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ABSTRACT
Intestinal ischemia-reperfusion (II/R) develops when the blood flow to 

the intestines decreases, followed by the reestablishment of the blood supply 
to the ischemic tissue, resulting in intestinal mucosal barrier dysfunction, with 
consequent severe local and systemic inflammation. Acute lung injury (ALI) 
represents the most serious complication after II/R. KYP-2047 is a selective 
inhibitor of prolyl oligopeptidase (POP), a serine protease involved in the release 
of pro-angiogenic and inflammatory molecules. The aim of the present study is 
to assess the effects of POP-inhibition mediated by KYP-2047 treatment in the 
pathophysiology of ALI following II/R. An in vivo model of II/R was performed 
and mice were subjected to KYP-2047 treatment (intraperitoneal, 1, 2.5 and 5 mg/
kg). Histological analysis, Masson’s trichrome staining, immunohistochemical, 
immunofluorescence, biochemical and western blots analysis were performed on 
ileum and lung samples. KYP-2047 treatment ameliorated histological alteration in 
ileum and lung, reduced collagen amount and lowered inflammatory protein levels. 
Moreover, TGF-β1, eNOS, VEGF and CD34 positive staining has been modulated; 
also, a reduction in apoptosis expression was confirmed. This research revealed 
the strong anti-inflammatory potential of KYP-2047 associated to its modulatory 
role on angiogenesis and apoptosis, suggesting POP as a novel therapeutic target 
for ALI after II/R.

INTRODUCTION

Ischemic process causes a lack of oxygen supply and 
nutrients and the following restoration of blood circulation, 
called reperfusion, results in oxidative tissue damage and 
invasion of inflammatory mediators to neighboring organs 
[1–3]. Intestinal ischemia-reperfusion (II/R) is a common 
route for many disorders, including enterocolitis, midgut 
volvulus, intussusception, intestinal obstruction, sepsis 
and hemodynamic shock. II/R damage takes over when 
the decrease of blood flow in the intestine is followed 
by the restoration of blood required to the ischemic area, 
resulting in severe local and systemic inflammation which 
spreads to nearby organs [4]. Acute lung injury (ALI) 

represents the most serious complication after intestinal 
I/R [5]. ALI is a medical condition characterized by 
widespread organ inflammation with an acute onset and, 
although several pathophysiologic mechanisms of ALI 
in II/R have been partially proposed, the basic concepts 
remain mostly vague [6]. 

II/R represents an classical example of critical illness, 
reporting the initiation and propagation of multiorgan 
failure; in this context, inflammation is an hallmark and 
various animal models and clinical data support the concept 
that excessive increase of proinflammatory cytokines is 
the main accountable in distant organ injury following 
II/R [7–9]. Interestingly, II/R provokes an important 
inflammatory response in nearby lung tissues, evidenced 
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by neutrophilic infiltration, amplified myeloperoxidase 
levels and prominent vascular permeability in the lungs [6]. 
Moreover, the inflammatory cytokines increase outcomes in 
pulmonary damage, necrosis and apoptosis [3]. 

Reperfusion is responsible to magnifying the ischemic 
damage and provoke organ injuries and dysfunction 
through the overproduction of pro-inflammatory cytokines 
and the activation of angiogenesis process. Angiogenesis 
mechanism involves the sprouting of new blood vessels 
contributing to tissue repair, although the finality of the 
angiogenic response in acute ischemic stroke has not 
been fully elucidated; so, considering the importance 
of maintaining alveolar perfusion, the elucidation of 
microvascular angiogenetic mechanisms in lung, could be 
an interesting approach in damage [10]. 

The pathophysiology regarding lung diseases is 
complicated and proteolytic enzymes may be involved 
as possible biomarkers, among these an important 
role is done by prolyl endo or oligopeptidase (PREP or 
POP), a protease involved in angiogenesis process [11, 
12]. Specifically, POP itself plays a role in supporting 
neutrophilic inflammation and this aspect involves POP 
to the pathology of various lung diseases [13]. Since the 
POP’s involvement in angiogenesis and inflammation 
has been highlighted [14], POP inhibitors have been 
developed and, between these, 4-phenyl-butanoyl-l-prolyl-
2(S)-cyanopyrrolidine (KYP-2047) appears to be the most 
powerful and extensively studied both in in vitro and in 
vivo models of inflammatory diseases [12, 15, 16, 17]. 
Based on these findings, the aim of the present study was 
to assess the beneficial outcomes of POP-inhibition in 
lung disease induced by an experimental mouse model of 
intestinal ischemia performed by SAO shock-mediated 
injury.

RESULTS

Histological effects of POP-inhibition on lung 
damage induced by II/R 

The histopathologic examination of ileum samples 
highlighted severe histological alteration characterized 
by edema in the intestinal villi (Figure 1B, (b) see 
histological score Figure 1F) compared to control 
group (Figure 1A, (a) see histological score Figure 1F). 
Treatment with KYP-2047, only at the doses of 2.5 and 
5 mg/Kg, significantly reduced histological alteration, 
restoring the cytoarchitecture of the villi (Figure 1D, (d) 
and 1E, (e), see the histological score Figure 1F), unlike 
treatment at 1 mg/kg (Figure 1C, (c), see the histological 
score Figure 1F). To confirm that ALI is the most serious 
complication of intestinal I/R injury [18], the histological 
analysis was performed also on lung samples from II/R-
injured mice, pointing out severe lung injury, as indicated 
by substantial alveolar edema, inflammatory cellular 
sequestration and hemorrhage (Figure 1H, (h), see the 

histological score Figure 1L), whereas the samples from 
control group exhibited normal lung histology (Figure 1G, 
(g), see the histological score Figure 1L). Interestingly, 
POP-inhibition mediated by KYP-2047 treatment, at the 
doses of 2.5 and 5 mg/Kg, significantly modulated lung 
histological impairment, enhancing these morphological 
changes (Figure 1J, (j) and 1K, (k), see the histological 
score Figure 1L), while the lowest dosage of 1 mg/Kg 
was unable to significantly preserve the lungs alteration 
from II/R damage (Figure 1I, (i), see the histological score 
Figure 1L).

Role of KYP-2047 treatment in collagen content 
reduction on pulmonary damage induced by II/R

Pulmonary fibrosis stimulates alveolar filling with 
collagen-rich matrix, as common pathological response 
to lung damage; while many different etiologies provokes 
a fibrotic response in lung, II/R is able to significantly 
enhance the persistence and progression of fibrotic state 
[19, 20]. Thus, this study highlighted that the degree of 
fibrosis, evaluated by Masson trichrome staining, and 
demonstrated that fibrotic area (blue staining) was greater 
in the lungs subjected to II/R (Figure 2B, (b), see % 
collagen content Figure 2F) compared to lung samples 
from control group (Figure 2A, (a), see % collagen content 
Figure 2F). Treatment with KYP-2047, 5 minutes prior 
reperfusion, significantly reduced collagen depot, at the 
dose of 2.5 mg/Kg, almost similar to 5 mg/Kg treatment 
(Figure 2D, (d) and Figure 2E, (e), see % collagen content 
Figure 2F); instead, treatment of KYP-2047 at 1 mg/
kg did not reduce collagen accumulation (Figure 2C, 
(c) see % collagen content Figure 2F). These data were 
confirmed through the evaluation of lung collagen content 
(μg) (Figure 2G), emphasizing the role of POP-inhibition 
to counteract collagen accumulation in lung samples after 
II/R (Figure 2G).

Effects of KYP-2047-mediated POP inhibition on 
lung inflammation induced by II/R

II/R injury determinates a local intestinal and remote 
lung tissue pathology, described by a marked systemic 
inflammation [21]. Specifically, amplified activation 
of NF-κB has been observed associated to additional 
confirmation for a pro-inflammatory function for NF-
κB in the lung resulting in neutrophilic infiltration and 
pulmonary oedema [22, 23]. Therefore, in this study, the 
activation of NF-κB pathway was investigated through 
Western Blot analysis.

Basal levels of IκB-α were identified in lungs 
from sham mice (Figure 3A, see densitometric analysis 
(a)), whereas the IκB-α expression were reduced in 
lung samples of animals subjected to II/R (Figure 3A, 
see densitometric analysis (a)). KYP-2047 treatment, at 
both doses of 2.5 and 5 mg/Kg, was able to prevent the 
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II/R-induced IκB-α cytosolic degradation (Figure 3A, 
see densitometric analysis (a)). Similarly, nuclear NF-
κB translocation was increased in lung samples from 
mice II/R-damaged compared to control group (Figure 
3B, see densitometric analysis (b)), while POP-inhibition 
through KYP2047 treatments, appreciably reduced the 

nuclear translocation of p65 (Figure 3B, see densitometric 
analysis (b)). Moreover, on the basis that iNOS and COX-2 
enzymes represent important endogenous receptor targets 
for amplifying NF-κB responses in pathology [24], we also 
evaluated the expression of these enzymes on lung samples 
by Western Blot analysis. II/R subjected animals showed 

Figure 1: Role of KYP-2047 treatment on histological lung damage induced by II/R. (A, (a)) Histopathologic examination 
of ileum samples in sham group; (B, (b)) severe histological alteration with edema of intestinal villi in I/R group; (C, (c)) treatment with 
KYP-2047 1 mg/kg does not improve the histological picture; (D, (d), E, (e)) treatment with KYP-2047 at the doses of 2.5 and 5 mg/Kg 
restored the cytoarchitecture of ileum samples; (F) histological score. (G, (g)) Histopathologic examination of lung samples in sham group; 
(H, (h)) severe lung damage in I/R group; (I, (i)) POP-inhibition mediated by KYP-2047 treatment at the doses of 1 mg/kg and (J, (j), K, 
(k)) and at the doses of 2.5 and 5 mg/Kg, the only doses that significantly modulated lung histological impairment. (L) histological score. 
Magnification 10x, scale bar 100 μm (Figures A, B, C, D, E, G, H, J, K, L) and 20×, scale bar 50 μm (Figures a, b, c, d, e, g, h, j, k, l). Data 
represent the means of at least three independent experiments. One-way ANOVA followed by Bonferroni post-hoc. ***p < 0.001 versus 
Sham; ##p < 0.01 and ###p < 0.001 versus II/R.
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an increased expression of both COX-2 and iNOS in lung 
samples compared to sham mice (respectively, Figure 
3C, see densitometric analysis (c) and Figure 3D, see 
densitometric analysis (d)); whereas KYP-2047 treatment, 
at both doses of 2.5 and 5 mg/Kg, was able to reduce the 
expression of these inflammatory markers in a significant 
way (respectively, Figure 3C, see densitometric analysis (c) 
and Figure 3D, see densitometric analysis (d)).

Role of KYP-2047-mediated POP inhibition to 
modulate angiogenesis on lung after II/R injury

Inflammation arising from the ischemic process can 
induce lung angiogenesis [25]; also, the vascular VEGF 
protein is released by alveolar cell-like cell lines as reply 
to inflammatory stimuli potentially involved in lung injury, 
tending to increase in bronchoalveolar lavage fluid protein 
with substantial VEGF localization to lung epithelium 

[26]. To emphasize the in vivo modulatory action of KYP-
2047 on angiogenesis in lung, an immunofluorescence 
and immunohistochemistry analysis on VEGF was 
performed. The study confirmed the increased VEGF 
positive staining in lung sections from II/R group 
(Figure 4B and 4G, see VEGF positive score Figure 4E 
and 4J) compared to control group (Figure 4A and 4F, 
see VEGF positive score Figure 4E and 4J; KYP2047 
treatments significantly reduced the VEGF positive 
staining (Figure 4C, 4D and 4H, 4I see VEGF positive 
score Figure 4E and 4J). Moreover, previous studies on 
ischemia highlighted VEGF expression as key regulator 
of enhanced vascular and endothelial cell permeability, 
maintaining the characteristics of CD34+ cells, that are 
found in newly formed blood vessels under pathological 
conditions, connected with an augmented restoration 
of blood flow [27]. The positive staining evaluated by 
immunohistochemistry analysis, for CD34 in II/R injury 

Figure 2: Role of KYP-2047 treatment on the collagen content. (A, (a)) lung samples from control group; (B, (b)) pulmonary 
fibrosis, assessed by Masson trichrome, stained in blue was greater in the lungs after II/R group; (C, (c)) treatment with KYP-2047 at 1 mg/
kg did not reduced collagen depot, while, there was a significant reduced collagen depot, at the dose of 2.5 mg/Kg and 5 mg/Kg treatment (D, 
(d) and E, (e)); (F) % collagen content. These data were confirmed through the evaluation of lung collagen content (μg) (G). Magnification 
10×, scale bar 100 μm (Figures A, B, C, D and E) and 20×, scale bar 50 μm (Figures a, b, c, d, and e). Data represent the means of at least 
three independent experiments. One-way ANOVA followed by Bonferroni post-hoc. ***p < 0.001 versus Sham; ###p < 0.001 versus II/R.
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group (Figure 4L, see VEGF positive score Figure 4O) 
was significantly lowered in lung sections from control 
group (Figure 4K, 4L, see VEGF positive score Figure 
4O) and from KYP-2047 treated groups (Figure 4M, 4N, 
see VEGF positive score Figure 4O).

The effects of KYP-2047-mediated POP 
inhibition to modulate lung injury following II/R 
damage through TGF-β1 and eNOS

Endogenous TGF-β1 expression appears to be 
upregulated in the lung following II/R [28]; specifically, 
TGF-β1 is the most potent factor for the induction of 
myofibroblast differentiation and increased expression of 
TGF-β1 has been reported in fibrotic lungs [29]. In this 
study, through western blot analysis, the upregulation 
of TGF-β1 was confirmed in lung samples from II/R-
injured mice compared to control group (Figure 5A, 
see densitometric units score (a)). Interestingly, lung 
samples from KYP-2047 treated group, at both doses 
of 2.5 and 5 mg/Kg, significantly reduced TGF-β1 

expression (Figure 5A, see densitometric units score (a)), 
so promoting alveolar epithelial cell growth and repair. 
NO signal pathway could quickly increase TGF-β1, 
thereby stimulating pulmonary fibrosis [30] and inducing 
eNOS expression [31]. Thus, we detected by western blot 
analysis an upregulation of eNOS in lung samples from 
II/R-damaged animals compared to sham mice (Figure 5B, 
see densitometric units score (b)); whereas POP inhibition, 
through treatment with KYP-2047, notably reduced the 
over expression of eNOS (Figure 5B, see densitometric 
units score (b)).

Role of POP inhibition on lung apoptosis 
following II/R damage 

Among possible ALI’s mechanisms, cell apoptosis 
plays a predominant role; previous studies have described 
the ability of inflammation induces caspase activation in 
endothelial cells, which results in apoptosis induction and 
endothelial cell dysfunction [32]. In this study, to examine 
apoptosis immunofluorescence staining for Caspase-3 

Figure 3: KYP-2047 treatment on lung inflammation. The protein levels of inflammatory markers were monitored by Western 
blotting in lung tissue. Basal levels of IκB-α were detected in lungs from sham mice (A, see densitometric analysis (a)), whereas the IκB-α 
expression were reduced in lung samples from damaged animals (A, see densitometric analysis (a)). KYP-2047 treatment, at both doses of 
2.5 and 5 mg/Kg, was able to prevent the II/R-induced IκB-α  cytosolic degradation (A, see densitometric analysis (a)). Similarly, nuclear 
NF-κB translocation was increased in lung samples from mice II/R-damaged compared to control group (B, see densitometric analysis (b)), 
while POP-inhibition through KYP2047 treatments, significantly reduced the nuclear translocation of p65 (B, see densitometric analysis 
(b)). Moreover, II/R subjected animals showed an increased expression of COX-2 and iNOS in lung samples compared to sham mice 
(respectively, C, see densitometric analysis (c) and D, see densitometric analysis (d); KYP-2047 treatment, at both doses of 2.5 and 5 mg/
Kg, was able to reduce the expression of these inflammatory markers in a significant way (respectively, C, see densitometric analysis (c) 
and D, see densitometric analysis (d). Data represent the means of at least three independent experiments. One-way ANOVA followed by 
Bonferroni post-hoc. ***p < 0.001 versus Sham; ##p < 0.01 and ###p < 0.001 versus II/R.
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was performed. Interestingly, Caspase-3 positive staining 
resulted upregulated in lung sections from II/R-injured 
group (Figure 6B, see Caspase-3 positive score Figure 6E) 

compared to control (Figure 6A, see Caspase-3 positive 
score Figure 6E); POP-inhibition mediated by KYP-2047 
treatment, at both doses of 2.5 and 5 mg/Kg, significantly 

Figure 4: KYP-2047 treatment on angiogenesis. Immunofluorescence  analysis on VEGF was performed, highlighting a lower 
VEGF positive staining in lung sections from control (A) compared to II/R group (B); KYP2047 treatment significantly reduced the 
VEGF positive staining in lung (C, D); (E) VEGF positive cells score and H, I see E and J). Moreover, the positive staining evaluated 
by immunohistochemistry analysis, Immunoistochemistry analysis on VEGF highlighted a reduced positive staining in control group (F) 
compared to II/R injury group (G); treatments with KYP-2047 (H, I); (J) % of total tissue area score for VEGF. The same data obtained for 
CD34 immunoistochemistry analysis; (K) control group, (L) II/R damaged group and (M, N) KYP-2047 treatment groups; (O) % of total 
tissue area score for CD34. Data represent the means of at least three independent experiments. One-way ANOVA followed by Bonferroni 
post-hoc. ***p < 0.001 versus Sham; ##p < 0.01 and ###p < 0.001 versus II/R.
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lowered the positive staining for Caspase-3 (Figure 6C and 
6D, see Caspase-3 positive score Figure 6E). These data 
were confirmed by western blot analysis for Caspase-3 
protein expression (Figure 6F, (f)). It is known that small 
intestinal I/R induces apoptosis being the most sensitive 
organ to ischemic insult [33, 34] and, in particular, 
apoptosis as a mechanism of acute II/R provokes persistent 
lung damage, contributing to damage of both alveolar 
epithelial and endothelial barriers and causing an outflow 
of fluid and proteins into the alveolar airspace [35, 36]. 
For this reason, a Western Blot analysis was performed 
to highlight the role of Bax/Bcl-2 system in lung injury 
after SMA clumping damage. A substantial increase in 
Bax expression, related to a notable decrease in Bcl-2, was 
observed in lung samples from II/R-injured mice, compared 
to control group (Figure 6G and 6H, see densitometric units 
score (g) and (h)); treatment with KYP-2047 appreciably 
reduced Bax protein expression, at the same time increasing 
the anti-apoptotic Bcl-2 protein levels (Figure 6G and 6H, 
see densitometric units score (g) and (h)).

DISCUSSION

Intestinal injury classically refers to a group of 
diseases characterized by a stoppage of the blood supply to 
various portions of small intestine, resulting in activation 
of ischemia process and secondary inflammatory 
changes; if untreated, this process causes life threatening 
intestinal necrosis. The keystones of modern treatment 
are an immediate diagnosis and an appropriate surgical 
intervention, needy for reduce the high mortality 
associated with this entity [37]. Intestinal injury is a 
clinical emergency that not only causes an arrest in oxygen 
supply to the metabolically active tissues but promotes, in 
the reperfusion phase, further cell damage [38]. Moreover, 
acute intestinal ischemia is an inevitable process in 

intestinal transplantation and surgical operations and acute 
lung damage represents a common cause of organ failure 
accompanying II/R [39, 40]. 

There are presently no evidence to pilot the 
evaluation or treatment of intestinal ischemia and its 
repercussions on neighboring organs and therapeutical 
guidelines have not been clearly defined [37]. Although 
numerous studies have searched the pathogenesis of II/R, 
little is known about alterations in organs other than heart, 
kidney and liver [36]. In fact, the role of II/R related-lung 
damage need to be better investigated and it is clinically 
relevant find solutions to prevent or mitigate ALI-induced 
by intestinal I/R. 

Generally, the basic pathophysiology of lung 
diseases is complex and proteolytic enzymes may be 
intricate or could serve as potential biomarkers; in this 
context, POP emerges with a highly expression on 
inflammatory cells in different pulmonary pathologies 
[11]. Based on these evidences, the aim of this research 
was to evaluate the protective effect of KYP-2047, as POP 
inhibitor, to counteract inflammation, angiogenesis and 
apoptotic mechanisms involved in the pathophysiology of 
lung injury provoked by II/R damage on in vivo mouse 
model of SAO.

Intestinal ischemia provokes disruption of intestinal 
barrier, permitting bacteria translocation into the blood 
circulation, consequently exposing to the risk of a systemic 
inflammatory response and lung injury. II/R injury 
causes focal loss of surface epithelium and submucosal 
infarction characterized by loss of variable amounts of 
lamina propria, followed by severe remote lung tissue 
alterations, associated to marked neutrophil influx and 
edema formation [41, 42]. Interestingly, in this study 
was confirmed that treatment with KYP-2047, inhibiting 
POP activity, is able to restore the histological alterations 
caused by II/R both on small intestine and in lungs. 

Figure 5: Role of KYP-2047 treatment on TGF-β1 and eNOS. Western Blot analysis for TGF-β1 and eNOS was performed, 
showing the upregulation of TGF-β1 in lung samples from II/R-injured mice compared to control group (A, see densitometric units score 
(a)). Interestingly, in lung samples from KYP-2047 treated group, at both doses of 2.5 and 5 mg/Kg, there was a significant reduction 
in TGF-β1 expression (A, see densitometric units score (a)). In the same time, Western Blot analysis for eNOS revealed a significant 
upregulation in lung samples from II/R-damaged animals compared to sham mice (B, see densitometric units score (b)); the POP inhibition, 
through treatment with KYP-2047, notably reduced the over expression of eNOS (B, see densitometric units score (b)). Data represent 
the means of at least three independent experiments. One-way ANOVA followed by Bonferroni post-hoc. ***p < 0.001 versus Sham; ###p < 
0.001 versus II/R.
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ALI starts from either a direct or an indirect 
alterations of the pulmonary epithelium and endothelium 
that causes edema, atelectasis and fibrosis [43]. Lung 
fibrosis is characterized by fibroblast accumulation that 
synthesize and deposit collagen and other extracellular 
matrix components [44]. In this study we observed that the 
treatment with KYP-2047 significantly reduced collagen 
distribution and content in the lung, highlighting a real 

protection of POP inhibition from fibrosis-related lung 
injury.

Although the pathophysiology of ALI after 
II/R remains intricate, it is extensively approved that 
inflammatory response is the primary mechanisms 
leading to pulmonary disease [45, 46]. Specifically, 
extensive evidence suggests that activation of NF-κB 
is a key factor in the regulation of inflammation and 

Figure 6: Role of KYP-2047 treatment on apoptosis. Immunofluorescence staining for Caspase-3 was performed to examine 
apoptosis in the lungs. Caspase-3 positive staining resulted lower in lung sections from sham group (A) compared to  II/R-injured group 
(B); POP-inhibition mediated by KYP-2047 treatments, at both doses of 2.5 and 5 mg/Kg, significantly lowered the positive staining 
for Caspase-3 (C and D); (E) Caspase-3 positive score. These data were confirmed by Western Blot analysis (F, (f)). Moreover, through 
Western Blot analysis, a substantial Bax low expression, related to a notable increase in Bcl-2, was observed in lung samples from controls 
compared to II/R-injured mice, while treatment with KYP-2047 significantly reduced Bax protein expression, at the same time increasing 
the anti-apoptotic Bcl-2 protein levels (G and H, see densitometric units score (g) and (h)). Data represent the means of at least three 
independent experiments. One-way ANOVA followed by Bonferroni post-hoc. ***p < 0.001 versus Sham; #p < 0.05, ##p < 0.01 and ###p < 
0.001 versus II/R.
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angiogenesis, influencing the lung response to II/R [23]. In 
this study, we proved the capacity of KYP-2047 treatment 
to counteract inflammation through a downregulation of 
NF-κB-pathway, action empowered from a reduction in 
inflammatory enzymes like iNOS and COX-2; in fact, in 
the current study, we found that POP inhibition, through 
KYP-2047 treatment, markedly inhibited the augmented 
NO levels induced by intestinal I/R injury, so highlighting 
the role of POP inhibitor to decrease inflammation in lung 
after II/R. 

Inflammation process, after ischemia, is an 
important trigger for ischemia-induced angiogenesis, 
as inflammatory cells can release various angiogenic 
markers, including VEGF [47]; it is a notable chemokine 
that plays critical roles in angiogenesis and vasculogenesis, 
mediating tissue restoration in cases of ischemic 
injury [48]. The VEGF appearance is connected to the 
expression of the CD34+ antigen, detected in newly blood 
vessels under pathological conditions associated with 
a faster restoration of blood flow [49]. In this study, we 
demonstrated a significant reduction of VEGF and CD34 
positive staining on lungs from KYP-2047 -treated groups, 
compared to the samples from II/R damaged group. 

Moreover, besides VEGF, also TGF-b1 is 
overexpressed in patients after ischemic stroke, 
being central to the processes of angiogenesis, tissue 
inflammation and fibrosis [50]; furthermore, following 
ALI, TGF-β1 has been most carefully evaluated during 
the late phases of tissue repair, where it plays a critical 
role in the progress of lung fibrosis, increasing the 
permeability of endothelial monolayers [51]. In this study, 
we confirmed that KYP-2047 treatment significantly 
reduced TGF-β1 protein levels in lung injury following 
II/R. Many forms of vascular disease are characterized by 
increased TGF-β1 expression and endothelial dysfunction 
[31] with increased expression of eNOS; although 
the precise mechanism by which it does so is unclear 
probably, transcription factors activated by TGF-β1, 
mediates TGF-β1 induction of eNOS in endothelial cells 
[52]. In this study, we confirmed an increased expression 
of eNOS, related to TGF-β1, in II/R-damaged group, 
closely associated with a significative decrement in KYP-
2047 treated groups.

There is agreement on the central role of 
NO in programmed cell death and the relevance of 
apoptosis following ischemia and reperfusion has 
been demonstrated [53, 54], underlying that protracted 
periods of ischemia are linked to an increased necrotic 
process, whereas, unexpectedly, reperfusion leads to an 
enhancement in apoptosis, restoring energy necessary 
for the apoptosis completion [55, 56]. We proved this 
apoptosis modulation also in lung following II/R, 
highlighting that KYP-2047 treatment acting through 
the activation of caspase enzymes and thus reducing 
apoptosis, may enhance preservation of the lung after 
II/R injury.

MATERIALS AND METHODS

Animals

CD1 male mice (25–30 g, 8–9 weeks Harlan, Italy) 
were kept in an organized environment with standard 
rodent chow and water. Animals were housed in stainless 
steel cages into a room at 22 ± 1°C with a 12-h light, 12-h 
dark cycle. The study was permitted by the University of 
Messina Review Board for the care of animals. All animal 
experiments were performed following the regulations 
in Italy (D.M. 116192), Europe (O.J. of E.C. L 358/1 
12/18/1986), USA (Animal Welfare Assurance No A5594-
01, Department of Health and Human Services, USA).

II/R induction

The induction of splanchnic artery occlusion (SAO) 
was performed as previously described [57]. Briefly, 
a midline laparotomy was performed, identifying the 
superior mesenteric artery (SMA) and occluding below the 
celiac trunk with an arterial microclamp for 30 minutes. 
After this time, the clamp was removed, 0.5 mL of sterile 
saline at 37°C was injected into the peritoneal cavity, 
reperfusing the animals for 1 hour. Sham-operated mice 
experienced identical surgical interventions and time 
courses without SMA clamping. Intestinal ischemia was 
confirmed by whiteness of ileum. After the reperfusion 
period, animals were killed, ileum samples were collected 
to prove that reperfusion ischemia has occurred; also, lung 
samples were collected and processed for histological, 
immunohistochemical, immunofluorescence, biochemical 
and western blots analysis.

Experimental groups

Mice were in random allocated in different groups:

 1. Sham + vehicle group: mice were subjected to 
surgical procedures except for SAO shock and were 
kept under anesthesia for the time of the experiment 
(n = 10) plus administration of vehicle (saline).

 2. Intestinal I/R + vehicle group: mice (n = 10) were 
subjected to intestinal ischemia by SAO (30 min), 
followed by reperfusion (1 h) plus administration of 
vehicle (saline).

 3. Intestinal I/R + KYP-2047 (1 mg/Kg): mice were 
subjected to surgical procedures, described as above, 
and KYP-2047 was administered intraperitoneally 
(1 mg/kg) 5 min prior to reperfusion (n = 10).

 4. Intestinal I/R + KYP-2047 (2.5 mg/Kg): mice were 
subjected to surgical procedures, described as above, 
and KYP-2047 was administered intraperitoneally 
(2.5 mg/kg) 5 min prior to reperfusion (n = 10).

 5. Intestinal I/R + KYP-2047 (5 mg/Kg): mice were 
subjected to surgical procedures, described as above, 
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and KYP-2047 was administered intraperitoneally 
(5 mg/kg) 5 min prior to reperfusion (n = 10).

KYP-2047 was dissolved in saline (0.001% DMSO) 
and administered according to the bibliography. The 
doses of KYP-2047 (1, 2.5 and 5 mg/kg) used for the 
experiment were based on literature and on previous in 
vivo study [12, 58].

Histological analysis

Ileum and lung samples were collected and analyzed 
for histopathological examination, as previously described. 
Briefly, lungs were before fixed in 10% (w/v) PBS-
buffered formalin and then 7-µm sections were prepared 
from paraffin-fixed tissues to perform H&E staining. The 
small intestine and lung injuries were graded in accordance 
with previously described scoring systems [42, 59]. The 
sections were evaluated by computer-assisted color image 
investigation (Leica QWin V3, Cambridge, UK). The 
histological results were showed 10× and 20× (100 and 
50 μm of the Bar scale). All histopathological evaluations 
were executed in a blinded fashion by a pathologist who 
was unaware of the study details.

Masson’s trichrome staining

To evaluate the degree of fibrosis, tissue sections 
from lungs were stained with Masson trichrome according 
to the manufacturer’s protocol (Bio-Optica, Milan, Italy), 
as previously described [60]. 

Quantification of lung collagen

The quantification of lung collagen was performed 
as previously described [19]. Quickly, the pulmonary 
vasculature was perfused with sterile saline and left lungs 
were excised at the hilum, homogenized and then incubated 
in 65% trichloroacetic acid (Fisher Scientific, Pittsburgh, 
PA) on ice. The denatured tissues were incubated with 
1.4% chloramine T (500 ml; Sigma- Aldrich, St Louis, 
MO) in 10% isopropanol and 0.5 M sodium acetate for 
20 min at room temperature; 1 M 4-(dimethylamino)-
benzaldehyde (500 ml; Sigma-Aldrich) was added and the 
suspension was incubated for 15 min at 65°C. Absorbance 
at 540 nm was measured in triplicate for each sample. 

Western blot analysis for NF-κB, IκB-α, 
Cyclooxygenase 2 (COX-2), Inducible nitric 
oxide synthase (iNOS), endothelial nitric oxide 
synthase (eNOS), Bax, Bcl-2, Caspase-3 and 
Transforming Growth Factor β (TGF-β1)

Total cytosolic and nuclear extracts were prepared, 
as previously described [61] on lung samples. The 
following primary antibodies were used: anti- NF-kB 

(Santa Cruz Biotechnology, 1:500 #sc8008, D.B.A, Milan, 
Italy), anti- IkB-a (Santa Cruz Biotechnology, 1:500 
#sc1643, D.B.A, Milan, Italy), 

anti-COX2 (Santa Cruz Biotechnology, 1:500 
#sc376861, D.B.A, Milan, Italy), anti-iNOS (Abcam; 
1:1000 #ab15323), anti-eNOS (Abcam [M221]; 1:1000 
#ab76198, D.B.A, Milan, Italy), anti-BAX (Santa Cruz 
Biotechnology; 1:500 #sc7480), anti-Bcl2 (Santa Cruz 
Biotechnology; 1:500 #sc7382) and anti-Caspase-3 
(Santa Cruz Biotechnology; 1:500 #sc7272) in 1× 
phosphate-buffer saline (Biogenerica srl, Catania, Italy), 
5% w/v non-fat dried milk, 0.1% Tween-20 at 4°C 
overnight. Membranes were incubated with peroxidase-
conjugated bovine anti-mouse IgG secondary antibody 
(Jackson ImmunoResearch, West Grove, PA, USA; 
1:2000) for 1 h at room temperature. Anti-β-actin (Santa 
Cruz Biotechnology; 1:1000 #sc47778) and anti-Lamin 
A/C (Santa Cruz Biotechnology; 1:1000 #sc376248) 
antibodies were used as controls. Protein expression was 
detected by chemiluminescence (ECL) system (Thermo, 
Waltham, MA, USA), visualized with the ChemiDoc 
XRS (Bio-Rad, Hercules, CA, USA) and analyzed by 
using Image Lab 3.0 software (Bio-Rad, Hercules, CA, 
USA) and Image J software 1.53 version. The value of 
densitometric fold-changes was evaluated in protein 
amounts as ratio measure of bands represented in the blots 
(% control).

Immunohistochemical analysis

Immunohistochemistry (IHC) staining for vascular 
endothelial growth factor (VEGF) and CD34 was 
measured in the lung tissues as previously described 
[62]. Briefly, lung sections (7 μm) were processed 
and incubated overnight with anti-VEGF polyclonal 
antibody (Santa Cruz Biotechnology; 1:500 #sc7269 in 
PBS, v/v, MA, USA) and anti-Caspase-3 (Santa Cruz 
Biotechnology; 1:500 #sc7272 in PBS, v/v, MA, USA). 
To verify antibody-binding specificity, control slices 
were incubated with only primary antibody or secondary 
antibody, neither of which gave positive staining. Images 
were collected using a Zeiss microscope and Axio Vision 
software. For graphic display of densitometric analyses, 
the % of positive staining (brown staining) was measured 
by computer-assisted color image analysis (Leica QWin 
V3, UK). The percentage area of immunoreactivity 
(determined by the number of positive pixels) was 
expressed as % of total tissue area (red staining) within 
five random fields at ×40 magnification. 

Immunofluorescence analysis

Detection of VEGF and Caspase-3 was carried out 
as previous described [63]. Briefly, lung section were 
incubated with mouse monoclonal anti-VEGF (1:100, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or 
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mouse monoclonal anti-caspase-3 (1:200, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). Sections were 
observed at 40× magnifications by a Leica DM2000 
microscope (Leica, Milan, Italy). Examining the most 
luminously labeled pixels and using settings that allowed 
clear visualization of structural details, while keeping 
the maximum pixel intensities close to 200, established 
contrast and brightness. The same settings were used for 
all images obtained from the other samples that had been 
processed in parallel. Digital images were cropped and 
figure montages ready using Adobe Photoshop 7.0 (Adobe 
Systems; Palo Alto, California, United States).

Materials

KYP-2047 (Sigma, cat#SML0208, Lot#032M4606V) 
was purchased by Sigma-Aldrich (Milan, Italy). All other 
compounds were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). Each stock solution was prepared in non-
pyrogenic saline (0.9% NaCl, Baxter, Milan, Italy).

Statistical analysis

All values are indicated as mean ± standard error 
of the mean (SEM) of N observations. N represents the 
number of animals engaged. The experiment is descriptive 
of as a minimum of three experiments performed on 
different days on tissue sections collected from all animals 
in each experimental group. Data were analyzed with 
GraphPad 5 software, by one-way ANOVA followed by 
a Bonferroni post-hoc test for multiple comparisons. A 
p-value of less than 0.05 was considered significant.

CONCLUSIONS

In conclusion, POP protein is connected to the 
pathogenesis of II/R and POP-inhibition mediated by 
KYP-2047 treatment has a protective role in lung injury 
induced by II/R. Although the specified molecular 
mechanisms of POP-inhibition remain to be clarified, 
these data recommend a convincing anti-inflammatory 
potential of KYP-2047 associated to its modulatory role 
on angiogenesis and apoptosis, that contribute to modulate 
intestinal/reperfusion damage and reduce lung injury 
resulting from II/R, suggesting POP as a novel therapeutic 
target for ALI after II/R.
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