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Simple Summary: The progression of several inflammatory diseases, including endometritis, has
been proven to be enhanced by the process of neutrophil extracellular traps (NETs) formation in
pathogenesis. Therefore, averting the formation of NETs could be an effective method to combat
endometritis. Cl-amidine has been reported to treat certain inflammatory diseases, but its therapeutic
role in combating endometritis remains an enigma as it may likely attenuate NETs formation. Hence,
we investigate the potential of NETs formation in the pathogenesis of endometritis using rats and the
probable therapeutic indices of Cl-amidine against endometritis. It was revealed that LPS induced
endometritis in rats, and the formation of NETs was detected in the rats’ inflamed uterine tissues.
The treatment with Cl-amidine showed the regression of LPS-induced endometritis and protection
against uterine tissue damage. Cl-amidine effectively reduced the expression of specific proteins
that could enhance the formation of NETs, thereby attenuating the inflammatory response to LPS-
induced endometritis in rats. Our research showed that Cl-amidine possesses potentially therapeutic
properties against endometritis.

Abstract: Endometritis is a common disease that affects the production in dairy cows and leads
to severe losses in the dairy industry. Neutrophil extracellular traps (NETs) formation promotes
pathogenic invasions of the lumen of the tissue, leading to inflammatory diseases such as mastitis,
pancreatitis, and septic infection. However, research that could show the relationship between NETs
and endometritis is scarce. Cl-amidine has been shown to ameliorate the disease squealing and
clinical manifestation in various disease models. In this study, we investigated the role of NETs in LPS-
triggered endometritis in rats and evaluated the therapeutic efficiency of Cl-amidine. An LPS-induced
endometritis model in rats was established and found that the formation of NETs can be detected in
the rat’s uterine tissues in vivo. In addition, Cl-amidine treatment can inhibit NETs construction in
LPS-induced endometritis in rats. Myeloperoxidase (MPO) activity assay indicated that Cl-amidine
treatment remarkably alleviated the inflammatory cell infiltrations and attenuated the damage to
the uterine tissue. The Western blot results indicated that Cl-amidine decreased the expression of
citrullinated Histone H3 (Cit-H3) and high-mobility group box 1 protein (HMGB1) protein in LPS-
induced rat endometritis. The ELISA test indicated that Cl-amidine treatment significantly inhibited
the expression of the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α. The NETs were determined
by Quant-iTTMPicoGreen dsDNA kit®, which indicated that Cl-amidine significantly inhibited the
NETs in rat serum. All results showed that Cl-amidine effectively reduced the expression of Cit-H3
and HMGB1 proteins by inhibiting the formation of NETs, thereby attenuating the inflammatory
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response to LPS-induced endometritis in rats. Hence, Cl-amidine could be a potential candidate for
the treatment of endometritis.

Keywords: endometritis; neutrophil extracellular traps; Cl-amidine; tissue damage; inflamma-
tion; lipopolysaccharide

1. Introduction

Endometritis is a common disease in post-partum cows caused by infection by
pathogenic microorganisms, leading to a weakened immune response [1,2]. Endometritis
affects 15% to 42% of dairy cows and is a major cause of infertility in dairy cows, seriously
influencing the economic benefits of the dairy industry [2,3]. Although the underlying
pathophysiology of endometritis is unknown, most endometritis treatments are focused on
systemic antibiotics [4,5]. On the other hand, antibiotic overuse increases the likelihood of
antibiotic residues in dairy products and can even result in major food safety issues [5,6].
Exploring novel ways to treat cow endometritis is thus a critical objective. Neutrophil
recruitment has been implicated in playing an important role in the pathophysiology of
endometritis [7–9]. It was hypothesized that inhibiting neutrophil infiltration could be
beneficial in the resolution of endometritis by targeting specific adhesion molecules and
reducing tissue damage in endometritis. Neutrophils play an important immune role in
post-partum cows, and the impaired function of neutrophils has been associated with
endometritis in post-partum cows [7]. Neutrophil extracellular traps (NETs) can protect
neutrophils from infections induced by pathogens [10,11]. The pathophysiological compo-
nents of endometritis have been described to include leukocyte recruitment and infiltration,
purulent discharges, and tissue destruction [12,13].

The discovery of NETs, which provide a new microbial killing mechanism affecting
the pathophysiology of different infectious disorders [11,14], is a significant recent devel-
opment in understanding neutrophil function. Extracellular NETs are extrinsic structures
made up of granule and nuclear neutrophil elements that trap and kill bacteria outside of
the cell [10,13]. Galvanized neutrophils release nuclear materials that mix with granular
contents and are discharged into the extracellular environment to form a net of DNA,
nuclear proteins, and granular enzymes during quasi cell death [14–16]. Excessive NETs
formation, as seen in acute lung injury [17,18], cystic fibrosis [19], asthma [20,21], psori-
asis [22], thrombosis [23,24], and preeclampsia [25], has an unmistakably beneficial role
during infection, as a deficiency in NETs production, especially in chronic granulomatous
disease [26], or degrading the scaffold by bacterial DNase. The NETs formation has also
been incriminated in the pathophysiology of the following infectious diseases: appen-
dicitis [27], septic formation in the urinary tract [28,29], Crohn’s syndrome infection [30],
generalized erythematosus [31–34], and circulatory vessel degeneration [35].

Most of the NETs components, such as neutrophil elastase (NE), histone, high-mobility
group box 1 protein (HMGB1), DNA, and myeloperoxidase (MPO), are substances that
cause inflammation in the body [36–39]. They are classic damage-associated molecular
patterns (DAMP), which can quickly cause spontaneous immune attacks and cause severe
inflammation, which is difficult to eliminate by the underlying immune system [38,39].
A common DAMP, HMGB1, MPO can induce cell necrosis and pyroptosis, resulting in
inflammatory storms and tissue damage in animals [37,39].

High mobility group box 1 (HMGB1) is an inflammatory cytokine produced by im-
mune cells and damaged cells. HMGB1 has been implicated in the pathophysiology of
a variety of disorders, including infections, malignancies, and arthritis [40–43]. We hy-
pothesized that HMGB1 could become a new therapeutic target for a variety of disorders.
Evidence suggests that HMGB1 is implicated in the development of endometritis [44,45]
and that endometritis causes HMGB1 to be increased in uterine tissues, serum, and uterine
secretions; when endometrial inflammation occurs, HMGB1 is inhibited, and HMGB1 is
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reversed [44]. HMGB1 could be used as a sensitive biomarker for severe inflammatory
responses in treatment. MPO, a heme protein secreted by leukocytes, is one of the most
studied and plays a key role in cellular inflammation and oxidative stress [46–48]. Through
the generation of microbicidal reactive oxidants, MPO has become increasingly recognized
as an essential component of the innate immune system [47]. At the same time, it has an
effect on the arterial endothelium through a variety of mechanisms, including a change in
NETs cellular cholesterol flux and a reduction in NO-induced circulatory stress relief [46,48].

Cl-amidine is an inflammatory inhibitor that ameliorates the disease course and clinical
manifestation in various inflammatory disease models [49–53]. Cl-amidine has been shown
to reduce the production of pro-inflammatory cytokines in a mouse model of fatal sepsis
and mastitis [50,51]. Cl-amidine has been shown to reduce the production of NETs and
tissue damage in severe acute pancreatitis [54–56]. However, the role of Cl-amidine in LPS-
induced endometritis is yet unknown. During endometritis, excessive cytokine synthesis
is harmful to cells, tissues, and organs, and reducing the cytokine storm protects against
inflammatory damage. Cl-amidine may inhibit the synthesis of pro-inflammatory cytokines
(IL-, IL-6, and TNF-) in LPS-induced endometritis, implying that it has therapeutic potential
in the prevention of NETs and the treatment of chronic endometritis. The goal of this study
was to verify how Cl-amidine affected LPS-induced rat endometritis and to discover the
potential anti-inflammatory molecular mechanism.

2. Materials and Methods
2.1. Experimental Animals and Management

A total of 20 female 9–10 week-old SD rats (weighing 180–200 g) were purchased from
the Experimental Animal Center, Lanzhou Veterinary Research Institute of the Chinese
Academy of Agricultural Sciences (CAAS) (Lanzhou, China) and participated in all experi-
ments. All rats were placed in a room with constant temperature (25 ± 1 ◦C) and humidity
(50–68%) and provided with free access to food and water. All protocols for the use of
animals were conducted following the NIH guidelines for animal use and care and were
approved by the Animal Care and Use Committee of the Lanzhou Institute of Husbandry
and Pharmaceutical Science of CAAS (approval number: NKMYD201907018).

2.2. Endometritis Model Induced by LPS and Experimental Design

The rats were divided into four groups of five rats per group. Rats were anesthetized
with 10% chloral hydrate via intraperitoneal (IP) injection prior to specific experimental
treatment. Before intrauterine injection, we cut off the sharp part of the tip of the 1 mL
pipette gun tip (about 1 cm) with scissors as a rat vaginal dilator and inserted it into the
rat vulva. Then, a blunt needle with a length of 50 mm was slowly inserted into the rat
uterus. Later, a syringe containing LPS (1 mg/mL, dissolved in saline) was mounted, and
LPS (1 mg/kg, Sigma, Burlington, MA, USA) was slowly injected into the uterus. The rat
endometritis model was observed after 24 h. The rats were sacrificed through cervical
dislocation, and uterine tissues were collected.

To understand the effect of inhibition of NETs formation on endometritis, rats were
divided into 4 groups with 5 rats per group: (1) control, (2) LPS, (3) LPS + Cl-amidine, and
(4) Cl-amidine. Cl-amidine (25 mg/mL, MedChem Express, 50 mg/kg, Monmouth, NJ,
USA) or saline was administered 1 h before induction of endometritis and 23 h after the LPS
challenge. All rats were euthanized in a cervical dislocation 24 h after the LPS challenge,
the uterus was extracted intact, and the pathological alterations were photographed. To
assess tissue damage and inflammation, tissue samples (approximately 0.5 cm) from the
middle side of 2different uterine horns were fixed in 4% paraformaldehyde for 24 h, then
dehydrated and embedded in paraffin wax. The paraffin-embedded tissue was cut into
8um-thick sections, stained with H&E, and observed with a light microscope. The severity
of endometritis was assessed by examining the endometrial epithelium for disorganization
and for leukocyte infiltration.
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2.3. Enzyme-Linked Immunosorbent Assay

The uterine tissue was stored at −80 ◦C and was weighed at 0.1 g into a 2-mL tube,
mixed with 500 µL of RIPA lysis buffer (Solarbio, Peking, China) containing 1% protease
inhibitor cocktail I (Medchem express, Monmouth, NJ, USA), and ground with a tissue
homogenizer. Grinding was performed until no intact tissue fragments were visible, and
all steps of the grinding process were performed on ice. The supernatant was collected,
centrifuged, and stored in a −20 ◦C refrigerator (15,000× g, 4 ◦C, and 10 min). The
levels of interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β)
were measured in the supernatant of uterine tissue homogenates using ELISA kits (Jinma,
Shanghai, China) according to the manufacturer’s instructions. Absorbance was obtained
at 450 nm using a Multiskan™ GO full-wavelength microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA).

2.4. Plasma NETs Quantification

To assess the amounts of circulating cell-free DNA (cf-DNA), blood was taken from the
inferior vena cava and diluted (1:10) in acid citrate dextrose. The samples were centrifuged at
15,000× g for 15 min at 4 ◦C, and cf-DNA was measured using a Quant-iTPicoGreen dsDNA
kit (Invitrogen, Carlsbad, CA, USA), as directed by the manufacturer. The fluorescence
intensity of NETs was detected by a Multimode plate reader (Enspire, PerkinElmer, Chicago,
IL, USA) at excitation and emission wavelengths of 480 nm and 530 nm, respectively.

2.5. Immunohistochemistry

Immunohistochemistry was performed according to the following procedure. Paraffin
sections (8 µm) of uterine tissue were dewaxed and then rehydrated. Antigen extraction
was performed in an autoclave at 110 ◦C for 15 min with an antigen repair solution. Rabbit
polyclonal antibody anti-MPO (1:200, Proteintech, Chicago, IL, USA) was incubated for
1.5 h, followed by the addition of appropriate biotinylated secondary antibody and in-
cubation for 30 min at room temperature, followed by color development with DAB kit
(ZSGB-Bio, Beijing, China). The DAB chromogenic solution was washed away, then stained
with hematoxylin, dehydrated, and transparent with xylene, and the sections were sealed
with neutral resin.

2.6. Immunofluorescent Assay

Confocal microscopy was used to evaluate NETs formation in paraffin-embedded
uterine tissue samples. From the paraffin-embedded uterine tissue, an 8 µm thick piece
was cut and stained. Briefly, before antigen retrieval, paraffin sections were dewaxed
and hydrated, heated in a pressure cooker with Tris-EDTA HIER(Heat-Induced Epitope
Retrieval)solution for 2 min at 110 ◦C, pH = 9. Sections were blocked with Odyssey®

blocking buffer and stained at room temperature with a 1:200 dilution of rabbit anti-
neutrophil elastase (NE) polyclonal antibody (AB68672, Abcam, Cambridge, UK) and 1:200
dilution of mouse anti-histone 1 monoclonal antibody (MAB3864, Millipore, Burlington,
MA, USA) for 1.5 h in a humid chamber. After washing, Alexa Fluor 594 goat anti-mouse
IgG (H+L) (1:100, SA00013-3, Proteintech, Chicago, IL, USA) and Alexa Fluor 488 goat
anti-rabbit IgG (H+L) (1:50, SA00013-3, Proteintech, Chicago, IL, USA) were used as the
secondary antibody, incubated for 1 h at room temperature. The final staining was done
with Hoechst 33342 (C0030, Solarbio, Beijing, China) for 5 min, protected from light, and
confocal images were taken with a Zeiss LSM 800 confocal microscope.

2.7. Western Blotting

Total protein was extracted from rat uterine tissue using Mammalian Protein Extrac-
tion Reagent (Solarbio, Beijing, China). BCA protein assay kit (Takara, Dalian, China)
was used to determine the protein concentration. Based on the results of the BCA assay,
the protein content of each group was adjusted to the same concentration using sterile
water. Total proteins were denatured in a metal bath at 100 ◦C with a 5× loading buffer
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(Solarbio, Beijing, China) for 15 min. Total proteins (30 µg) were separated by 10% sodium
dodecyl sulfate-polyacrylamide (SDS-PAGE) gel (Solarbio, Beijing, China) and transferred
to the PVDF membrane (Solarbio, Beijing, China). The membranes were blocked with
QuickblockTMWestern Blocker (Beyotime Biotechnology, Shanghai, China) for 15 min at
room temperature and then incubated with primary antibody at 4 ◦C overnight. Protein
bands were observed with the ECL chemiluminescence kit (Thermo Fisher, Waltham, MA,
USA) and detected with the G: BOX Chemi XRQ Gel Doc System (Syngene International
Limited, UK). The primary antibodies used were as follows. (1:1500, 22225-1-AP, Protein-
tech, Chicago, IL, USA), anti-HMGB1 antibody (1:1000, 10829-1-AP, Proteintech, Chicago,
IL, USA), anti-citH3 antibody (1:1000, ab281584, Abcam, Cambridge, UK), anti-β-actin
antibody (1:2000, ab8226, Abcam, Cambridge, UK).

2.8. Statistical Analysis

Data were expressed as mean ± SD and analyzed using Graphpad prism 7 software
(GraphPad Prism, San Diego, CA, USA). One-way analysis of variance (ANOVA) and
unpaired t-test were used for comparison between groups. Western blots and immunohis-
tochemistry results were analyzed using Image J software (National Institutes of Health,
Bethesda, MD, USA). p-values less than 0.05 were considered significant, and n represents
the number of animals.

3. Results
3.1. NETs Regulates Tissue Damage in Endometritis with Inhibition upon Cl-Amidine Treatment

The normal rat uterus had a pale pink appearance (Figure 1a), and after H&E staining,
the endometrial epithelial cells were microscopically seen to be intact, without necrotic
epithelial cells, and without leukocytes in the uterine tissue (Figure 1e). LPS challenge
caused severe disruption of uterine tissue structure, as evidenced by uterine edema and
hyperemia (Figure 1b), endometrial epithelial cell necrosis, and leukocyte infiltration
(Figure 1f). Inhibition of NETs formation significantly reduced LPS-induced uterine edema
and hyperemia (Figure 1c), endometrial epithelial cell necrosis, and leukocyte infiltration
in the uterus (Figure 1g). In addition, Cl-amidine administration alone did not affect the
histopathology and morphology of the uterus (Figure 1d,h). This result revealed that
Cl-amidine has protective activities against uterine inflammation.

3.2. Effect of Cl-Amidine on the Production of Pro-Inflammatory Cytokines in Uterus Tissues
during LPS-Induced Endometritis in Rats

Increased levels of pro-inflammatory compounds in uterine tissues are characteristic
of uterine inflammation in rats with endometritis. The levels of IL-1β, IL-6, and TNF- were
found to be low but detectable in the uterine tissue of control rats. In contrast, the LPS
challenge increased IL-1β levels in uterine tissue by 3.6-fold (i.e., from 30 to 108 ng/L).
Administration of Cl-amidine reduced IL-1β levels in uterine tissue by 31% (Figure 2A).
In addition, IL-6 levels were found to be greatly increased in uterine tissues of rats with
endometritis compared to control rats, and interestingly, in the group with endometritis,
treatment with Cl-amidine resulted in a 22% decrease in IL-6 levels in uterine tissue
(Figure 2B). Injection of Cl-amidine reduced LPS-induced TNF-α levels in uterine tissues by
45%, and Cl-amidine injection alone did not affect IL-Iβ, IL-6, and TNF-α levels in uterine
tissues (Figure 2C).
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Figure 2. Effects of Cl-amidine on the mRNA levels of pro-inflammatory cytokines in the LPS-induced
rat endometritis. Endometritis induced by infusion of LPS (1 mg/kg body weight) into the uterine
cavity, later treated with Cl-amidine or vehicle (saline) as required. Samples were collected 24 h after
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¤ p < 0.05 vs. control rats and ※ p < 0.05 vs. LPS without Cl-amidine.
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3.3. NETs Formation in LPS-Induced Endometritis and Effect of Cl-Amidine

NETs are composed of extracellular DNA, granule proteins, and chromatin proteins
from neutrophils. Thus, we found by immunofluorescence staining that the LPS challenge
induced co-localization of neutrophil-derived granule protein (NE) as well as chromatin
protein (histone 1) with extracellular DNA, indicating that NETs form in the inflamed
uterus (Figure 3). Furthermore, with myeloperoxidase expressing neutrophil infiltration
by Immunohistochemical staining, we found that, observed in normal uteri, the levels of
neutrophils infiltrations were very minimal (Figure 4a) compared to massive neutrophils
infiltrations in uteri treated with LPS (Figure 4b) or in uteri of LPS-exposed rats pretreated
with Cl-amidine (Figure 4c) and few cellular infiltrations in the Cl-amidine alone treated
group (Figure 4d). Moreover, the levels of cf-DNA were significantly higher in the LPS-
induced endometritis model compared to those of rats treated with Cl-amidine in the
endometritis model and normal controls (Figure 5). Therefore, the administration of Cl-
amidine reduced the infiltration of neutrophils in the uterine tissue.
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Figure 4. Immunohistochemical staining results of uterus tissue. Representative images of Myeloper-
oxidase expressing neutrophil infiltration by immunohistochemical staining in (a) control group,
(b) LPS group, (c) LPS + Cl-amidine group, and (d) Cl-amidine group. (e) Percentage area of positive
MPO staining for the above four groups. Data were represented by mean ± SD (n = 5 animals per
group). ¤ p < 0.05 vs. control rats and ※ p < 0.05 vs. LPS without Cl-amidine. The dark yellow color
indicates positive MPO, indicating the presence of neutrophils, and the light blue color is the nucleus.
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3.4. Effect of Cl-Amidine on NETs- Derived Proteins in LPS-Induced Rat Uterine Tissues

Citrullinated histone H3 (Cit-H3) is an important marker for the formation of NETs.
To assess the impact of Cl-amidine on the formation of NETs and whether they could be
detected in uterine tissues, we examined the expression of Cit-H3 through Western blotting.
As shown in Figure 6A,B, the expression of Cit-H3 in uterine tissues was significantly
increased in the LPS stimulated group, while it decreased in the Cl-amidine-treated group.
HMGB1 plays an important role in the pathogenesis of various diseases and is highly
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expressed in the uterus; its expression in the uterine tissues was significantly increased in
the LPS stimulated group, while it decreased upon treatment with Cl-amidine (Figure 6A,B).
MPO is most abundantly expressed in neutrophils stored in neutrophil azurophilic gran-
ules, often used as an indicator of neutrophil infiltration. We found that challenge with
LPS increased uterine MPO activity by 41%, while Cl-amidine reduced LPS-provoked
endometritis levels of MPO by 25% (Figure 6A,D).
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Figure 6. Effect of Cl-amidine on NETs-derived proteins in LPS-induced rat uterine tissues. The rats
were grouped into four groups of five animals each. The control group was given normal saline,
and groups 2, 3, and 4 were treated with LPS, Cl-amidine and LPS, and Cl-amidine, respectively.
After the treatment, protein was extracted from the uterine tissues, and the protein expression was
determined using the Western blot technique. (A) shows the expression blot of NETs-derived proteins
were expressed, including cit-H3, HMGB1, and MPO with different molecular weight. (B) The graphs
show the expression of cit-H3 in the different treatment groups. (C) The graphs show the expression
of HMGB1 in the different treatment groups. (D)The graphs show the expression of MPO in the
different treatment groups. Gray values of figure were analyzed by Image J. The values given are
mean ± SD (n = 5 animals per group). ¤ p < 0.05 vs. control rats and ※ p < 0.05 vs. LPS without
Cl-amidine.
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4. Discussion

Endometritis affects cattle post-partum and decreases dairy industry
profitability [1,2,57]. Dairy cattle have been the subject of intense genetic selection for
milk production over the last 60 years resulting in susceptibility to uterine disease and
decreased fertility [3–5,58]. Usually, cows can clear bacteria from the uterus and resolve
inflammation before the third week post-partum. Inappropriate immune response activa-
tion early post-partum perturbs tissue remodeling, delays bacterial clearance, and prolongs
endometrial inflammation [5,6]. Endometritis is a common cause of infertility in dairy
cows, leading to incalculable economic losses [2,57]. The high number of neutrophils
characterizes inflammation of the endometrium that significantly reduces reproductive
performance without any signs of clinical endometritis [6,7]. Several bacteria have been
reported to be involved in the pathogenesis of endometritis [2,4]. Escherichia coli is the
most common pathogen for endometritis [4,6]. Lipopolysaccharide (LPS) is the endotoxic
component of Escherichia coli and can stimulate inflammatory response [59,60], leading
to the production of pro-inflammatory cytokines such as tumor necrosis factor (TNF-α)
interleukins (IL-6, IL-1β). LPS is an important component of the outer membrane of Gram-
negative bacteria, and it can promote the formation of NETs in mice [59,61,62]. LPS enters
the body and accumulates the neutrophils to release inflammatory cytokines. LPS-induced
endometritis animal models have been widely used to evaluate endometritis and other
inflammatory diseases [63]. In this study, the inflammatory model was established, which
has been frequently used to explore the anti-inflammatory mechanisms of drugs. Our
results showed that Cl-amidine administration significantly attenuated the pathological
changes in the uterus. Cl-amidine treatment decreased inflammatory conditions, including
inflammatory cell infiltration, uterine cavity effusion, hyperemia, uterine epithelial cell de-
tachment, and epithelial cell necrosis; there was an observed massive leukocyte infiltration
in the non-treated inflammatory group, implying that NETs are involved in endometritis
tissue damage. Thus, NETs formation is important in the pathophysiology of endometritis,
as corroborates the earlier report [7,8,59]. Hence, focusing on NETs attenuation could be a
good way to reduce tissue damage in the inflamed uterus and provide good therapeutic
insight. In the condition of excessive or insufficient clearance, it is widely recognized that
NETs can promote the development of inflammation. Neutrophil plays an important role
in the process of endometritis, although their potential mechanism is unclear. This study
shows that neutrophil-derived NETs form a central component of the pathophysiology of
endometritis. In addition, we found that rats with endometritis showed increased levels of
NETs components in their uterine tissue. Therefore, therapeutic strategies that target NETs
formation may provide clinical benefits for animals with endometritis.

NETs are ancient defense weapons that have been conserved throughout evolution to
capture and destroy microbes in the extracellular environment, allowing lower animals
without an effective adaptive immune system to avoid infection [10–12,35–38,64,65]. How-
ever, NETs may be a double-edged sword in higher vertebrates, and a growing number of
findings suggest that NETs cause tissue damage and exacerbate inflammatory responses in
many inflammatory diseases, such as COVID-19 pneumonia [66] and inflammatory bowel
disease [67].

After activating the innate immune system by LPS, strong pro-inflammatory signals
are produced; these signals are important for maintaining a stable balance in the immune
system and protecting the host from harmful effects [45]. Excessive pro-inflammatory
cytokine release increases the level of the immune response, leading to an inflammatory
cascade and tissue damage [63]. Therefore, inhibition of the release of inflammatory cy-
tokines may serve as a target for anti-inflammatory drug development. We examined
the uterine levels of IL-1β, IL6, and TNF-α across the experiment group and found that
the LPS challenge significantly increased the tissue levels of IL-1β, IL-6, and TNF-α. No-
tably, the LPS-induced tissue levels of IL-1β, IL6, and TNF-α significantly decreased with
Cl-amidine treatment, indicating that inhibition of NETs formation in the process of en-
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dometritis could be advantageous in protecting uterine tissue from damage and ultimately
altered endometritis.

Furthermore, our study showed that induction of endometritis leads to DNA deposi-
tion in the inflamed uterus with an increased cf-DNA in plasma, which co-localizes with the
neutrophil-derived granule proteins neutrophil elastase (NE) and histone. LPS significantly
increased the level of NETs in rat serum. After Cl-amidine treatment, LPS-induced NETs in
rat serum were significantly inhibited.

Cl-amidine is a broad peptidylarginine deiminase 4(PAD4) inhibitor, which can inhibit
NETs formation by blocking histone citrullination in the nucleus of neutrophils [48–50,59].
Many studies have shown that pharmacological inhibition through Cl-amidine is an effec-
tive way to stop NETs formation in vitro and in vivo [48–51]. This view is supported by
data from several studies in which NETs-derived DNA, granule proteins, and the chromatin
proteins cit-H3 and HMGB1 were significantly elevated in inflammatory diseases. This
theory is supported by evidence that inflammatory diseases lead to higher cf-DNA levels in
plasma and of proteins such as NE and HMGB1 in tissues, both of which are components
of NETs [40–45,68]. From this perspective, it was noteworthy that a recent study found that
NETs-derived HMGB1 can directly cause epithelial damage [69]. In light of this finding,
we found that NETs degradation by Cl-amidine treatment significantly reduced uterine
cit-H3 and HMGB1 levels. It can serve as a pointer to preventing the NETs formation
in endometritis is therapeutically important. Although the role of NETs in host defense
against microbial infection is debatable [43], our study first reports that excessive NETs
production appears to be detrimental to endometritis and invariably added endometri-
tis to the list of infectious diseases such as sepsis and bacterial pneumonia, which NETs
production implicated. Neutrophil infiltration is a typical characteristic of endometritis,
with increased levels of myeloperoxidase (MPO) commonly used to suggest neutrophil
infiltration [42,46,48]. In addition, neutrophil count is the classic diagnostic method for
determining endometritis in cows. This study found that the LPS challenge increased MPO
levels and neutrophil numbers in the inflammatory uterus. Cl-amidine treatment signif-
icantly reduced MPO levels and the number of neutrophils in uterine tissues, implying
that NETs are an important regulator of neutrophil recruitment in the uterus. Given the
importance of neutrophils in the pathophysiology of endometritis, the tissue-protective
effect of preventing NET formation may be due, at least in part, to a reduction in neutrophil
infiltration in the inflamed uterus. In the condition of excessive or insufficient clearance,
it is widely recognized that NETs can promote the development of inflammation. There-
fore, inhibition of NETs formation could be one of the therapeutic strategies for treating
endometritis.

In conclusion, this study demonstrates that NETs are produced and play an essential
role in the development of endometritis. In the inflammatory uterus, inhibiting NETs
reduced MPO production and neutrophil recruitment. Furthermore, we show that NETs
regulate the release of cytokines in the uterus. These findings point to a new role for NETs
in endometritis and imply that targeting NETs could be a beneficial method to reduce
local endometritis inflammation. This study demonstrates that Cl-amidine can alleviate
LPS-induced rat endometritis by inhibiting NETs formation, blocking histone citrullination
in the nucleus of neutrophils with reduced production of MPO. Our observations suggest
that NETs inhibition using Cl-amidine could be further explored as a possible therapeutic
maneuver against the damaging inflammatory response seen in endometritis, especially in
high-producing dairy cows. Therefore, the need for future use of Cl-amidine in dairy cow
endometritis could further affirm its neutrophil extracellular trap attenuation potential and
be helpful in the regression of endometritis.

Author Contributions: W.S. analyzed the experiment data and drafted the manuscript. A.O.O.
revised the grammar in the manuscript so that the manuscript language can be easily read. X.M., W.J.,
J.Z. and B.H.I. helped to conceptualize the work and collected data; S.W., X.W. and X.D. participated
in the design of the study and critically reviewed the manuscript; Z.Y. and B.M. participated in the



Animals 2022, 12, 1151 12 of 14

design of the study and managed the project. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China (No. 2017YFD0502201), the Science and Technology Innovation Project (No. CAAS-ASTIP-
2014-LIHPS-03), and the Key Research and Development Plan of Gansu province (20YF8NA029).

Institutional Review Board Statement: All protocols for the use of animals were conducted follow-
ing the NIH guidelines for animal use and care and were approved by the Animal Care and Use
Committee of the Lanzhou Instituteof Husbandry and Pharmaceutical Science of CAAS (approval
number: NKMYD201907018).

Informed Consent Statement: Not applicable.

Data Availability Statement: Full data available from the first author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sheldon, I.M. Diagnosing postpartum endometritis in dairy cattle. Vet. Rec. 2020, 186, 88–90. [CrossRef] [PubMed]
2. Sheldon, I.M.; Price, S.B.; Cronin, J.; Gilbert, R.; Gadsby, J. Mechanisms of Infertility Associated with Clinical and Subclinical

Endometritis in High Producing Dairy Cattle. Reprod. Domest. Anim. 2009, 44, 1–9. [CrossRef] [PubMed]
3. LeBlanc, S.J.; Duffield, T.F.; Leslie, K.E.; Bateman, K.G.; TenHag, J.; Walton, J.S.; Johnson, W.H. Defining and Diagnosing

Postpartum Clinical Endometritis and its Impact on Reproductive Performance in Dairy Cows. J. Dairy Sci. 2002, 85, 2223–2236.
[CrossRef]

4. Dubuc, J.; Duffield, T.F.; Leslie, K.E.; Walton, J.S.; LeBlanc, S.J. Definitions and diagnosis of postpartum endometritis in dairy
cows. J. Dairy Sci. 2010, 93, 5225–5233. [CrossRef]

5. Haimerl, P.; Heuwieser, W. Invited review: Antibiotic treatment of metritis in dairy cows: A systematic approach. J. Dairy Sci.
2014, 97, 6649–6661.

6. Zerbe, H.; Schuberth, H.J.; Engelke, F.; Frank, J.; Klug, E.; Schoon, H.A.; Leibold, W. Development and comparison of in vivo and
in vitro models for endometritis in cows and mares. Theriogenology 2003, 60, 209–223. [CrossRef]

7. Lietaer, L.; Demeyere, K.; Heirbaut, S.; Meyer, E.; Opsomer, G.; Bogado Pascottini, O. Flow Cytometric Assessment of the Viability
and Functionality of Uterine Polymorphonuclear Leukocytes in Postpartum Dairy Cows. Animals 2021, 11, 1081. [CrossRef]

8. Symons, L.K.; Miller, J.E.; Kay, V.R.; Marks, R.M.; Liblik, K.; Koti, M.; Tayade, C. The Immunopathophysiology of Endometriosis.
Trends Mol. Med. 2018, 24, 748–762.

9. Symons, L.K.; Miller, J.E.; Tyryshkin, K.; Monsanto, S.P.; Marks, R.M.; Lingegowda, H.; Vanderbeck, K.; Childs, T.; Young, S.L.;
Lessey, B.A.; et al. Neutrophil recruitment and function in endometriosis patients and a syngeneic murine model. FASEB J. 2020,
34, 1558–1575. [CrossRef]

10. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 2017, 18, 134–147.
11. Keir, H.R.; Shoemark, A.; Dicker, A.J.; Perea, L.; Pollock, J.; Giam, Y.H.; Suarez-Cuartin, G.; Crichton, M.L.; Lonergan, M.;

Oriano, M.; et al. Neutrophil extracellular traps, disease severity, and antibiotic response in bronchiectasis: An international,
observational, multi-cohort study. Lancet Respir. Med. 2021, 9, 873–884. [CrossRef]

12. Saffarzadeh, M.; Juenemann, C.; Queisser, M.A. Neutrophil extracellular traps directly induce epithelial and endothelial cell
death: A predominant role of histones. PLoS ONE 2012, 7, e32366.

13. Abdallah, D.S.A.; Denkers, E.Y. Neutrophils cast extracellular traps in response to protozoan parasites. Front. Immunol. 2012, 3,
382. [CrossRef]

14. Leffler, J.; Martin, M.; Gullstrand, B. Neutrophil extracellular traps that are not degraded in systemic lupus erythematosus activate
complement exacerbating the disease. J. Immunol. 2012, 188, 3522–3531. [CrossRef]

15. Merza, M.; Hartman, H.; Rahman, M.; Hwaiz, R.; Zhang, E.; Renström, E.; Luo, L.; Mörgelin, M.; Regner, S.; Thorlacius,
H. Neutrophil Extracellular Traps Induce Trypsin Activation, Inflammation, and Tissue Damage in Mice With Severe Acute
Pancreatitis. Gastroenterology 2015, 149, 1920–1931.e8. [CrossRef]

16. Fuchs, T.A.; Brill, A.; Duerschmied, D.; Daphne, S.; Marc, M.; Daniel, D.; Myers, J.; Shirley, K.; Wrobleskie, T.W.; John, H.H.; et al.
Extracellular DNA traps promote thrombosis. Proc. Natl. Acad. Sci. USA 2010, 107, 15880–15885. [CrossRef]

17. Caudrillier, A.; Kessenbrock, K.; Gilliss, B.M. Platelets induce neutrophil extracellular traps in transfusion-related acute lung
injury. J. Clin. Investig. 2012, 122, 2661–2671. [CrossRef]

18. Narasaraju, T.; Yang, E.; Samy, R.P.; Ng, H.H.; Poh, W.P.; Liew, A.A.; Phoon, M.C.; van Rooijen, N.; Chow, V.T. Excessive
neutrophils and neutrophil extracellular traps contribute to acute lung injury of influenza pneumonitis. Am. J. Pathol. 2011, 179,
199–210. [CrossRef]

19. Manzenreiter, R.; Kienberger, F.; Marcos, V. Ultrastructural characterization of cystic fibrosis sputum using atomic force and
scanning electron microscopy. J. Cyst. Fibros. 2012, 11, 84–92. [CrossRef]

http://doi.org/10.1136/vr.m222
http://www.ncbi.nlm.nih.gov/pubmed/31974181
http://doi.org/10.1111/j.1439-0531.2009.01465.x
http://www.ncbi.nlm.nih.gov/pubmed/19660075
http://doi.org/10.3168/jds.S0022-0302(02)74302-6
http://doi.org/10.3168/jds.2010-3428
http://doi.org/10.1016/S0093-691X(02)01376-6
http://doi.org/10.3390/ani11041081
http://doi.org/10.1096/fj.201902272R
http://doi.org/10.1016/S2213-2600(20)30504-X
http://doi.org/10.3389/fimmu.2012.00382
http://doi.org/10.4049/jimmunol.1102404
http://doi.org/10.1053/j.gastro.2015.08.026
http://doi.org/10.1073/pnas.1005743107
http://doi.org/10.1172/JCI61303
http://doi.org/10.1016/j.ajpath.2011.03.013
http://doi.org/10.1016/j.jcf.2011.09.008


Animals 2022, 12, 1151 13 of 14

20. Young, R.L.; Malcolm, K.C.; Kret, J.E.; Caceres, S.M.; Poch, K.R.; Nichols, D.P.; Taylor-Cousar, J.L.; Saavedra, M.T.; Randell,
S.H.; Vasil, M.L.; et al. Neutrophil extracellular trap (NET)- mediated killing of Pseudomonas aeruginosa: Evidence of acquired
resistance within the CF airway, independent of CFTR. PLoS ONE 2011, 6, e23637.

21. Dworski, R.; Simon, H.U.; Hoskins, A.; Yousefi, S. Eosinophil and neutrophil extracellular DNA traps in human allergic asthmatic
airways. J. Allergy Clin. Immunol. 2011, 127, 1260–1266. [CrossRef]

22. Lin, A.M.; Rubin, C.J.; Khandpur, R. Mast cells and neutrophils release IL-17 through extracellular trap formation in psoriasis. J.
Immunol. 2011, 187, 490–500. [CrossRef]

23. Von Brühl, M.L.; Stark, K.; Steinhart, A.; Chandraratne, S.; Konrad, I.; Lorenz, M.; Khandoga, A.; Tirniceriu, A.; Coletti, R.;
Köllnberger, M.; et al. Monocytes, neutrophils, and platelets cooperate to initiate and propagate venous thrombosis in mice
in vivo. J. Exp. Med. 2012, 209, 819–835. [CrossRef]

24. Brill, A.; Fuchs, T.A.; Savchenko, A.S. Neutrophil extracellular traps promote deep vein thrombosis in mice. J. Thromb. Haemost.
2012, 10, 136–144. [CrossRef]

25. Gupta, A.K.; Hasler, P.; Holzgreve, W.; Hahn, S. Neutrophil NETs: A novel contributor to preeclampsia-associated placental
hypoxia? Semin. Immunopathol. 2007, 29, 163–167. [CrossRef]

26. Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil
extracellular traps kill bacteria. Science 2004, 303, 1532–1535. [CrossRef]

27. Bianchi, M.; Niemiec, M.J.; Siler, U.; Urban, C.F.; Reichenbach, J. Restoration of antiAspergillus defense by neutrophil extracellular
traps in human chronic granulomatosus disease after gene therapy is calprotectin-dependent. J. Allergy Clin. Immunol. 2011, 127,
1243.e7–1252.e7. [CrossRef] [PubMed]

28. Clark, S.R.; Ma, A.C.; Tavener, S.A.; McDonald, B.; Goodarzi, Z.; Kelly, M.M.; Patel, K.D.; Chakrabarti, S.; McAvoy, E.; Sinclair,
G.D.; et al. Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood. Nat. Med. 2007, 13, 463–469.
[CrossRef] [PubMed]

29. Berends, E.T.; Horswill, A.R.; Haste, N.M.; Monestier, M.; Nizet, V.; von Köckritz-Blickwede, M. Nuclease expression by
Staphylococcus aureus facilitates escape from neutrophil extracellular traps. J. Innate. Immun. 2010, 2, 576–586. [CrossRef]
[PubMed]

30. Yousefi, S.; Gold, J.A.; Andina, N.; Lee, J.J.; Kelly, A.M.; Kozlowski, E.; Schmid, I.; Straumann, A.; Reichenbach, J.; Gleich, G.J.;
et al. Catapult-like release of mitochondrial DNA by eosinophils contributes to antibacterial defense. Nat. Med. 2008, 14, 949–953.
[CrossRef] [PubMed]

31. Villanueva, E.; Yalavarthi, S.; Berthier, C.C. Netting neutrophils induce endothelial damage, infiltrate tissues, and expose
immunostimulatory molecules in systemic lupus erythematosus. J. Immunol. 2011, 187, 538–552. [CrossRef]

32. Hakkim, A.; Fürnrohr, B.G.; Amann, K.; Laube, B.; Abed, U.A.; Brinkmann, V.; Herrmann, M.; Voll, R.E.; Zychlinsky, A.
Impairment of neutrophil extracellular trap degradation is associated with lupus nephritis. Proc. Natl. Acad. Sci. USA 2010, 107,
9813–9818. [CrossRef]

33. Garcia-Romo, G.S.; Caielli, S.; Vega, B.; Connolly, J.; Allantaz, F.; Xu, Z.; Punaro, M.; Baisch, J.; Guiducci, C.; Coffman, R.L.; et al.
Netting neutrophils are major inducers of type I IFN production in pediatric systemic lupus erythematosus. Sci. Transl. Med.
2011, 3, 73ra20. [CrossRef]

34. Hudock, K.M.; Collins, M.S.; Imbrogno, M.; Snowball, J.; Kramer, E.L.; Brewington, J.J.; Gollomp, K.; McCarthy, C.; Ostmann,
A.J.; Kopras, E.J.; et al. Neutrophil extracellular traps activate IL-8 and IL-1 expression in human bronchial epithelia. Am. J.
Physiol.-Lung Cell Mol. Physiol. 2020, 319, L137–L147. [CrossRef]

35. Kessenbrock, K.; Krumbholz, M.; Scho¨nermarck, U.; Back, W.; Gross, W.L.; Werb, Z.; Gröne, H.J.; Brinkmann, V.; Jenne, D.E.
Netting neutrophils in autoimmune small-vessel vasculitis. Nat. Med. 2009, 15, 623–625. [CrossRef]

36. Denning, N.-L.; Aziz, M.; Gurien, S.D.; Wang, P. DAMPs and NETs in Sepsis. Front. Immunol. 2019, 10, 2536. [CrossRef]
37. He, Y.; Yang, F.; Sun, E. Neutrophil Extracellular Traps in Autoimmune Diseases. Chin. Med. J. 2018, 131, 1513–1519. [CrossRef]
38. Delgado-Rizo, V.; Martínez-Guzmán, M.A.; Iñiguez-Gutierrez, L.; García-Orozco, A.; Alvarado-Navarro, A.; Fafutis-Morris, M.

Neutrophil Extracellular Traps and Its Implications in Inflammation: An Overview. Front. Immunol. 2017, 8, 81.
39. Murao, A.; Aziz, M.; Wang, H.; Brenner, M.; Wang, P. Release mechanisms of major DAMPs. Apoptosis 2021, 26, 152–162.
40. Fiuza, C.; Bustin, M.; Talwar, S.; Tropea, M.; Gerstenberger, E.; Shelhamer, J.H.; Suffredini, A.F. Inflammation-promoting activity

of HMGB1 on human microvascular endothelial cells. Blood 2003, 101, 2652–2660. [CrossRef]
41. Zhao, J.; Zheng, Y.; Liu, K.; Chen, J.; Lai, N.; Fei, F.; Shi, J.; Xu, C.; Wang, S.; Nishibori, M.; et al. HMGB1 Is a Therapeutic

Target and Biomarker in Diazepam-Refractory Status Epilepticus with Wide Time Window. Neurotherapeutics 2019, 17, 710–721.
[CrossRef]

42. Hoste, E.; Maueröder, C.; van Hove, L.; Catrysse, L.; Vikkula, H.-K.; Sze, M. Epithelial HMGB1 Delays Skin Wound Healing and
Drives Tumor Initiation by Priming Neutrophils for NET Formation. Cell Rep. 2019, 29, 2689–2701.e4. [CrossRef]

43. Shang, L. HMGB1 was negatively regulated by HSF1 and mediated the TLR4/MyD88/NF-κB signal pathway in asthma. Life Sci.
2020, 241, 117120. [CrossRef]

44. Liu, J.; Wu, Z.; Guo, S.; Zhang, T.; Ma, X.; Jiang, K.; Guo, X.; Deng, G. IFN-τ Attenuates LPS-Induced Endometritis by Restraining
HMGB1/NF-κB Activation in bEECs. Inflammation 2021, 44, 1478–1489. [CrossRef]

45. Huang, J.; Chen, X.; Lv, Y. HMGB1 mediated inflammation and autophagy contribute to endometriosis. Front. Endocrinol. 2021,
12, 233. [CrossRef]

http://doi.org/10.1016/j.jaci.2010.12.1103
http://doi.org/10.4049/jimmunol.1100123
http://doi.org/10.1084/jem.20112322
http://doi.org/10.1111/j.1538-7836.2011.04544.x
http://doi.org/10.1007/s00281-007-0073-4
http://doi.org/10.1126/science.1092385
http://doi.org/10.1016/j.jaci.2011.01.021
http://www.ncbi.nlm.nih.gov/pubmed/21376380
http://doi.org/10.1038/nm1565
http://www.ncbi.nlm.nih.gov/pubmed/17384648
http://doi.org/10.1159/000319909
http://www.ncbi.nlm.nih.gov/pubmed/20829609
http://doi.org/10.1038/nm.1855
http://www.ncbi.nlm.nih.gov/pubmed/18690244
http://doi.org/10.4049/jimmunol.1100450
http://doi.org/10.1073/pnas.0909927107
http://doi.org/10.1126/scitranslmed.3001201
http://doi.org/10.1152/ajplung.00144.2019
http://doi.org/10.1038/nm.1959
http://doi.org/10.3389/fimmu.2019.02536
http://doi.org/10.4103/0366-6999.235122
http://doi.org/10.1182/blood-2002-05-1300
http://doi.org/10.1007/s13311-019-00815-3
http://doi.org/10.1016/j.celrep.2019.10.104
http://doi.org/10.1016/j.lfs.2019.117120
http://doi.org/10.1007/s10753-021-01433-y
http://doi.org/10.3389/fendo.2021.616696


Animals 2022, 12, 1151 14 of 14

46. Ndrepepa, G. Myeloperoxidase–A bridge linking inflammation and oxidative stress with cardiovascular disease. Clin. Chim. Acta
2019, 493, 36–51.

47. Khan, A.A.; Alsahli, M.A.; Rahmani, A.H. Myeloperoxidase as an active disease biomarker: Recent biochemical and pathological
perspectives. Med. Sci. 2018, 6, 33. [CrossRef]

48. Bhattacharyya, A.; Chattopadhyay, R.; Mitra, S.; Crowe, S.E. Oxidative Stress: An Essential Factor in the Pathogenesis of
Gastrointestinal Mucosal Diseases. Physiol. Rev. 2014, 94, 329–354. [CrossRef] [PubMed]

49. Biron, B.; Chung, C.-S.; O’Brien, X.M.; Chen, Y.; Reichner, J.S.; Ayala, A. Cl-Amidine Prevents Histone 3 Citrullination and
Neutrophil Extracellular Trap Formation, and Improves Survival in a Murine Sepsis Model. J. Innate Immun. 2016, 9, 22–32.
[CrossRef] [PubMed]

50. Zhao, T.; Pan, B.; Alam, H.B.; Liu, B.; Bronson, R.T.; Deng, Q.; Wu, E.; Li, Y. Protective effect of Cl-amidine against CLP-induced
lethal septic shock in mice. Sci. Rep. 2016, 6, 1–9. [CrossRef] [PubMed]

51. Wang, C.; Wang, J.; Liu, X.; Han, Z.; Wei, Z.; Yang, Z. Cl-amidine attenuates lipopolysaccharide-induced mouse mastitis by
inhibiting NF-κB, MAPK, NLRP3 signaling pathway and neutrophils extracellular traps release. Microb. Pathog. 2020, 149, 104530.
[CrossRef]

52. Fu, K.; Lv, X.; Li, W.; Wang, Y.; Li, H.; Tian, W.; Cao, R. Berberine hydrochloride attenuates lipopolysaccharide-induced
endometritis in mice by suppressing activation of NF-κB signal pathway. Int. Immunopharmacol. 2015, 24, 128–132. [CrossRef]

53. Mandras, N.; Roana, J.; Comini, S.; Cuffini, A.; Tullio, V. Antifungal properties of selected essential oils and pure compounds
on emerging candida non-albicans species and uncommon pathogenic yeasts. In Proceedings of the 48 Virtual Congress SIM
Antimicrobicoresistenza: La Sfidasostenibile, Virtual, 18 November 2020; SocietàItaliana di Microbiologia: Roma, Italy, 2020; p. 45.

54. Madhi, R.; Rahman, M.; Taha, D.; Mörgelin, M.; Thorlacius, H. Targeting peptidylarginine deiminase reduces neutrophil
extracellular trap formation and tissue injury in severe acute pancreatitis. J. Cell Physiol. 2018, 234, 11850–11860. [CrossRef]

55. Wei, Y.; Yang, L.; Pandeya, A.; Cui, J.; Zhang, Y.; Li, Z. Pyroptosis-Induced Inflammation and Tissue Damage. J. Mol. Biol. 2021,
434, 167301. [CrossRef]

56. Bradford, B.; Yuan, K.; Farney, J.; Mamedova, L.; Carpenter, A. Invited review: Inflammation during the transition to lactation:
New adventures with an old flame. J. Dairy Sci. 2015, 98, 6631–6650.

57. Sharma, A.; Singh, M.; Kumar, P.; Kumar, R.; Sharma, A. Relationship of Energy Reserves with Post-partum Sub-clinical
Endometritis and its Impact on Reproductive Performance of Dairy Cows. Vet. IrZootech. 2021, 79, 44–51.

58. Leblanc, S. Assessing the Association of the Level of Milk Production with Reproductive Performance in Dairy Cattle. J. Reprod.
Dev. 2010, 56, S1–S7. [CrossRef]

59. Hao, H.; Yu, H.; Sun, H.; Zhao, C.; Zhang, N.; Hu, X.; Fu, Y. DNaseI protects lipopolysaccharide-induced endometritis in mice by
inhibiting neutrophil extracellular traps formation. Microb. Pathog. 2020, 150, 104686. [CrossRef]

60. Okeke, E.B.; Louttit, C.; Fry, C.; Najafabadi, A.H.; Han, K.; Nemzek, J.; Moon, J.J. Inhibition of neutrophil elastase prevents
neutrophil extracellular trap formation and rescues mice from endotoxic shock. Biomaterials 2020, 238, 119836. [CrossRef]

61. Linssen, R.S.N.; Sridhar, A.; Moreni, G.; van der Wel, N.N.; van Woensel, J.B.M.; Wolthers, K.C.; Bem, R.A. Neutrophil
Extracellular Traps Do Not Induce Injury and Inflammation in Well-Differentiated RSV-Infected Airway Epithelium. Cells 2022,
11, 785. [CrossRef]

62. Fuchs, T.A.; Abed, U.; Goosmann, C.; Hurwitz, R.; Schulze, I.; Wahn, V.; Weinrauch, Y.; Brinkmann, V.; Zychlinsky, A. Novel cell
death program leads to neutrophil extracellular traps. J. Cell Biol. 2007, 176, 231–241. [CrossRef]

63. Guo, J.; Wang, Y.; Jiang, P.; Yao, H.; Zhao, C.; Hu, X.; Cao, Y.; Zhang, N.; Fu, Y.; Shen, H. Sodium butyrate alleviates
lipopolysaccharide-induced endometritis in mice through inhibiting inflammatory response. Microb. Pathog. 2019, 137, 103792.
[CrossRef]

64. Bianchi, M.; Hakkim, A.; Brinkmann, V.; Siler, U.; Seger, R.A.; Zychlinsky, A.; Reichenbach, J. Restoration of NET formation by
gene therapy in CGD controls aspergillosis. Blood 2009, 114, 2619–2622. [CrossRef]

65. Robb, C.T.; Dyrynda, E.A.; Gray, R.; Rossi, A.G.; Smith, V.J. Invertebrate extracellular phagocyte traps show that chromatin is an
ancient defence weapon. Nat. Commun. 2014, 5, 4627.

66. Veras, F.P.; Pontelli, M.C.; Silva, C.M.; Toller-Kawahisa, J.E.; de Lima, M.; Nascimento, D.C.; Schneider, A.H.; Caetité, D.; Tavares,
L.A.; Paiva, I.M.; et al. SARS-CoV-2-triggered neutrophil extracellular traps mediate COVID-19 pathology. J. Exp. Med. 2020, 217,
1129. [CrossRef]

67. Li, T.; Wang, C.; Liu, Y.; Li, B.; Zhang, W.; Wang, L.; Yu, M.; Zhao, X.; Du, J.; Zhang, J.; et al. Neutrophil Extracellular Traps Induce
Intestinal Damage and Thrombotic Tendency in Inflammatory Bowel Disease. J. Crohn’s Colitis 2020, 14, 240–253. [CrossRef]

68. Huebener, P.; Pradere, J.-P.; Hernandez, C.; Gwak, G.Y.; Caviglia, J.M.; Mu, X.; Loike, J.D.; Schwabe, R.F. The HMGB1/RAGE axis
triggers neutrophil-mediated injury amplification following necrosis. J. Clin. Investig. 2015, 125, 539–550. [CrossRef]

69. Sabbione, F.; Keitelman, I.A.; Iula, L.; Ferrero, M.; Giordano, M.N.; Baldi, P.; Rumbo, M.; Jancic, C.; Trevani, A.S. Neutrophil
Extracellular Traps Stimulate Pro-inflammatory Responses in Human Airway Epithelial Cells. J. Innate Immun. 2017, 9, 387–402.
[CrossRef] [PubMed]

http://doi.org/10.3390/medsci6020033
http://doi.org/10.1152/physrev.00040.2012
http://www.ncbi.nlm.nih.gov/pubmed/24692350
http://doi.org/10.1159/000448808
http://www.ncbi.nlm.nih.gov/pubmed/27622642
http://doi.org/10.1038/srep36696
http://www.ncbi.nlm.nih.gov/pubmed/27819302
http://doi.org/10.1016/j.micpath.2020.104530
http://doi.org/10.1016/j.intimp.2014.11.002
http://doi.org/10.1002/jcp.27874
http://doi.org/10.1016/j.jmb.2021.167301
http://doi.org/10.1262/jrd.1056S01
http://doi.org/10.1016/j.micpath.2020.104686
http://doi.org/10.1016/j.biomaterials.2020.119836
http://doi.org/10.3390/cells11050785
http://doi.org/10.1083/jcb.200606027
http://doi.org/10.1016/j.micpath.2019.103792
http://doi.org/10.1182/blood-2009-05-221606
http://doi.org/10.1084/jem.20201129
http://doi.org/10.1093/ecco-jcc/jjz132
http://doi.org/10.1172/JCI76887
http://doi.org/10.1159/000460293
http://www.ncbi.nlm.nih.gov/pubmed/28467984

	Introduction 
	Materials and Methods 
	Experimental Animals and Management 
	Endometritis Model Induced by LPS and Experimental Design 
	Enzyme-Linked Immunosorbent Assay 
	Plasma NETs Quantification 
	Immunohistochemistry 
	Immunofluorescent Assay 
	Western Blotting 
	Statistical Analysis 

	Results 
	NETs Regulates Tissue Damage in Endometritis with Inhibition upon Cl-Amidine Treatment 
	Effect of Cl-Amidine on the Production of Pro-Inflammatory Cytokines in Uterus Tissues during LPS-Induced Endometritis in Rats 
	NETs Formation in LPS-Induced Endometritis and Effect of Cl-Amidine 
	Effect of Cl-Amidine on NETs- Derived Proteins in LPS-Induced Rat Uterine Tissues 

	Discussion 
	References

