238979
https://doi.org/10.1371/journal.pmed.0040018
https://www.ncbi.nlm.nih.gov/pubmed/17227133
https://doi.org/10.1016/j.ajogmf.2020.100092
https://www.ncbi.nlm.nih.gov/pubmed/32671334
https://doi.org/10.3389/fimmu.2021.735324
https://www.ncbi.nlm.nih.gov/pubmed/34745106
https://doi.org/10.3389/froh.2022.958480
https://doi.org/10.1002/jcph.2107
https://doi.org/10.1111/jcmm.12307
https://doi.org/10.3389/fimmu.2020.00770
https://www.ncbi.nlm.nih.gov/pubmed/32425945
https://doi.org/10.3390/cells10112991
https://www.ncbi.nlm.nih.gov/pubmed/34831214
https://doi.org/10.1186/1471-2172-10-36
https://www.ncbi.nlm.nih.gov/pubmed/19523197

	Introduction 
	Results 
	Beta-Defensin 2 Expression in the Amniotic Membrane Is Increased in Preterm Birth with Chorioamnionitis 
	Effect of Beta-Defensin 2 on LPS-Induced Inflammation in Human Amniotic Epithelial Cells 
	NF-kB Mediated Regulation of Beta-Defensin 2 Expression in hAECs During LPS-Induced Inflammation 
	The Effect of Beta-Defensin 2 in an LPS-Induced Preterm Birth Mouse Model 

	Discussion 
	Materials and Methods 
	Amnion Collection and Processing 
	Immunohistochemistry 
	Isolation of Primary Human Amniotic Epithelial Cells 
	Reagents 
	Western Blot Analysis 
	RNA Isolation and Quantitative PCR (qPCR) 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Transfection and Luciferase Assay 
	Experimental Animals 
	Statistical Analyses 

	Conclusions 
	References

