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Abstract: Background: Intestinal ischemia/reperfusion injury (IRI) remains a clinical event that
contributes to high morbidity and mortality rates. Intestinal epithelium is exposed to histological and
vascular changes following tissue ischemia. Prolyl endopeptidase (PREP), involved in inflammatory
responses, could be targeted for recovery from the permanent consequences following intestinal
ischemia. Our aim was to investigate the role of PREP inhibitor KYP-2047 in tissue damage, angiogen-
esis, and endothelial barrier permeability after intestinal IRI in mice. Methods: KYP-2047 treatments
were performed 5 min prior to intestinal damage. Intestinal IRI was induced in mice by clamping the
superior mesenteric artery and the celiac trunk for 30 min, followed by 1 h of reperfusion. Results:
PREP inhibition by KYP-2047 treatment reduced intestinal IR-induced histological damage and
neutrophil accumulation, limiting inflammation through decrease of NF-kB nuclear translocation
and fibrotic processes. KYP-2047 treatment restored barrier permeability and structural alteration
following intestinal IRI, attenuating neovascular processes compromised by ischemia/reperfusion.
Additionally, loss of epithelial cells during intestinal ischemia occurring by apoptosis was limited by
KYP-2047 treatment, which showed strong effects counteracting apoptosis and DNA damage. Con-
clusions: These findings provide the first evidence that PREP inhibition through KYP-2047 inhibitor
use could be a validate strategy for resolving alterations of intestinal epithelium the pathophysiology
of intestinal disease.

Keywords: intestinal ischemia/reperfusion injury; inflammation; angiogenesis; intestinal barrier
permeability; apoptosis

1. Introduction

Mesenteric ischemia (MI) is a severe pathological event associated with a varied number
of diseases such as vessel obstruction, hernias, and septic shock often resulting in morbidity
and death [1]. MI essentially leads to developing acute and chronic inflammatory conditions
of the intestine and in the worst case developing intestinal ischemia (II) [2]. The II refers to a
complex consequence including loss of organ-specific activity, alteration of gut microbiota,
tissue necrosis, and the release of proinflammatory cytokines (interleukin 1β [IL-1β] and
tumor necrosis factor α [TNF-α]) and reactive oxygen species (ROS). This cascade is driven
by the nuclear factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
which promotes inflammatory responses and dependent in situ recruitment of neutrophils,
macrophages, and immune cells. Increased local damage and systemic inflammation
following II is amplified with reperfusion, resulting in cell and tissue injuries associated
with an uncontrolled anaerobic products release, generation of numerous pro-inflammatory
cytokines, and the activation of immune cells [3]. Intestinal ischemia/reperfusion injury (IRI)
occurs as a result of many clinical conditions and reperfusion can magnify the damage, and if

Biomedicines 2021, 9, 1354. https://doi.org/10.3390/biomedicines9101354 https://www.mdpi.com/journal/biomedicines

https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0002-2663-6387
https://doi.org/10.3390/biomedicines9101354
https://doi.org/10.3390/biomedicines9101354
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biomedicines9101354
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines9101354?type=check_update&version=1


Biomedicines 2021, 9, 1354 2 of 16

local and systemic inflammation remain uncontrolled, they can induce remote multisystem
organ failure (MSOF) and dysfunctions. Although the mechanisms of intestinal IRI are
complex and still not well-understood, changes in vascular permeability and mucosal
barrier integrity are deeply correlated. Particularly, following ischemia, the intestinal
mucosa is exposed to long-lasting changes in its architecture and integrity translating
to an accumulation of collagen in the intestinal wall and alterations in tight junctions
(TJs) distribution along with intestinal neighbored epithelial cells [4]. Furthermore, an
intestinal injury may lead to severe damage in blood vessel mechanisms such as alterations
in neoangiogenic and pre-existing vasculature processes, critical steps for a multitude
of biological functions [5]. Since II injury has been studied considerably as a cause of
subsequent intestinal epithelial cell death through necrosis, it is understandable to assume
that the apoptotic event is recognized as the active and predicted event following ischemia.
Recent studies reported that the intestine is prone to triggering apoptotic stimulation of
p53 protein, the most studied tumor suppressor, following a restricted period of blood
flow interruption, which directs transcriptional control of extrinsic and intrinsic pathways
together with correlated promoters and modulators [6]. Although it has been established
that intestinal functionality and barrier integrity are importantly compromised following
intestinal ischemia/reperfusion, few studies to date have explored a therapeutic target for
defending subsequent altered processes. Prolyl endopeptidase (PREP) is a serine protease
with enzymatic activity and the ability to cleave short proline-containing peptides (smaller
than 3 kDa) involved in inflammatory response activation, neurodegenerative diseases
development, and autoimmune diseases’ outcome. Moreover, has been reported that PREP
inhibitor treatment gives beneficial effects for cognitive disorders [7]. In the present study,
we aimed to investigate the effects of PREP inhibition through the small-molecule KYP-2047
inhibitor used to fight angiogenesis and apoptosis in a mouse model of intestinal IRI.

2. Materials and Methods
2.1. Animals

Male adult CD1 mice, 6 weeks old (25–30 g, Envigo, Udine, Italy), were housed in a
controlled environment and provided with standard rodent chow and water, in stainless
steel cages in a room kept at 22 ± 1 ◦C with a 12 h light, 12 h dark cycle. The animals
were acclimatized to their environment for 1 week, having ad libitum access to tap water
and standard rodent diet. This study was approved by the University of Messina Review
Board for the care of animals, in compliance with Italian regulations on protection of
animals (n 399/2019-PR released on 24 May 2019). Animal care was in accordance with
Italian regulations on the use of animals for experiments (D.M. 116192) as well as with EEC
regulations (O.J. of E.C. L 358/1 12/18/1986).

2.2. Surgical Procedure for Intestinal IRI

Male mice were allowed access to food and water ad libitum, and a midline laparotomy
was performed. The celiac and superior mesenteric arteries were isolated near their aortic
origins maintaining intestinal tract warmed. IRI was induced by clamping the superior
mesenteric artery and the celiac trunk, resulting in a total occlusion of these arteries for
30 min. After this period of occlusion, the clamps were removed, and the splanchnic
circulation was allowed reperfusion for 1 h, following a splenic artery occlusion (SAO)
procedure. After that reperfusion, animals were killed, and each ileum tract was isolated
and used for further analysis [8]. Mice in the KYP-2047 treatments groups were subjected
to the intraperitoneal (i.p.) administration (doses of 1, 2.5, and 5 mg/kg) 5 min before the
reperfusion. Briefly, we penetrated the lower left quadrant of the abdomen 5 mm deep
in a line parallel with the backbone and at a 45◦ angle to the abdominal wall [9–11]. At
starting, mice were randomly divided into five groups (10 mice in each group): sham group;
IRI + vehicle group; IRI + KYP-2047 1 mg/kg group; IRI + KYP-2047 2.5 mg/kg group, and
IRI + KYP-2047 5 mg/kg group.



Biomedicines 2021, 9, 1354 3 of 16

2.3. Experimental Groups

Mice were randomly divided into the following groups:

• Sham group: mice were operated on with surgical steps; however, they were not
subjected to IR and were treated with either a vehicle (saline).

• IRI + vehicle group: mice (n = 10) were subjected to intestinal ischemia by SAO
(30 min), followed by reperfusion (1 h);

• IRI + KYP-2047 1 mg/kg group: mice (n = 10) were subjected to surgical procedures,
described as above, and KYP-2047 (1 mg/kg, i.p.) was administered 5 min prior
to reperfusion);

• IRI + KYP-2047 2.5 mg/kg group: mice (n = 10) were subjected to surgical procedures
described as above, and KYP-2047 (2.5 mg/kg i.p.) was administered 5 min prior
to reperfusion);

• IRI+ KYP-2047 5 mg/kg group: mice (n = 10) were subjected to surgical procedures
described as above, and KYP-2047 (5 mg/kg i.p.) was administered 5 min prior
to reperfusion).

To determine KYP-2047 specificity for blocking PREP, the expression level of PREP was
measured in a pilot experiment in mice (n = 4) following different doses’ administration
(1, 2.5, and 5 mg/kg) at 1 h 30 min. Moreover, since I/R + KYP-2047 1 mg/kg group
histological evaluation did not reveal any significant beneficial effects compared to the I/R
group, we decided to keep KYP-2047 2.5 mg/kg and 5 mg/kg doses for all further analysis.

2.4. Histological Examination

Ileum tissues were collected after 1 h of reperfusion and stained as previously de-
scribed [12]. The morphological criteria were considered as already described [8]. The
degree of intestinal damage was evaluated according on a six-point scale: 0 = no inflamma-
tion, 1 = mild inflammation, 2 = mild/moderate inflammation, 3 = moderate inflammation,
4 = moderate/severe inflammation and 5 = severe inflammation. Sections were also stained
by Masson’s Trichrome method for collagen detection and observed under light microscopy
(Zeiss Microscope, Axiostar Plus, Milan, Italy). The degree of fibrosis was evaluated as %
fibrotic area (blue staining) and quantified using image analysis software (Image J 1.8.0).

2.5. Myeloperoxidase Activity (MPO)

MPO activity, which is an indicator of polymorphonuclear leukocyte (PMN) accumu-
lation, was determined spectrophotometrically at 650 nm [13]. MPO activity was expressed
in U per gram weight of wet tissue and defined as the quantity of enzyme degrading
1 µmol of peroxide min−1 at 37 ◦C.

2.6. Western Blot Analysis for PREP, NF-κB Pathway, Angiogenesis and Apoptosis Markers

Western blots were performed as described in our previous study [14]. Specific
primary antibodies were used: nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) (1:500, sc 8008, Santa Cruz Biotechnology, Dallas, TX, USA) or nuclear
factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IκB-α, 1:500,
sc 1643, Santa Cruz Biotechnology, Dallas, TX, USA), or anti-ciclooxigenase 2 (COX-2)
(1:500, sc 1746, Santa Cruz Biotechnology, Dallas, TX, USA) or prolyl endopeptidase (PREP)
(1:500, sc 365416, Santa Cruz Biotechnology, Dallas, TX, USA), or anti-inducible nitric oxide
synthetase (iNOS) (1:500, sc 8310, Santa Cruz Biotechnology, Dallas, TX, USA), or Bax
(1:500, sc 7480, Santa Cruz Biotechnology, Dallas, TX, USA), or Bcl-2 (1:500, sc 7382, Santa
Cruz Biotechnology, Dallas, TX, USA), or VEGF (1:500 sc 7269, Santa Cruz Biotechnology,
Dallas, TX, USA), or eNOS (1:500 sc-654, Santa Cruz Biotechnology, Dallas, TX, USA). The
stripping and re-probing of the WB membrane was performed. Lastly, to ascertain if those
blots were loaded with equal amounts of proteins, they were also incubated in the presence
of the antibody against β-actin (cytosolic fraction 1:500; Santa Cruz Biotechnology, TX,
USA) or lamin A/C (nuclear fraction 1:500, MilliporeSigma, Burlington, MA, USA) as
previously described [14].
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2.7. Immunofluorescence (IF) for Zonula Occludens (ZO)-1 and Filaggrin (FLG)

Immunofluorescence staining was performed as previously described [15]. The fol-
lowing antibodies were used: murine monoclonal anti-zona occludens-1 (ZO-1) (1:100,
sc 8147, Santa Cruz Biotechnology, Dallas, TX, USA) or mouse monoclonal anti-filaggrin
(FLG) (1:100, sc 80609, Santa Cruz Biotechnology, Dallas, TX, USA).

2.8. Immunohistochemical Localization of Vascular Endothelial Growth Factor (VEGF) and CD34

The immunohistochemical staining was executed as previously described by Casili G
and colleagues [16]. The following primaries were used: monoclonal anti-VEGF antibody
(1:100, sc 7269, Santa Cruz Biotechnology, Dallas, TX, USA) and polyclonal anti-CD34
polyclonal antibody (1:100, sc 74499, Santa Cruz Biotechnology, Dallas, TX, USA).

2.9. TUNEL Assay

Apoptosis showed a peak one hour after reperfusion, as detected in the nuclei of cells
by the TUNEL method. TUNEL assay was conducted by using a TUNEL detection kit
according to the manufacturer’s instructions (Apo-Tag, HRP kit; DBA, Milan, Italy) and as
previously described [17].

3. Results
3.1. Inhibition of PREP by KYP-2047 Reduces Intestinal IR-Induced Histological Damage and
Neutrophil Accumulation in the Intestine

IRI is typically accompanied by histological features such as shortening of the villi,
loss of villous epithelium, and general tissue architecture [18]. Histopathological analyses of
intestines confirmed that the intestinal IRI group (Figure 1 panel B, magnifications B1) resulted
in significant mucosal injury compared to the sham group (Figure 1 panel A, magnifications
A1). However, alterations of mucosal architecture IR-induced were significantly repaired by
KYP-2047 treatment especially at the higher doses of 2.5 mg/kg and 5 mg/kg (Figure 1D,E,
magnification D1 and E1, and see densitometric analysis panel F). MPO activity, an indicator
of neutrophil accumulation, was also evaluated. Compared to sham, an increase in MPO
activity was found in IR tissue (Figure 1, panel G), and treatment with KYP-2057 1 mg/kg did
not restore intestinal damage. Then, we found that IRI-induced recruitment of neutrophils
was significantly reduced in KYP-2047 treated animals, indicating that KYP-2047 treatments
(2.5 mg/kg and 5 mg/kg) was able to mitigate intestinal inflammation (Figure 1G).
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Figure 1. Effect of KYP-2047 on histological damage of intestinal tissue, MPO activity and collagen detection. (A) No 
histological damage was observed in control group. (B) Intestinal IRI group showed a significant alteration of the mucosal 
architecture. (C) KYP-2047 1 mg/kg did not show significant reduction of tissue damage. (D) KYP-2047 2.5 mg/kg 

Figure 1. Effect of KYP-2047 on histological damage of intestinal tissue, MPO activity and collagen detection. (A) No
histological damage was observed in control group. (B) Intestinal IRI group showed a significant alteration of the mucosal
architecture. (C) KYP-2047 1 mg/kg did not show significant reduction of tissue damage. (D) KYP-2047 2.5 mg/kg treatment
repair of damaged tissue following intestinal IRI. (E) KYP-2047 2.5 and 5 mg/kg treatments showed a significant restoration
of the architecture of the intestinal mucosa. (F) Histological score. (G) Effect of KYP-2047 on the MPO activity. Neutrophil
accumulation, was observed in the IRI group. KYP-2047 2.5 mg/kg and 5 mg/kg treatments significantly reduced MPO
activity. (H) No fibrosis was detected in control group. (I) IRI group showed a significant increase in fibrosis compared
to the control group (blue area). (J,K) The degree of fibrosis in the KYP-2047 2.5 mg/kg and 5 mg/kg treated groups was
significantly reduced compared to IRI group. (L) Quantification of collagen content (%). (M) Expression levels evaluation of
PREP in the intestine samples. (M1) Densitometric analysis referred to blot in panel M. Data are representative of at least
three independent experiments. Data is expressed as mean ± S.E.M. *** p < 0.001 vs. Sham; ### p < 0.001, ## p < 0.01 vs. IRI.



Biomedicines 2021, 9, 1354 6 of 16

3.2. KYP-2047 Administration Led to Limit Progressive Intestinal Inflammation and Fibrosis
following IRI

Extracellular matrix (ECM) localization produced by an expanded fibroblast activation
is a consequence of intestinal inflammation and fibrosis [19]. Masson trichrome staining
revealed that, in the IR-injured intestine (Figure 1I, magnification I1) an increase in fibrosis
(blue-stained area) was significantly reported compared to the non-inflamed intestine
(Figure 1H, magnification H1, see percent fibrotic area panel L), whereas in KYP-2047
2.5 mg/kg and 5 mg/kg treated animals (Figure 1J,K, magnification J1 and K1), the degree
of fibrosis was smaller than the injured intestine (see percent fibrotic area Figure 1L).
Moreover, it is known that KYP-2047 is a selective inhibitor of PREP (Ki = 23 pM) that
inhibits about 85% PREP activity within 10 min of administration [16a]; thus, to clearly
demonstrate the specific inhibition of PREP by KYP-2047, we performed Western blot
analysis in intestine samples. A basal expression level of PREP was observed in samples
from the control group and compared to the significant increase observed in intestinal IRI
group (Figure 1M). The higher doses of KYP-2047 (2.5 and 5 mg/kg) were shown to be
effective in terms of inhibiting PREP expression in the intestine, whereas no changes were
found for the doses of 1 mg/kg (Figure 1M, see densitometric analysis M1).

3.3. Inhibition of PREP Attenuated the NF-κB Pathway Activation following Intestinal IRI

The pro-inflammatory factors that are released following NF-κB activated pathway as
interleukins and other mediators are expressed from intestinal epithelial cells and stimulate
the immune cells of the intestine epithelial monolayer in response to ischemic stimuli [20].
Western blot analysis revealed an increase in NF-κB nuclear translocation along with a de-
crease of IκB−α degradation following IRI as well as increased iNOS and COX-2 expression
levels when compared to the sham group (Figure 2A–D, see densitometric analysis A1, B1,
C1, and D1). Pharmacological inhibition of PREP by KYP-2047 proved that intraperitoneal
administration at the doses of 2.5 mg/kg and 5 mg/kg decreased translocation of NF-κB
and I IκB−α degradation, significantly exhibiting a reduced inflammatory response acti-
vation (Figure 2A,B, see densitometric analysis A1 and B1). Moreover, the levels of iNOS
and COX-2 protein were markedly repressed by PREP inhibition (Figure 2C,D, see densito-
metric analysis C1 and D1). These results revealed that suppression of PREP by KYP-2047
efficiently decrease intestinal pro-inflammatory molecules’ production, preventing NF-κB
inflammatory cascade activation.
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Figure 2. Effects of KYP-2047 on NF-kB pathway and pro-inflammatory enzymes iNOS and COX-2. (A) Western blot analysis
revealed that in the IRI group there was a significant increase of NF-kB levels compared to the sham group and a significant
decrease in IkB-α expression levels. (A1) Densitometric analysis referred to blot in panel A. (B) KYP-2047 2.5 mg/kg and
5 mg/kg treated groups showed a significant decrease of NF-kB nuclear translocation and a significant increase of IkB-α
levels. (B1) Densitometric analysis referred to blot in panel B. (C,D) Expression levels of pro-inflammatory iNOS and COX-2
enzymes were increased in IRI group compared to the sham group, while a significant decrease was observed in the KYP-2047
2.5 mg/kg and 5 mg/kg treated groups. (C1,D1) Densitometric analysis referred to blots in panels C and D. Data is expressed
as mean ± S.E.M. Data are representative of at least three independent experiments. *** p < 0.001 vs. Sham; ## p < 0.01 vs. IRI;
### p < 0.001 vs. IRI.

3.4. Treatment with KYP-2047 Stabilized the Expression of Tight Junction Zona Occludens-1
(ZO-1) and Restored Structural and Functional Role of Filaggrin (FLG) in the Intestine

To morphologically investigate the intestinal barrier permeability lost following intesti-
nal IRI IF, ZO-1 and FLG were performed on ileum sections. In control animals (Figure 3A),
ZO-1 (green) distribution can be observed in the paracellular junctions, while, in IRI ani-
mals, there was a significant loss of intestinal ZO-1 IF positive staining (Figure 3B). How-
ever, intestinal IRI inducing loss of barrier integrity was restored by KYP-2047 treatments
(2.5 mg/kg and 5 mg/kg) (Figure 3C,D, see analysis panel E). This is followed by an in-
crease in ZO-1 cells positivity in KYP-2047-treated animals, suggesting that mucosal barrier
integrity collapse may be repaired by PREP inhibition to attenuate I/R damage. Another
important marker of intestinal barrier dysfunction is FLG [21]. A lower FLG immunore-
activity in the intestine from intestinal IRI mice was revealed compared to sham animals
(Figure 3G,F, respectively). The numbers of FLG-immunolabeled cells were increased in
KYP-2047-treated animals, highlighting an important role in the restoration of intestinal
barrier integrity (Figure 3H,I, see analysis panel J).
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signaling was further investigated. VEGF angiogenic switch during intestinal-IRI was 
evaluated by immunostaining in the intestine; therefore, it was identified in the lamina 
propria of the ileum mucosa. VEGF staining in the ileum villi of the sham group was basal 
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Figure 3. Effect of KYP-2047 administration on the expression level of ZO-1 and FLG by IF in intestine. (A) Control group
intestinal cells’ immunoreactivity for ZO-1. (B) IRI animals showed a significant loss of intestinal ZO-1. (C,D) An increase
in ZO-1 cells’ positivity was observed in IRI animals and subsequently treated with KYP-2047 (2.5 mg/kg and 5 mg/kg).
(E) Immunofluorescence analysis of ZO-1. (F) The number of positive FLG cells was normal in the sham group. (G) A
significant decrease in FLG cells’ positivity was observed in IRI animals. (H,I) KYP-2047 treatments (2.5 mg/kg and 5
mg/kg) increased FLG cells’ positivity in the intestine. (J) Immunofluorescence analysis of FLG. Data are representative of
at least three independent experiments. *** p < 0.001 vs. Sham; ### p < 0.001 vs. IRI.

3.5. VEGF-Mediated Vascular Patterning and the Neovascular Process Are Regulated by
KYP-2047 during IRI

Since VEGF is not only a strong developer of angiogenesis, but also increases vascular
permeability and is up-regulated during hypoxia [22], the effect of KYP-2047 on VEGF
signaling was further investigated. VEGF angiogenic switch during intestinal-IRI was
evaluated by immunostaining in the intestine; therefore, it was identified in the lamina
propria of the ileum mucosa. VEGF staining in the ileum villi of the sham group was basal
in comparison with intestinal IRI animals that showed an increase in the cell positivity
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(Figure 4A,B, magnification A1 and B1, see densitometry analysis panel E). As shown in
Figure 4, the up-regulation of VEGF induced by intestinal IRI was reduced following the
administration of KYP-2047 at the doses of 2.5 and 5 mg/kg (Figure 4C,D, magnification
C1 and D1). In addition, western blot analysis showed that intestinal-IRI significantly
promoted VEGF expression levels in the intestine when compared to the control group
(Figure 4F, see densitometry analysis F1). However, KYP-2047 treatment at the doses of
2.5 mg/kg and 5 mg/kg significantly reversed the VEGF levels to close to control levels
(Figure 4F, see densitometry analysis F1).

VEGF has been shown to regulate NO production; therefore, it is reasonable that
NO levels were regulated by increased eNOS expression, a marker significantly increased
during intestinal ischemia [23]. Our data showed that KYP-2047 treatments attenuated
eNOS expression following intestinal IRI (Figure 4G, see densitometry analysis G1). Thus,
our results revealed that PREP inhibition driven by KYP-2047 administration suppressed
the angiogenic process via VEGF/eNOS modulation, influencing the earliest stages of
vascular development induced by intestinal ischemia-reperfusion.

Moreover, CD34, a glycoprotein expressed on the cell membrane of endothelial cells
of small blood vessels, was used as a novel marker for vascular endothelial cells with a
focus on intestinal cells following intestinal IRI [24]. CD34-positive cells were found in
the tunica mucosa of the ileum [25]. A significant amount of the total CD34-positive cells
in intestinal tissue from the intestinal IRI group compared to sham tissues was detected
(Figure 5A,B, magnification B1 and A1, respectively). KYP-2047 treatment following
intestinal ischemia, at both 2.5 and 5 mg/kg doses, showed a significant decreased of
immunopositivity for CD34 (Figure 5C,D, magnification C1 and D1, see densitometry
analysis panel E). This evidence, which supports an essential role for angiogenic factors
in intestinal IRI, suggests that both the VEGF/eNOS pathway and CD34 modulation
are required for efficient vascular endothelial differentiation, giving reasonable use of
KYP-2047 in attenuation of vascular alterations in intestinal diseases.
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(F) Western blot analysis for eNOS showed increased expression levels in the IRI group. KYP-2047 2.5 mg/kg and 5 mg/kg 

Figure 4. Effect of KYP-2047 on angiogenesis pathway. (A) No VEGF immunoreactivity was showed in control intestines.
(A1) 20× magnification panel A. (B) Increased VEGF cell positivity was observed in IRI intestine. (B1) 20 × magnification
panel B. (C,D) The degree of positive staining for VEGF was markedly reduced in tissue sections after KYP-2047 2.5 mg/kg
and 5 mg/kg treatments. (C1,D1) 20× magnification panel C and D, respectively (E) Western blot analysis for VEGF. (F)
Western blot analysis for eNOS showed increased expression levels in the IRI group. KYP-2047 2.5 mg/kg and 5 mg/kg
treatments restored of eNOS levels was observed. (F1) Densitometric analysis referred to blot in panel F. (G,G1). Data are
representative of at least three independent experiments. One-way ANOVA test *** p < 0.001 vs. sham; ## p < 0.01 vs. IRI;
### p < 0.001 vs. IRI.
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Figure 5. Effect of KYP-2047 treatments on CD34 expression in the tunica mucosa of the intes-
tine. (A) No CD34 immunoreactivity was shown in control intestines. (A1) 20 × magnification
panel A. (B) CD34 immunoreactivity was increased after IRI. (B1) 20 × magnification panel A.
(C,D) CD34 immunoreactivity was decreased in the KYP-2047 groups (2.5 mg/kg and 5 mg/kg).
(C1,D1) 20 × magnification panel C and D, respectively. (E) Immunohistochemical analysis of
CD34. Data are representative of at least three independent experiments. *** p < 0.001 vs. sham;
### p < 0.001 vs. IRI.

3.6. Apoptosis Effects of KYP-2047 on the Bcl-2/Bax Pathway and DNA Fragmentation following
Intestinal IRI

Loss of epithelial cells during intestinal ischemia occurs by apoptosis, firstly in crypts
and then in adjacent uninvolved areas [26]. Bax and Bcl-2 could play a key role; thus, we
evaluated their expression by western blot analysis. In the IRI intestine, the Bax expression
level was found to be up-regulated, suggesting a potent activation of apoptosis compared
to intestine from control animals. In comparison, intestinal IRI-induced Bax expression was
significantly attenuated by KYP-2047 treatments at both doses (2.5 and 5 mg/kg) (Figure 6A,
see densitometry analysis A1) suggesting that regulation of PREP could reflect in apoptosis
mitigation. Contrarily, accompanied changes in apoptosis of the intestinal environment
following intestinal IRI were confirmed by obtaining low levels of Bcl-2 (Figure 6B, see
densitometry analysis B1). Therefore, intestinal cell death was reduced following KYP-2047
administration, confirming that apoptosis arrest occurs via PREP inhibition.
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Figure 6. Effect of KYP-2047 treatment on apoptosis pathway. (A) Western blot analysis revealed increased expression
levels in Bax after IRI. Expression levels of Bax were significantly reduced by KYP-2047 treatment (2.5 mg/kg and 5 mg/kg).
*** p < 0.001 vs. sham; ### p < 0.001 vs. IRI. (A1) Densitometry analysis referred to panel A. (B) Western blot analysis
showed decreased in Bcl-2 expression levels after IRI compared to the control group. KYP-2047 (2.5 mg/Kg and 5 mg/Kg)
treatments significantly restored that reduction. (B1) Densitometry analysis referred to panel B. (C) Few TUNEL-positive
apoptotic cells were found in control mice, compared with an increase in TUNEL-positive cells on IRI mice (D–F) KYP-20147
treatments significantly reduced the rate of cell apoptosis. (G) Quantification of TUNEL staining. Data are representative of
at least three independent experiments. Each data is expressed as mean ± SEM from *** p < 0.001 vs. sham; ### p < 0.001 vs.
IRI; ## p < 0.01 vs. IRI.
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To further examine the role of apoptosis in IRI-induced intestinal injury and the
protective effects of KYP-2047, we analyzed TUNEL-stained intestine sections. Intestinal
IRI caused an increase in intestinal apoptosis as shown by the high number of TUNEL-
positive cells compared to the sham group (Figure 6C,D, respectively) whereas PREP
inhibition by KYP-2047 had significant effects on apoptosis, as evidenced by a decrease in
the number of TUNEL-positive intestinal cells (Figure 6E–G). Taken together, these data
indicated that KYP-2047 administration attenuated apoptosis and its involved targets.

4. Discussion

Intestinal IRI is a significant exponent of the awfulness and mortality related to
mesenteric artery occlusion, aortic manipulation, and hemorrhagic shock [27]. These
complex forms of ischemic injury include well-defined signs of the ischemic event as well
as excessive interstitial pressure, which probably lead to epithelial sloughing (Huang 2011).
Despite the vast number of experimental findings reporting that controlled cell death is
critical to the maintenance of intestinal barrier functionality and epithelial homeostasis [28],
there is only limited information on the rapid response and renewal of injured intestinal
tissue to blood flow arrest. In this study, we presented important discoveries demonstrating
for the first time that a selective inhibition of PREP by KYP-2047 reduces intestinal damage,
restores mucosal barrier function, and reduces the angiogenesis as well as apoptosis
processes in an in vivo model of IRI. Our laboratory already demonstrated that KYP-
2047 was efficient in preventing the activation of inflammatory pathways and influencing
angiogenesis events [29].

In this study, we revealed that the intestinal damage following IRI led to disruption of
villous apical surface and damage in deeper mucosa and submucosa layers. Histological
observation revealed that the intestinal tissue injury was significantly regenerated and
remodeled in mice subjected to KYP-2047 treatment, indicating that PREP inhibition
was able to well recover histological alteration even following an elevated degree of
intestinal injury associated with reperfusion. Similarly, neutrophil infiltration was increased
by IRI and reversed similarly to control levels with KYP-2047 treatment, explaining its
protective effects against ischemia-reperfusion damage. Previous studies reported that
varied causes lead to the compromise of organ activity and even intestinal failure following
I/R injury. For instance, the excessive accumulation of ECM (extracellular matrix) is a
common event that occurs in various intestinal pathologies including ulcerative colitis,
intestinal bowel, and Crohn’s disease [30]. The increase of ECM in the intestine, with
collagens and fibronectins deposition into the mucosa, submucosa, muscularis mucosa,
muscularis propria, and serosa layers, can lead to development of intestinal architecture
alterations and obstructions. This is because the key event of intestinal fibrosis is not only
inflammatory cells’ recruitment but also fibroblast and myofibroblast differentiation and
ROS production that can activate mesenchymal and non-mesenchymal cells, leading to
fibrotic tissue formation [31]. Our results clearly showed that PREP inhibition reduced
intestinal fibrosis in mice, demonstrating that KYP-2047 administration may contribute to
preventing intestinal fibrosis and reducing ECM deposition following intestinal IRI.

During ischemic conditions, the prompt release of certain pro-inflammatory cytokines
and correlated molecules has been supposed to contribute significantly to intestinal mu-
cosal dysfunction through the NF-κB pathway [32]. We confirmed the ability of KYP-2047
to reduce the NF-κB nuclear translocation and Iκb-α degradation according to a decreased
release of pro-inflammatory mediators including iNOS and COX-2, emphasizing the role
of PREP inhibitor to reduce the inflammation process in intestinal IRI [33]. The decreased
immunoreactivity of intestinal cells to essential proteins correlated to the maintenance of
intestinal barrier integrity such as ZO-1 and FLG could be correlated with the intestinal
IRI-induced unbalanced intestinal homeostasis. Therefore, we found an increase in the
number of positive cells for ZO-1 and FLG when mice were subjected to KYP-2047 oral
administration, highlighting that PREP inhibition not only was able to arrest inflamma-
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tory pathway activation but also attenuated and restored the loss of intestinal barrier
functionality to normal conditions.

It is obvious to assume that an inadequate blood flow that occurs following an ischemic
event is reflected in an unbalanced process of angiogenesis and, although associated
regulators have been studied during intestinal injury, none were found to be efficacious.
Angiogenesis is an essential process in all types of wound healing, including intestinal
mucosal healing, and it is regulated by many proangiogenic factors, including VEGF,
fibroblast growth factor (FGF), and endothelial growth factor (EGF) [34,35]. In a similar
fashion, it has been suggested that injured intestinal cells produce nitric oxide (NO) during
the reperfusion period, initiating and contributing apoptosis and vascular changes, and,
in particular, promoting eNOS activation [36]. In our study, we used 2.5 and 5 mg/kg
doses of KYP-2047 that were effective in protecting the angiogenesis process clearly altered
by intestinal IRI. Both VEGF and eNOS’s expression levels were significantly reduced
when mice were treated with either KYP-2047 dose. Moreover, since CD34, a cell-to-cell
adhesion factor, is selectively expressed by vascular endothelial cells and participates in
the angiogenic process, it was evaluated following intestinal IRI as a consistent player in
vascular recovery. Our findings, suggested first that PREP inhibition could be useful to
reduce an exaggerated new blood vessels generation during intestinal diseases through
VEGF/eNOS attenuation, and second that increased cells’ positivity of CD34, recognized
as a key regulator of neovascularization process, seemed to be attenuated in mice treated
with both doses (2.5 and 5 mg/kg) of KYP-2047.

Moreover, 60 min of reperfusion after ischemia (30 min) was enough to demonstrate
that the vascular and mucosal barrier has been damaged or lost because of a deregulated
inflammatory response and aggravated cell death via apoptosis, a mechanism closely
related [37]. As shown above, intensified NF-κB nuclear translocation, in turn, lead to
increased expression levels of two of the main related-apoptotic effectors such as Bax,
which possesses a pro-apoptotic role, and Bcl-2, a well-known anti-apoptotic player [38].
In our study, we found that activated apoptosis was significantly attenuated following
KYP-2047 treatments, amplifying the concept that PREP inhibition allowed intestinal cells
to recover their cellular equilibrium and counteracting apoptosis following ischemic injury.

5. Conclusions

In conclusion, this study has reported for the first time that KYP-2047, which is an
important PREP negative modulator, could be a prominent pharmacological target in
preventing most of the consequences of intestinal IRI, including intestinal fibrosis and
barrier integrity alteration, inflammatory process, angiogenesis, and apoptosis, offering a
new approach in preventing the exacerbation and progression of intestinal diseases.

Author Contributions: Conceptualization and design were performed by M.C., I.P. and E.E. Material
preparation, data collection and analysis were performed by A.A., M.L. and D.M. The first draft of
the manuscript was written by A.F. and G.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved by the University of Messina
Review Board for the care of animals, in compliance with Italian regulations on protection of animals
(n 399/2019-PR released on 24 May 2019). Animal care was in accordance with Italian regulations on
the use of animals for the experiment (D.M. 116192) as well as with EEC regulations (O.J. of E.C. L
358/1 12/18/1986).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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



Biomedicines 2021, 9, 1354 15 of 16

References
1. Cerqueira, N.F.; Hussni, C.A.; Yoshida, W.B. Pathophysiology of mesenteric ischemia/reperfusion: A review. Acta Cir. Bras. 2005,

20, 336–343. [CrossRef]
2. Zhang, Z.; Pan, C.; Wang, H.; Li, Y. Protective effects of osthole on intestinal ischemia-reperfusion injury in mice. Exp. Clin.

Transplant. 2014, 12, 246–252. [CrossRef]
3. Tsukamoto, T.; Chanthaphavong, R.S.; Pape, H.C. Current theories on the pathophysiology of multiple organ failure after trauma.

Injury 2010, 41, 21–26. [CrossRef]
4. Lee, B.; Moon, K.M.; Kim, C.Y. Tight Junction in the Intestinal Epithelium: Its Association with Diseases and Regulation by

Phytochemicals. J. Immunol. Res. 2018, 16. [CrossRef] [PubMed]
5. Rocha, F.G.; Sundback, C.; Kent, L.; Leachc, D.; Stanley, M.; Shleya, W.A.; Acanti, J.V.; Whanga, E. The effect of sustained delivery

of vascular endothelial growth factor on angiogenesis in tissue-engineered intestine. Biomaterials 2019. [CrossRef]
6. Li, Z.; Wang, G.; Feng, D.; Zu, G.; Li, Y.; Shi, X.; Zhao, Y.; Jing, H.; Ning, S.; Le, W.; et al. Targeting the miR-665-3p-ATG4B-

autophagy axis relieves inflammation and apoptosis in intestinal ischemia/reperfusion. Cell Death Dis. 2018, 9, 1–17. [CrossRef]
7. Svarcbahs, R.; Jäntti, M.; Kilpeläinen, T.; Julku, U.H.; Urvas, L.; Kivioja, S.; Norrbacka, S.; Myöhänen, T.T. Prolyl oligopeptidase

inhibition activates autophagy via protein phosphatase 2A. Pharmacol. Res. 2020, 151, 104558. [CrossRef] [PubMed]
8. Campolo, M.; Di Paola, R.; Impellizzeri, D.; Crupi, R.; Morittu, V.M.; Procopio, A.; Perri, E.; Britti, D.; Peli, A.; Esposito, E.; et al.

Effects of a polyphenol present in olive oil, oleuropein aglycone, in a murine model of intestinal ischemia/reperfusion injury. J.
Leukoc. Biol. 2012, 93, 277–287. [CrossRef] [PubMed]

9. Impellizzeri, D.; Cordaro, M.; Campolo, M.; Gugliandolo, E.; Esposito, E.; Benedetto, F.; Cuzzocrea, S.; Navarra, M. Anti-
inflammatory and Antioxidant Effects of Flavonoid-Rich Fraction of Bergamot Juice (BJe) in a Mouse Model of Intestinal Ische
mia/Reperfusion Injury. Front. Pharmacol. 2016, 7, 203. [CrossRef]

10. Zhang, X.; Wu, J.; Liu, Q.; Li, X.; Li, S.; Chen, J.; Hong, Z.; Wu, X.; Zhao, Y.; Ren, J. mtDNA-STING pathway promotes
necroptosis-dependent enterocyte injury in intestinal ischemia reperfusion. Cell Death Dis. 2020, 11, 1050. [CrossRef] [PubMed]

11. Baek, J.M.; Kwak, S.C.; Kim, J.Y.; Ahn, S.J.; Jun, H.Y.; Yoon, K.H.; Lee, M.S.; Oh, J. Evaluation of a novel technique for
intraperitoneal injections in mice. Lab. Anim. 2015, 44, 440–444. [CrossRef]

12. Filippone, A.; Lanza, M.; Campolo, M.; Casili, G.; Paterniti, I.; Cuzzocrea, S.; Esposito, E. The Anti-Inflammatory and Antioxidant
Effects of Sodium Propionate. Int. J. Mol. Sci. 2020, 21, 3026. [CrossRef] [PubMed]

13. Mullane, K.M.; Kraemer, R.; Smith, B. Myeloperoxidase activity as a quantitative assessment of neutrophil infiltration into
ischemic myocardium. J. Pharmacol. Methods 1985, 14, 157–167. [CrossRef]

14. Filippone, A.; Lanza, M.; Campolo, M.; Casili, G.; Paterniti, I.; Cuzzocrea, S.; Esposito, E. Protective effect of sodium propionate in
Aβ1-42 induced neurotoxicity and spinal cord trauma. Neuropharmacology 2020, 166, 107977. [CrossRef] [PubMed]

15. Casili, G.; Lanza, M.; Scuderi, S.A.; Messina, S.; Paterniti, I.; Campolo, M.; Esposito, E. The Inhibition of Prolyl Oligopeptidase
as New Target to Counteract Chronic Venous Insufficiency: Findings in a Mouse Model. Biomedicines 2020, 8, 604. [CrossRef]
[PubMed]

16. Bass, J.J.; Wilkinson, D.J.; Rankin, D.; Phillips, B.E.; Szewczyk, N.J.; Smith, K.; Atherton, P.J. An overview of technical con-
siderations for Western blotting applications to physi ological research. Scand. J. Med. Sci. Sports 2017, 27, 4–25. [CrossRef]
[PubMed]

17. Campolo, M.; Siracusa, R.; Cordaro, M.; Filippone, A.; Gugliandolo, E.; Peritore, A.F.; Impellizzeri, D.; Crupi, R.; Paterniti, I.;
Cuzzocrea, S. The association of adelmidrol with sodium hyaluronate displays beneficial properties against bladder changes
following spinal cord injury in mice. PLoS ONE 2019, 14, e0208730. [CrossRef]

18. Casili, G.; Campolo, M.; Paterniti, I.; Lanza, M.; Filippone, A.; Cuzzocrea, S.; Esposito, E. Dimethyl fumarate attenuates
neuroinflammation and neurobehavioral deficits induced by experimental traumatic brain injury. J. Neurotrauma 2018, 35,
1437–1451. [CrossRef]

19. Tas, U.; Ayan, M.; Sogut, E.; Kuloglu, T.; Uysal, M.; Tanriverdi, H.I.; Senel, U.; Ozyurt, B.; Sarsilmaz, M. Protective effects of
thymoquinone and melatonin on intestinal ischemia–reperfusion injury. Saudi J. Gastroenterol. Off. J. Saudi Gastroenterol. Assoc.
2015, 21, 284–289. [CrossRef]

20. Ban, K.; Kozar, R. Protective Role of p70S6K in Intestinal Ischemia/Reperfusion Injury in Mice. PLoS ONE 2012, 7, e41584.
[CrossRef]

21. Latella, G.; Rieder, F. Intestinal fibrosis: Ready to be Reversed. Curr. Opin. Gastroenterol. 2017, 33, 239–245. [CrossRef]
22. Larrinaga, G.; Perez, I.; Blanco, L.; Sanz, B.; Errarte, P.; Beitia, M.; Etxezarraga, M.C.; Loizate, A.; Gil, J.; Irazusta, J.; et al. Prolyl

Endopeptidase Activity Is Correlated with Colorectal Cancer Prognosis. Int. J. Med. Sci. 2014, 11, 199–208. [CrossRef]
23. Seetharaman, R.; Park, S.Y.; Yoon, M.K.; Kwak, J.O.; Son, B.G.; Park, Y.H.; Kag, J.M.; Lee, Y.J.; Choi, Y.C.; Bae, Y.S.; et al. Heme

Oxygenase-1-mediated Anti-inflammatory Effect of a Novel Garlic Compound in RAW264.7 Murine Macrophages. Hort. Environ.
Biotechnol. 2014, 55, 148–157. [CrossRef]

24. Warners, M.J.; Vlieg-Boerstra, B.J.; Verheij, J.; Van Hamersveld, P.H.; Van Rhijn, B.D.; Van Ampting, M.T.; Harthoorn, L.F.; De
Jonge, W.J.; Smout, A.J.; Bredenoord, A.J. Esophageal and Small Intestinal Mucosal Integrity in Eosinophilic Esophagitis and
Response to an Elemental Diet. Am. J. Gastroenterol. 2017, 112, 1061–1071. [CrossRef] [PubMed]

http://doi.org/10.1590/S0102-86502005000400013
http://doi.org/10.6002/ect.2013.0207
http://doi.org/10.1016/j.injury.2009.07.010
http://doi.org/10.1155/2018/2645465
http://www.ncbi.nlm.nih.gov/pubmed/30648119
http://doi.org/10.1016/j.biomaterials.2008.03.026
http://doi.org/10.1038/s41419-018-0518-9
http://doi.org/10.1016/j.phrs.2019.104558
http://www.ncbi.nlm.nih.gov/pubmed/31759088
http://doi.org/10.1189/jlb.0712317
http://www.ncbi.nlm.nih.gov/pubmed/23233730
http://doi.org/10.3389/fphar.2016.00203
http://doi.org/10.1038/s41419-020-03239-6
http://www.ncbi.nlm.nih.gov/pubmed/33311495
http://doi.org/10.1038/laban.880
http://doi.org/10.3390/ijms21083026
http://www.ncbi.nlm.nih.gov/pubmed/32344758
http://doi.org/10.1016/0160-5402(85)90029-4
http://doi.org/10.1016/j.neuropharm.2020.107977
http://www.ncbi.nlm.nih.gov/pubmed/32004548
http://doi.org/10.3390/biomedicines8120604
http://www.ncbi.nlm.nih.gov/pubmed/33322134
http://doi.org/10.1111/sms.12702
http://www.ncbi.nlm.nih.gov/pubmed/27263489
http://doi.org/10.1371/journal.pone.0208730
http://doi.org/10.1089/neu.2017.5260
http://doi.org/10.4103/1319-3767.166203
http://doi.org/10.1371/journal.pone.0041584
http://doi.org/10.1097/MOG.0000000000000363
http://doi.org/10.7150/ijms.7178
http://doi.org/10.1007/s13580-014-0070-1
http://doi.org/10.1038/ajg.2017.107
http://www.ncbi.nlm.nih.gov/pubmed/28417991


Biomedicines 2021, 9, 1354 16 of 16

25. Ferrante, M.; Pierik, M.; Henckaerts, L.; Joossens, M.; Claes, K.; Van Schuerbeek, N.; Vlietinck, R.; Rutgeerts, P.; Van Assche, G.;
Vermeire, S. The role of vascular endothelial growth factor (VEGF) in inflammatory bowel disease. Inflamm. Bowel Dis. 2006, 12,
870–878. [CrossRef]

26. Papapetropoulos, A.; Garcia-Cardena, G.; Madri, J.A.; Sessa, W.C. Nitric oxide production contributes to the angiogenic properties
of vascular endothelial growth factor in human endothelial cells. J. Clin. Investig. 1997, 100, 3131–3139. [CrossRef] [PubMed]

27. Maltby, S.; Wohlfarth, C.; Gold, M.; Zbytnuik, L.; Hughes, M.R.; McNagny, K.M. CD34 Is Required for Infiltration of Eosinophils
into the Colon and Pathology Associated with DSS-Induced Ulcerative Colitis. Am. J. Pathology 2010, 177, 1244–1254. [CrossRef]

28. Stzepourginski, I.; Nigro, G.; Jacob, J.M.; Dulauroy, S.; Sansonetti, P.J.; Eberl, G.; Peduto, L. CD34+ mesenchymal cells are a major
component of the intestinal stem cells niche at homeostasis and after injury. Proc. Natl. Acad. Sci. USA 2017, 114, E506–E513.
[CrossRef]

29. Ramachandran, A.; Madesh, M.; Balasubramanian, K. Apoptosis in the intestinal epithelium: Its relevance in normal and
pathophysiological conditions. J. Gastroenterol. Hepatol. 2001, 15, 109–120. [CrossRef]

30. Block, T.A.; Acosta, S.; Bjorck, M. Endovascular and open surgery for acute occlusion of the superior mesenteric artery. J. Vasc.
Surg. 2010, 52, 959–966. [CrossRef]

31. Szabo’, A.; Vollmar, B.; Boros, M.; Menger, M.D. In vivo fluorescence microscopic imaging for dynamic quantitative assessment
of intestinal mucosa permeability in mice. J. Surg. Res. 2008, 145, 179–185. [CrossRef] [PubMed]

32. Casili, G.; Lanza, M.; Campolo, M.; Messina, S.; Scuderi, S.; Ardizzone, A.; Filippone, A.; Paterniti, I.; Cuzzocrea, S.; Esposito, E.
Therapeutic potential of flavonoids in the treatment of chronic venous insufficiency. Vasc. Pharmacol. 2021, 137, 106825. [CrossRef]
[PubMed]

33. Mao, R.; Rimola, J.; Chen, M.H.; Rieder, F. Intestinal fibrosis: The Achilles heel of inflammatory bowel diseases? Editor. J. Dig. Dis.
2020, 21, 306–307. [CrossRef] [PubMed]

34. Speca, S.; Giusti, I.; Rieder, F.; Latella, G. Cellular and molecular mechanisms of intestinal fibrosis. World J. Gastroenterol. 2012, 28,
3635–3661. [CrossRef] [PubMed]

35. Gonzalez, L.M.; Moeser, A.J.; Blikslager, A.T. Animal models of ischemia-reperfusion-induced intestinal injury: Progress and
promise for translational research. Physiol. Med. 2015, 308, G63–G75. [CrossRef] [PubMed]

36. Huang, C.Y.; Hsiao, J.K.; Lu, Y.Z.; Lee, T.C.; Linda, C.H. Anti-apoptotic PI3K/Akt signaling by sodium/glucose transporter 1
reduces epithelial barrier damage and bacterial translocation in intestinal ischemia. Lab. Investig. 2011, 91, 294–309. [CrossRef]
[PubMed]

37. Jiang, H.; Qu, L.; Li, Y.; Gu, L.; Shi, M.; Zhang, J.; Zhu, W.; Li, J. Bone Marrow Mesenchymal Stem Cells Reduce Intestinal
Ischemia/Reperfusion Injuries in Rats. J. Surg. Res. 2011, 168, 127–134. [CrossRef]

38. Sandor, Z.; Deng, X.M.; Khomenko, T.; Tarnawski, A.S.; Szabo, S. Altered angiogenic balance in ulcerative colitis: A key to
impaired healing? Biochem. Biophys. Res. Commun. 2006, 350, 147–150. [CrossRef]

http://doi.org/10.1097/01.mib.0000235095.01608.10
http://doi.org/10.1172/JCI119868
http://www.ncbi.nlm.nih.gov/pubmed/9399960
http://doi.org/10.2353/ajpath.2010.100191
http://doi.org/10.1073/pnas.1620059114
http://doi.org/10.1046/j.1440-1746.2000.02059.x
http://doi.org/10.1016/j.jvs.2010.05.084
http://doi.org/10.1016/j.jss.2006.05.045
http://www.ncbi.nlm.nih.gov/pubmed/17597157
http://doi.org/10.1016/j.vph.2020.106825
http://www.ncbi.nlm.nih.gov/pubmed/33278582
http://doi.org/10.1111/1751-2980.12876
http://www.ncbi.nlm.nih.gov/pubmed/32407586
http://doi.org/10.3748/wjg.v18.i28.3635
http://www.ncbi.nlm.nih.gov/pubmed/22851857
http://doi.org/10.1152/ajpgi.00112.2013
http://www.ncbi.nlm.nih.gov/pubmed/25414098
http://doi.org/10.1038/labinvest.2010.177
http://www.ncbi.nlm.nih.gov/pubmed/20975661
http://doi.org/10.1016/j.jss.2009.07.035
http://doi.org/10.1016/j.bbrc.2006.09.021

	Introduction 
	Materials and Methods 
	Animals 
	Surgical Procedure for Intestinal IRI 
	Experimental Groups 
	Histological Examination 
	Myeloperoxidase Activity (MPO) 
	Western Blot Analysis for PREP, NF-B Pathway, Angiogenesis and Apoptosis Markers 
	Immunofluorescence (IF) for Zonula Occludens (ZO)-1 and Filaggrin (FLG) 
	Immunohistochemical Localization of Vascular Endothelial Growth Factor (VEGF) and CD34 
	TUNEL Assay 

	Results 
	Inhibition of PREP by KYP-2047 Reduces Intestinal IR-Induced Histological Damage and Neutrophil Accumulation in the Intestine 
	KYP-2047 Administration Led to Limit Progressive Intestinal Inflammation and Fibrosis following IRI 
	Inhibition of PREP Attenuated the NF-B Pathway Activation following Intestinal IRI 
	Treatment with KYP-2047 Stabilized the Expression of Tight Junction Zona Occludens-1 (ZO-1) and Restored Structural and Functional Role of Filaggrin (FLG) in the Intestine 
	VEGF-Mediated Vascular Patterning and the Neovascular Process Are Regulated by KYP-2047 during IRI 
	Apoptosis Effects of KYP-2047 on the Bcl-2/Bax Pathway and DNA Fragmentation following Intestinal IRI 

	Discussion 
	Conclusions 
	References

