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Clinical Science 

Intestinal epithelial oxidative stress and apoptosis constitute key pathogenic mechanisms underlying 
intestinal ischemia/reperfusion (I/R) injury. We previously reported that the adaptor p66Shc-
mediated pro-apoptotic pathway was activated after intestinal I/R. However, the upstream regulators 
of the p66Shc pathway involved in intestinal I/R remain to be fully identified. Here, we focused on 
the role of a prolyl-isomerase, Pin1, in the regulation of p66Shc activity during intestinal I/R. Intestinal 
I/R was induced in rats by superior mesenteric artery (SMA) occlusion.Juglone (Pin1 inhibitor) or 
vehicle was injected intraperitoneally before I/R challenge. Caco-2 cells were exposed to 
hypoxia/reoxygenation (H/R) in vitro to simulate an in vivo I/R model. We found that p66Shc was 
significantly up-regulated in the I/R intestine and that this up-regulation resulted in the accumulation 
of intestinal mitochondrial reactive oxygen species (ROS) and massive epithelial apoptosis. 
Moreover, intestinal I/R resulted in elevated protein expression and enzyme activity of Pin1 as well 
as increased interaction between Pin1 and p66Shc. This Pin1 activation was responsible for the 
translocation of p66Shc to the mitochondria during intestinal I/R, as Pin1 suppression by juglone or 
siRNA markedly blunted p66Shc mitochondrial translocation and the subsequent ROS generation 
and cellular apoptosis. Additionally, Pin1 inhibition alleviated gut damage and secondary lung injury, 
leading to improvement of survival after I/R. Collectively, our findings demonstrate for the first time 
that Pin1 inhibition protects against intestinal I/R injury, which could be partially attributed to the 
p66Shc-mediated mitochondrial apoptosis pathway. This may represent a novel prophylactic target 
for intestinal I/R injury. 
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Inhibition of p66Shc-mediated mitochondrial apoptosis via targeting 

prolyl-isomerase Pin1 attenuates intestinal ischemia/reperfusion 

injury in rats. 

 

Abstract 

Intestinal epithelial oxidative stress and apoptosis constitute key pathogenic 

mechanisms underlying intestinal ischemia/reperfusion (I/R) injury. We previously 

reported that the adaptor p66Shc-mediated pro-apoptotic pathway was activated after 

intestinal I/R. However, the upstream regulators of the p66Shc pathway involved in 

intestinal I/R remain to be fully identified. Here, we focused on the role of a 

prolyl-isomerase, Pin1, in the regulation of p66Shc activity during intestinal I/R. 

Intestinal I/R was induced in rats by superior mesenteric artery (SMA) occlusion. 

Juglone (Pin1 inhibitor) or vehicle was injected intraperitoneally before I/R challenge. 

Caco-2 cells were exposed to hypoxia/reoxygenation (H/R) in vitro to simulate an in 

vivo I/R model. We found that p66Shc was significantly up-regulated in the I/R 

intestine and that this up-regulation resulted in the accumulation of intestinal 

mitochondrial reactive oxygen species (ROS) and massive epithelial apoptosis. 

Moreover, intestinal I/R resulted in elevated protein expression and enzyme activity 

of Pin1 as well as increased interaction between Pin1 and p66Shc. This Pin1 

activation was responsible for the translocation of p66Shc to the mitochondria during 

intestinal I/R, as Pin1 suppression by juglone or siRNA markedly blunted p66Shc 

mitochondrial translocation and the subsequent ROS generation and cellular apoptosis. 

Additionally, Pin1 inhibition alleviated gut damage and secondary lung injury, leading 

to improvement of survival after I/R. Collectively, our findings demonstrate for the 

first time that Pin1 inhibition protects against intestinal I/R injury, which could be 

partially attributed to the p66Shc-mediated mitochondrial apoptosis pathway. This 

may represent a novel prophylactic target for intestinal I/R injury. 

 



Summary statement: 

Blockade of p66Shc mitochondrial translocation by Pin1 inhibition ameliorates 

I/R-induced mitochondrial oxidative stress and apoptosis in the intestine and improves 

local and systemic injuries. Targeting Pin1 may serve as a promising therapeutic 

strategy for intestinal I/R injury. 
 

Short title: Targeting Pin1 reduces gut ischemia reperfusion injury 
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Introduction 

Intestinal ischemia/reperfusion (I/R) injury is a frequent and life-threatening 

complication seen in a broad range of clinical settings, such as acute mesenteric 

ischemia (AMI), small intestine volvulus, trauma, shock, cardiopulmonary disease 

and some surgical procedures, including small bowel transplantation and abdominal 

vascular surgery [1-3]. Intestinal I/R leads to loss of the mucosal barrier with 



increased permeability and bacterial translocation, which can often result in the 

development of systemic inflammation and multiple organ dysfunction [4]. It has 

been demonstrated that restoration of the blood supply to the intestine (the reperfusion 

period) unexpectedly exacerbates the damaging effects of tissue ischemic injury, in 

part owing to a burst of reactive oxygen species (ROS) [5]. Excessive ROS levels 

damage cellular proteins, lipids and DNA, disrupt intestinal epithelial homeostasis 

and, ultimately, induce apoptosis [6, 7]. Given that mitochondria contribute to the 

major portion of endogenous ROS production [8], a better understanding of the 

mitochondrial oxidative stress signaling pathway involved in intestinal I/R injury may 

provide a basis for novel therapeutic strategies to improve the poor prognosis of 

critically ill patients. 

P66Shc, an isoform of the ShcA adaptor protein family, has been characterized as a 

crucial mediator of mitochondrial ROS generation due to the presence of an additional 

domain at the N terminus (the CH2 domain) containing a critical serine in position 36 

(Ser36) that differs from the other two isoforms, p52Shc and p46Shc [9, 10]. The 

phosphorylation of p66Shc at Ser36 in response to several stress stimuli and its 

consequent transfer from the cytosol to the mitochondria are required for the 

“pro-oxidative” and “pro-apoptotic” properties of the protein [11]. P66Shc-derived 

ROS trigger the mitochondrial route of apoptosis, which is involved in many 

pathological conditions and disease states, including several organ I/R injuries [12-17]. 

Indeed, mice with a genetic deletion of p66Shc display increased resistance to 

oxidative stress and apoptosis [18] and are also protected against severe tissue injury 

caused by hind limb [19], brain [13], and ex vivo heart I/R [20]. Additionally, we 

previously reported that p66Shc activation is associated with gut injury after intestinal 

I/R [21, 22]. These findings suggest that p66Shc may be a promising candidate for 

therapeutic intervention. However, the modulation of the p66Shc pathway is a 

complicated process, and no specific p66Shc inhibitors are currently available. 

Therefore, the development of a new therapeutic target controlling p66Shc function 

may offer effective approaches to combat intestinal I/R injury. 

The peptidyl-prolyl cis-trans isomerase Pin1 is a highly conserved enzyme that can 



only specifically recognize phosphorylated (p-) Ser/Thr-Pro peptide bonds of the 

substrate proteins and induce their conformational changes with high efficiency [23, 

24]. Such Pin1-catalyzed isomerization alters the functional activities of many target 

phosphoproteins, thereby controlling an array of various signaling pathways, ranging 

from gene transcription, tumor development, and redox balance to apoptosis [25]. 

Recent data have shown that Pin1 inhibition can prevent oxidative stress and 

mitochondrial injury in human endothelial cells as well as mice under hyperglycemic 

conditions [26]. Moreover, Pin1 plays a major role in oxidative stress-induced 

neuronal apoptosis [27]. These findings may suggest a key role for Pin1 in other 

oxidative stress- and apoptosis-related pathological processes, such as I/R injury, a 

relationship not previously fully characterized. It has been reported that Pin1 regulates 

the p66Shc pathway through its prolyl-isomerase activity by directly binding to 

p66Shc and inducing the mitochondrial import of p66Shc [28]. The interaction 

between Pin1 and the p66Shc pathway as well as the well-established role of p66Shc 

in I/R injury are consistent with the possible involvement of Pin1 in intestinal I/R 

injury via interaction with p66Shc signaling.  

Based on the above findings, we hypothesize that the Pin1/p66Shc signaling 

pathway may participate in the pathogenesis of intestinal I/R and that Pin1 inhibition 

may suppress the mitochondrial translocation of p66Shc and subsequent 

mitochondrial ROS generation, thus preventing the apoptosis and tissue damage 

induced by intestinal I/R. In the present study, we demonstrate that rats treated with a 

Pin1 inhibitor exhibited reduced oxidative stress and apoptosis and improved gut and 

lung injury in a model of intestinal I/R, which may provide novel therapeutic insights 

into intestinal I/R injury. 

 

Materials and Methods 

Experimental animals and treatment. 

Adult male Sprague Dawley rats (aged 6 weeks) weighing 200±20 g were obtained 

from the Animal Center of Dalian Medical University (Dalian, China) and were kept 



under pathogen-free conditions and fed a standard laboratory rat chow diet. The 

animals were housed in a temperature-controlled room on a 12 h light-to-dark cycle 

and were acclimated for 1 week before experimentation. Rats were randomly assigned 

to four groups (eight rats per group): Sham group, I/R group, Sham+juglone-treated 

group and I/R+juglone-treated group. Rats were fasted overnight with free access to 

water before surgery. An intestinal I/R model was established by superior mesenteric 

artery (SMA) occlusion, as we described previously [21]. Briefly, rats were 

anesthetized with sodium pentobarbital (50 mg/kg body weight, i.p.). After midline 

laparotomy, the SMA was isolated and clamped with an atraumatic microvascular clip 

for 60 min. On completion of 60 min of ischemia, the clamp was removed to allow 

for reperfusion. Sham animals underwent the same surgical procedure with the 

exception of the SMA occlusion. In each of the juglone-treated group, rats received an 

intraperitoneal injection of juglone (1 mg/kg body weight/d; Sigma-Aldrich, St. Louis, 

MO, USA) for 3 consecutive days prior to I/R surgery. Juglone was dissolved in 

100% ethanol (2.44 mg/ml stock solution) and was diluted with normal saline to 

obtain a dose of 1 mg/kg body weight in a final volume of 5 ml per injection. Control 

animals received weight-appropriate volumes of 100% ethanol in 5 ml of normal 

saline. After the indicated periods of reperfusion, animals were anesthetized again and 

blood was collected via exsanguination. Then the small intestine and lung tissue 

samples were harvested and frozen immediately in liquid nitrogen, and stored at 

–80°C until analysis. Additional experiments for observation of survival over the 

course of 24 h were performed in vehicle and juglone-treated groups. For this survival 

study, rats were administrated with buprenorphine (0.1 mg/kg body weight, i.p.) after 

the incision was closed to minimize pain, distress or discomfort. All procedures were 

conducted in accordance with the Guidelines for the Care and Use of Laboratory 

Animals and were approved by the Institutional Ethics Committee of Dalian Medical 

University (Dalian, China). 

Human intestinal tissue samples. 

Samples of human ischemic intestinal tissues were collected from patients who 

underwent surgery for acute mesenteric arterial embolism, strangulated intestinal 



obstruction or incarcerated hernia. For comparison, the corresponding non-ischemic 

tissues from the margin of resected intestinal segments were defined as normal 

intestinal tissues. Written informed consent was obtained from the family of surgical 

patients. Intestinal samples were obtained with the approval of the institutional ethical 

committees of Dalian Medical University. 

Histological analysis and in situ TUNEL (terminal deoxynucleotidyl 

transferase-mediated dUTP nick-end labeling) staining. 

Morphological alterations in the intestine and lungs were examined by light 

microscopy. Briefly, paraffin-embedded tissue blocks were sectioned at a thickness of 

4 µm and were then stained with hematoxylin and eosin (H&E). The histopathological 

scores of the intestine and lung were graded based on a Chiu’s [29] and Mikawa’s [30] 

method, respectively, in a blinded manner by two independent experienced 

pathologists. A minimum of six randomly chosen fields from each rat were evaluated 

and averaged to determine the degree of organ injury, and the results of two 

pathologists were averaged. Intestinal TUNEL staining was performed using an in situ 

cell death detection kit (Roche, Branchburg, NJ, USA) according to the 

manufacturer’s instructions.  

Pin1 activity assay. 

An isolated intestinal segment was placed on ice in a reaction buffer containing 100 

mM NaCl, 50 mM HEPES, pH 7, 2 mM dithiothreitol (DTT) and 0.04 mg/ml bovine 

serum albumin (BSA). The tissues were homogenized and the supernatant cleared by 

centrifugation at 12 000 g for 10 min at 4°C. Pin1 activity was measured using equal 

amounts of intestinal cytoplasmic lysates and α-chymotrypsin using a synthetic 

tetrapeptide substrate Suc-Ala-Glu-Pro-Phe-pNa (Peptides International, Louisville, 

KY, USA). Absorption at 390 nm was measured using a NanoDrop 2000 

Spectrophotometer (Thermo Scientific, Waltham, MA, USA). 

Cell culture and hypoxia/reoxygenation incubation. 

Caco-2 cells were obtained from ATCC and cultured in Dulbecco’s modified Eagle’s 

medium (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, 1% 

non-essential amino acids, 1% glutamine and penicillin/streptomycin. Cells were 



maintained in a humidified atmosphere containing 5% CO2 at 37°C. To create a 

hypoxic condition, cells were incubated in a microaerophilic system (Thermo 

Scientific) with 5% CO2 and 1% O2 balanced with 94% N2 for 12 h. The cells were 

then cultured under normoxic conditions for 6 h to achieve reoxygenation. 

Cell viability assay. 

Cell viability was measured by the CCK-8 (Dojindo, Tokyo, Japan) assay according 

to the manufacturer’s protocols. Briefly, after Caco-2 cells were seeded in 96-well 

plates and received appropriate treatments, 10 µl of CCK-8 reaction solution was 

added to each well at a 1/10 dilution. After 1 h of incubation at 37°C, the absorbance 

of each individual well was measured at 450 nm by a microplate reader (Biotec, 

USA). 

Enterocyte apoptotic cell death and caspase-3 activity assay. 

In vitro apoptotic cell death was performed using a TUNEL Apoptosis Detection Kit 

from Roche. Briefly, Caco-2 cells were fixed in 4% paraformaldehyde (PFA) for 30 

min at room temperature. Then, the fixed cells were incubated with 0.1% Triton 

X-100 for 10 min. After washing cells with phosphate-buffered saline (PBS), 50 µl of 

TUNEL reaction mixture was added, and cells were incubated at 37°C for 1 h. Cells 

were then washed and labeled with 4',6-diamidino-2-phenylindole (DAPI) to 

counterstain nuclei. The green (TUNEL)/blue (DAPI) fluorescence ratios were 

calculated by counting a minimum of 10 randomly selected fields per group under a 

fluorescence microscope (Olympus BX 51, Tokyo, Japan). Caspase-3 activity in cell 

lysates was measured using a caspase-3 activity assay kit (Beyotime Institute of 

Biotechnology, Jiangsu, China) according to the manufacturer’s protocol. 

RNA interference.  

Caco-2 cells were cultured and transfected with a specific p66Shc siRNA or Pin1 

siRNA (50 nM) or with a negative control (NC) siRNA (50 nM) using Lipofectamine 

2000 (Invitrogen) for 48 h according to the manufacturer’s instructions. The p66Shc 

siRNA sequences were sense: 5′-AUGAGUCUCUGUCAUCGCUdTdT-3′; and 

antisense: 5’-AGCGAUGACAGAGACUCAUdTdT-3’. The Pin1 siRNA sequences 

were sense: 5′-CGGGAGAGGAGGACUUUGAdTdT-3′; and antisense: 



5′-UCAAAGUCCUCCUCUCCCGdTdT-3′ (GenePharma, Shanghai, China). 

Protein extraction and western blot analysis.  

Cytosolic and mitochondrial protein extracts or total protein extracts from intestinal 

tissues were individually prepared with the use of a commercial protein isolation kit 

(KeyGEN Biotech, Nanjing, China) according to the manufacturer’s instructions. 

Equivalent amounts of samples (30 µg) were subjected to 10–15% SDS-PAGE and 

transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, 

MA, USA). After blocking membranes with 5% non-fat milk or 5% BSA in 

TBS-Tween buffer (0.1% Tween-20; pH 7.5) for 60 min at 37°C, membranes were 

incubated with the respective primary antibodies against total p66Shc, Ser36 

phosphorylated p66Shc (Abcam, Cambridge, UK), Pin1 (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA), caspase-3, cytochrome c and voltage-dependent ion channels 

(VDAC) (Proteintech, Wuhan, China), and β-actin (ZSGB-BIO, Beijing, China) 

overnight at 4°C. After washing, the membranes were then incubated with the 

corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h 

at room temperature. The blots were visualized using enhanced 

chemiluminescence-plus reagents (Advansta Inc., K-12043). Spectrophotometric 

analysis was performed with a BioSpectrum-510 multispectral imaging system (UVP, 

Upland, CA, USA), and gels were analyzed with Gel-Pro Analyzer Version 4.0 

(Media Cybernetics, MD, USA). 

Co-immunoprecipitation. 

Total proteins were extracted in IP lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 1% 

Triton X-100, pH 7.5). For immunoprecipitation, precleared lysates were incubated 

with equal amounts of anti-Pin1 antibody and Protein A+G Agarose beads (Beyotime 

Institute of Biotechnology) according to the manufacturer’s instructions. Normal IgG 

(Beyotime Institute of Biotechnology) was used as a negative control. The precipitate 

was washed 5 times with ice-cold PBS. After washing, immunoprecipitated proteins 

were eluted from the beads by boiling for 5 min in 2× loading buffer and were 

immunoblotted with anti-p66Shc and anti-Pin1 antibodies according to the 

manufacturer’s instructions. 



Immunofluorescence staining. 

For cell staining, Caco-2 cells were seeded on glass slides. Cells were treated with 

200 nM MitoTracker Red CMXRos (Invitrogen) for 30 min at 37°C in the dark and 

then washed with PBS, fixed in 4% PFA for 30 min at room temperature and 

permeabilized using 0.1% Triton X-100 in PBS for 10 min. Cells were rinsed with 

PBS, blocked with 1% BSA in PBS for 1 h at 37°C, and then incubated with 

anti-p66Shc antibody overnight at 4°C. The cells were then washed with PBS and 

incubated with Alexa Fluor 488-conjugated secondary antibody (Proteintech) for 1 h 

at room temperature. Subsequently, the cells were washed with PBS and treated with 

DAPI solution for 5 min at room temperature to stain nuclei. The cells were washed 

twice with PBS and examined under an Olympus fluorescence microscope. 

Lung MPO activity and serum levels of TNF-α, IL-6, ALT, AST and LDH. 

The levels of serum tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) 

were measured using an enzyme-linked immunosorbent assay (ELISA) kit 

specifically for rat TNF-α or IL-6 (R&D systems), according to the manufacturer’s 

instructions. The serum alanine aminotransferase (ALT), aspartate aminotransferase 

(AST) and lactate dehydrogenase (LDH) levels and myeloperoxidase (MPO) activity 

in the lung were determined using commercial assay kits (Nanjing Jiancheng Corp, 

Nanjing, China) according to the manufacturer’s protocols.  

Determination of mitochondrial ROS production. 

Mitochondria from intestinal tissues were isolated using a commercial kit (TransGen 

Biotech, Beijing, China) according to the manufacturer’s protocol. Isolated 

mitochondria were resuspended in storage buffer, and protein concentration was 

quantified by the BCA method. The mitochondrial H2O2 levels were determined using 

a commercial assay kit (Nanjing Jiancheng Corp) according to the manufacturer’s 

instructions. Mitochondrial O2
– production was measured by fluorescence microscopy 

with the use of a chemical probe MitoSOX Red (Invitrogen). Briefly, Caco-2 cells 

were plated on coverslips and incubated with 5 μM MitoSOX Red for 10 min at 37°C 

in the dark. MitoSOX red fluorescence image was visualized using a fluorescence 

microscope (Olympus BX 51). After staining with MitoSOX Red, the mitochondrial 



O2
– was also detected by flow cytometry analysis using a BD FACSCalibur flow 

cytometer. 

Statistical analysis. 

All values are presented as the means ± SD. Data with normal distributions were 

compared using one-way analysis of variance (ANOVA) followed by the 

Student-Newman-Keuls (SNK) test. A two-tailed Student’s t-test was used to compare 

means between two groups. The survival study was analyzed using the Kaplan-Meier 

method and compared by the log-rank test. All experimental results shown represent 

at least three independent experiments. All statistical analyses were performed using 

GraphPad Prism 5.0 (GraphPad Prism Software, La Jolla, CA). P-values less than 

0.05 were considered statistically significant. 

Results 

1. p66Shc plays an essential role in mediating intestinal I/R injury.

Although our previous study observed p66Shc overexpression and phosphorylation 

at Ser36 during acute intestinal I/R [22], the functional relevance of I/R-responsive 

p66Shc activation has not been fully clarified. Here, we first determined the 

expression level of p66Shc during the reperfusion phase after intestinal ischemia in 

rats. As shown in Figure 1A, a time-dependent increase in p66Shc expression was 

detected after 60 min of ischemia followed by 2-8 h of reperfusion. Similarly, the 

p66Shc protein level was markedly increased in human ischemic intestinal tissues 

compared with that in normal intestines (Figure 1B). To elucidate the potential role of 

p66Shc in regulating intestinal I/R, we mimicked in vivo intestinal I/R conditions in 

human Caco-2 cells by exposing them to hypoxia/reoxygenation (H/R) and selectively 

silenced p66Shc using small interfering RNA (siRNA) (Figure S1A). Consistent with 

the in vivo findings, the expression levels of p66Shc were significantly upregulated in 

Caco-2 cells under H/R condition and p66Shc-specific siRNA efficiently attenuated 

the elevations of p66Shc induced by H/R (Figure 1C). As expected, exposure of 

Caco-2 cells to H/R led to a significant decrease in cell viability. However, p66Shc 



knockdown by siRNA improved cell survival upon H/R insult (Figure 1D). In 

addition, the silencing of p66Shc also attenuated mitochondrial superoxide anion (O2
–) 

levels (Figures 1E and 1F), which was paralleled by a reduction in apoptosis, as 

indicated by reduced TUNEL-positive cells and caspase-3 activation, in comparison 

with the H/R group (Figures 1G-I). Thus, these results demonstrate that 

p66Shc-mediated mitochondrial oxidative stress and apoptosis are critically involved 

in intestinal I/R injury. 

2. Intestinal I/R stimulates the activation and physical interaction of Pin1 with

p66Shc.

The pro-oxidant and pro-apoptotic activities of p66Shc mainly depend on its 

migration into mitochondria, which has been shown to be regulated by Pin1 [31]. We 

first evaluated the mitochondrial p66Shc expression level during intestinal I/R. As 

shown in Figure 2A, the mitochondrial p66Shc level was significantly increased at 2 h 

of reperfusion and then progressively decreased after 4-8 h of reperfusion. To 

investigate whether intestinal I/R affects Pin1 protein expression, rats were subjected 

to 60 min of ischemia followed by reperfusion for 2, 4, or 8 h. Compared to the sham 

group, a significant induction of Pin1 expression was observed after 2-4 h of 

reperfusion, but it recovered and reached a nearly normal level at 8 h of reperfusion 

(Figure 2B). Moreover, intestinal I/R increased Pin1 enzyme activity (Figure 2C), 

implying that Pin1 function is activated by I/R. We next performed pull-down 

experiments to evaluate the direct physical interaction between the isomerase Pin1 

and p66Shc in this model. As shown in Figure 2D, intestinal I/R resulted in increased 

binding of the Pin1 protein to p66Shc in the intestine, as revealed by 

immunoprecipitation using an anti-Pin1 antibody, followed by immunoblotting with 

an anti-p66Shc antibody. The blot was also probed with an anti-Pin1 antibody to 

ensure equal immunoprecipitation. Collectively, these findings indicate that the 

activation of Pin1 and enhanced interaction of Pin1 with p66Shc occurred in response 

to intestinal I/R, which may be correlated with the promotion of p66Shc 

mitochondrial translocation. 

3. Pin1-mediated isomerization is indispensable for mitochondrial translocation



of p66Shc after intestinal I/R. 

Next, we used juglone, a specific pharmacological inhibitor of Pin1, to clarify its 

role in intestinal I/R-induced p66Shc mitochondrial translocation. Juglone covalently 

binds to and irreversibly inhibits the enzymatic activity of Pin1 and accelerates its 

degradation by the proteasome [32, 33]. As shown in Figure 3A, juglone significantly 

decreased Pin1 expression after I/R. Consistent with the data shown in Figure 2D, a 

significant translocation of p66Shc to the mitochondria was observed after intestinal 

I/R, while juglone administration suppressed the I/R-induced mitochondrial 

translocation of p66Shc (Figure 3B). Moreover, treatment with juglone maintained the 

level of p-p66Shc at Ser36 in the cytoplasm under both sham and I/R conditions 

(Figure 3C), possibly because Pin1 inhibition affected the subsequent 

dephosphorylation of isomerized p-p66Shc by phosphatase 2A (PP2A). 

To corroborate the Pin1 inhibitor data, we employed a specific Pin1 siRNA in  

Caco-2 cells upon H/R. The mitochondrial translocation of p66Shc was evaluated by 

fluorescence microscopy. Pin1 siRNA efficiently inhibited the overexpression of Pin1 

in Caco-2 cells under H/R condition (Figure 3D and Figure S1B). Caco-2 cells 

exposed to H/R exhibited increased mitochondrial localization of p66Shc, as 

evidenced by the appearance of a yellow-orange color due to the merging of 

MitoTracker-associated red fluorescence and p66Shc-associated green fluorescence, 

which was rare in the control cells. However, the intensity of H/R-induced 

yellow-orange color was obviously lower in the Pin1 siRNA-transfected cells after 

exposure to H/R (Figure 3E). Taken together, our study suggests that intestinal 

I/R-induced p66Shc mitochondrial translocation is Pin1 dependent. 

4. Pin1 inhibition attenuates intestinal I/R injury and improves survival.

To test the effects of Pin1 inhibition on intestinal I/R, juglone or vehicle was given

as a pretreatment before surgery. A histopathological analysis of gut injury revealed 

that juglone administration markedly improved the histological injury in the intestine 

when compared to the I/R group (Figures 4A and 4B). It is widely acknowledged that 

intestinal I/R not only causes the intestine injury but also damages other organs [34]. 

Blood indicators of remote organ injury were significantly increased after intestinal 



I/R, including ALT, AST and LDH, compared with sham-operated animals. Treatment 

with juglone dramatically ameliorated these organ injury indexes (Figure 4C-E). In 

addition, we examined the effect of juglone treatment on systemic levels of 

pro-inflammatory cytokines. As shown in Figure 4F and 4G, intestinal I/R-induced 

increases in serum TNF-α and IL-6 concentrations were almost abrogated by juglone. 

We further performed a 24-hour survival study to evaluate the long-term protective 

effects of Pin1 inhibition in rats after intestinal I/R. As shown in Figure 4H, the 

overall survival rate in the juglone-treated group was significantly higher than that in 

the vehicle-treated group. Collectively, these results demonstrate that Pin1 inhibition 

reduces organ injury and pro-inflammatory responses after intestinal I/R, ultimately 

improving the survival rate. 

5. Pin1 inhibition prevents p66Shc-mediated mitochondrial ROS production

after intestinal I/R.

Since p66Shc was shown to serve as a redox protein that catalyzed the formation of 

H2O2 in mitochondria [35], we hypothesized that Pin1 inhibition might affect 

p66Shc-dependent ROS generation. Indeed, the mitochondrial H2O2 content was 

significantly elevated in the I/R intestine, whereas juglone treatment markedly 

decreased the level of H2O2 compared to that of the I/R group (Figure 5A). This 

finding was also confirmed in Caco-2 cells under H/R conditions. As shown in Figure 

5B and 5C, exposure to H/R resulted in increased mitochondrial O2
– production, as 

assessed by staining the cells with MitoSOX Red (a dye probe that specifically detects 

superoxide within the mitochondria) and analysis with FACS, which was dramatically 

reduced by the transfection of Pin1 siRNA. Taken together, these data indicate that 

blockade of Pin1 is capable of preventing mitochondrial oxidative stress after 

intestinal I/R. 

6. Pin1 inhibition ameliorates gut apoptosis after intestinal I/R.

Given the pivotal role of p66Shc-generated ROS in triggering the mitochondrial

apoptotic pathway, we investigated whether Pin1 inhibition could affect I/R-induced 

cytochrome c release and, hence, cellular apoptosis in vivo. As expected, intestinal I/R 

caused a significant accumulation of cytochrome c in the cytosol compared with that 



of the sham group, while juglone administration restored the mitochondrial 

localization of the protein (Figure 6A). In addition, the gut cleaved form of caspase-3 

and TUNEL-positive staining results paralleled the changes in cytochrome c release 

after intestinal I/R. However, these effects were significantly blunted by juglone 

treatment (Figure 6B and 6C). 

7. Pin1 inhibition attenuates acute lung injury after intestinal I/R.

It has been proposed that the local intestine damage after intestinal I/R may cause the

development of acute lung injury, which could be a critical determinant of the

prognosis [36]. We thus examined the status of lungs after intestinal I/R. As shown in

Figure 7A and 7B, juglone administration reduced I/R-induced histopathological

changes in the lung. Intestinal I/R-associated lung edema and pulmonary neutrophil

infiltration (determined by MPO activity) were also significantly reduced with juglone

treatment (Figure 7C and 7D). These results indicate that inhibition of Pin1 by juglone

attenuates intestinal I/R-induced remote lung injury

Discussion 

In the current study, we demonstrated that intestinal I/R-induced gut damage 

involves the Pin1/p66Shc signaling pathway. We made the following observations. (i) 

p66Shc played a vital role in I/R-induced mitochondrial ROS production and cell 

death in the intestine. (ii) Pin1 expression and activity were elevated during intestinal 

I/R. This activation of Pin1 enhanced the interaction with p66Shc and induced its 

mitochondrial translocation, contributing to gut injury. (iii) Finally, pharmacological 

inhibition of Pin1 by juglone reduced the primary intestinal I/R injury, further 

alleviated systemic injury and improved survival. To our knowledge, this study is the 

first to suggest that juglone ameliorates intestinal I/R injury via a Pin1-dependent 

mechanism and that the protective effect of juglone is achieved, at least in part, 

through a p66Shc-mediated mitochondrial apoptotic pathway. 

Excessive ROS production is widely recognized as a key mediator of I/R-induced 

intestinal mucosal injury [5]. Accumulating evidence links p66Shc to oxidative stress 



since the adaptor protein functions as a ROS producer within the mitochondria and 

translates oxidative signals into apoptosis [9, 17, 35]. In a previous study, we showed 

that intestinal I/R activated p66Shc via a protein kinase C (PKC) βII-dependent 

pathway, leading to gut oxidative stress and apoptosis in mice [22]. In this study, we 

validated the intestinal I/R-responsive overexpression of p66Shc in rat intestines. 

Furthermore, we observed increased p66Shc expression in ischemic human intestines, 

which was consistent with the data from our animal I/R model. This observation 

underscores the potential contribution of p66Shc to intestinal I/R injury. Next, using 

loss-of-function analyses, we found that p66Shc silencing significantly attenuated 

human Caco-2 cell injury induced by H/R, as indicated by improved cell viability, 

decreased mitochondrial superoxide levels and reduced TUNEL-positive cells and 

caspase-3 activation. Thus, the pivotal role of p66Shc in intestinal I/R-induced 

oxidative stress and apoptosis makes this adaptor protein a plausible target for disease 

treatment. Considering lack of inhibitors available at present, manipulating upstream 

regulators of the p66Shc pathway may provide a promising therapeutic option. 

Pin1 has emerged as a novel regulator of biological processes that functions by 

modifying the target protein structure upon binding to a specific p-Ser/Thr-Pro motif 

and catalyzing cis-trans isomerization, thus adding another level of posttranslational 

regulation [37, 38]. It has been proposed that in murine embryonic fibroblasts, 

oxidative stress-activated PKCβ induces phosphorylation of p66Shc at Ser36, in turn 

triggering the interaction of Pin1 with p66Shc via recognition of the p-Ser36-Pro37 

residue, resulting in the subsequent translocation of p66Shc to the mitochondria [28]. 

Recently, other PKC members and several stress kinases, such as c-Jun N-terminal 

kinase (JNK), apoptosis signal-regulating kinase 1 (ASK1) and p38 MAP kinase (p38 

MAPK), have also been identified to be involved in p66Shc phosphorylation, 

depending on the cellular context or stress conditions [39-43]. Although multiple 

kinases may phosphorylate p66Shc at Ser36, Pin1 is the only known enzyme that can 

recognize the specific Ser36-Pro37 bonds after phosphorylation. Hence, due to Pin1’s 

unique regulatory mechanism, we preferentially focus on this isomerase as a suitable 

target. In the present study, we observed that intestinal I/R stimulated binding of Pin1 



to p66Shc. Moreover, the mitochondrial accumulation of p66Shc exhibited a similar 

time-dependent trend with the induction of Pin1 during intestinal I/R, implying that 

p66Shc translocation may be correlated with Pin1 expression. By using both 

pharmacological inhibition and genetic knockdown of Pin1 in vivo and in vitro, we 

demonstrated that binding of Pin1 is required for the consecutive translocation of 

p66Shc after intestinal I/R, as the mitochondrial level of p66Shc was significantly 

decreased under Pin1-deficient conditions. Taken together, we tested the above 

hypothesis that the Pin1/p66Shc pathway may be involved in intestinal I/R injury. 

Pin1-mediated post-phosphorylation regulation can have profound effects on 

various cellular processes, including cell cycle progression, cell metabolism, DNA 

damage responses and oxidative stress [24, 25]. Previous studies have revealed 

diverse functions of Pin1 in oncogenesis and neurodegenerative and cardiovascular 

diseases. However, there is little information on the role of Pin1 in I/R injury. 

Lentsch’s group was the first to critically examine the function of Pin1 during hepatic 

I/R injury and demonstrated that Pin1-/- mice exhibit significantly more liver injury 

after I/R than wild-type mice, indicating that Pin1 appears to confer protection against 

hepatic I/R injury [44]. In contrast, data from a model of ischemic stroke have 

suggested that Pin1 plays a pivotal role in promoting neuronal death and brain injury 

after cerebral I/R [45]. Here, our data showed that Pin1 is up-regulated in a 

time-dependent manner during intestinal I/R. Moreover, the isomerase activity of Pin1 

was also increased. Acute inhibition of Pin1 by juglone administration in rats can 

significantly reduce intestinal I/R-induced local and systemic injuries, which was 

supported by decreased serum markers of tissue injury, inhibition of pro-inflammatory 

cytokine release, and improvement of histological damage. These results suggest that 

Pin1 activation may play a deleterious role in intestinal I/R injury. Thus, it seems that 

Pin1 has the opposite functions in the pathogenesis of I/R injury. We speculate that 

distinct animal models and cell lines and complex Pin1-signaling networks may 

collectively result in the divergent roles of this isomerase in different organ I/R injury. 

Other vital signaling molecules regulated by Pin1 during intestinal I/R need to be 

further investigated in future studies. 



Pin1 blockade by the pharmacological inhibitor juglone blunted the I/R-induced 

translocation of p66Shc to the mitochondria, implying that the protective mechanism 

of juglone in intestinal I/R injury may be associated with p66Shc-mediated 

mitochondrial oxidative stress and apoptosis. Previous studies have demonstrated that 

in human aortic endothelial cells or HK-2 cells, Pin1 inhibition prevents 

hyperglycemia-induced p66Shc translocation to the mitochondria, hence blunting 

mitochondrial O2
– generation [26, 46]. In line with these observations, we showed that 

inhibition of Pin1 by juglone markedly reduced the content of H2O2 in the I/R 

intestine. In in vitro studies, knockdown of Pin1 via siRNA prevented mitochondrial 

O2
– overproduction under H/R conditions. Furthermore, oxidative stress has a close 

relationship with cell apoptosis during various pathophysiological processes. Aberrant 

intestinal epithelial cell apoptosis has been shown to play a determinant role in the 

pathogenesis of intestinal I/R injury [47]. P66Shc-induced ROS formation alters 

mitochondrial membrane permeability, facilitating the release of pro-apoptotic 

proteins, such as cytochrome c, which is responsible for the activation of the 

apoptosis execution enzyme caspase-3 [48]. In this study, we found that intestinal I/R 

caused a significant release of cytochrome c from the mitochondria to the cytosol, 

accompanied by caspase-3 activation and TUNEL-positive staining. In contrast, 

juglone treatment profoundly restored the mitochondrial localization of cytochrome c, 

attenuated caspase-3 activation and reduced apoptosis in the intestine after I/R. It is 

notable that intestinal I/R also involves extensive necrosis in the intestinal epithelium. 

Recent studies have shown that a programmed form of necrosis, termed necroptosis, 

has been demonstrated to be an essential contributor to intestinal I/R injury in vivo 

and in vitro [49, 50]. The parallel existence of necrotic and apoptotic pathways that 

induce epithelial cell death implies the complexity in the pathophysiology of intestinal 

I/R, so more experiments are required to further evaluate the relative contributions of 

necrosis and apoptosis to I/R-induced gut damage. Collectively, it is conceivable that 

the protective effect of juglone is partially attributed to the suppression of p66Shc 

translocation and the alleviation of p66Shc-mediated mitochondrial oxidative stress 

and subsequent apoptosis in intestinal I/R.  



A number of unique properties make Pin1 a particularly attractive candidate for 

disease diagnosis and treatment. Indeed, Pin1 is significantly overexpressed in ~60% 

of total human cancers, with high levels being positively correlated with poor clinical 

outcome [51-53]. Extensive research in the past years concentrating on Pin1 inhibitors 

has suggested that Pin l has the potential to be a novel therapeutic target for anticancer 

drugs [54]. Here, we propose that the p66Shc-mediated mitochondrial apoptosis 

signaling pathway is particularly dependent on Pin1 activation; hence, targeting Pin1 

may also represent a promising strategy to prevent intestinal I/R injury in critically ill 

patients.  

In conclusion, our study demonstrated that Pin1 was activated after intestinal I/R, 

which was responsible for the mitochondrial translocation of p66Shc and subsequent 

mitochondrial ROS generation. Inhibition of Pin1 activation by juglone protected rats 

from intestinal I/R injury, partially via the p66Shc-mediated mitochondrial apoptotic 

pathway. Our findings highlight that the pharmacological inhibition of Pin1 may 

represent a feasible prophylactic approach to counteract intestinal I/R injury. 
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Clinical perspectives 

 The adaptor protein p66Shc activation increases oxidative stress and apoptosis in

intestinal I/R injury. However, the upstream regulators of the p66Shc pathway

involved in intestinal I/R remain elusive. The aim of this study was to investigate

the association between a prolyl-isomerase Pin1 and p66Shc during intestinal I/R

and to evaluate the effect of inhibiting Pin1 in vivo.

 Increased Pin1 expression and activity in the intestine were required for the

mitochondrial translocation of p66Shc during intestinal I/R. Pin1 inhibition could

attenuate intestinal I/R-induced local gut damage and distant organ injury by

suppressing p66Shc-mediated mitochondrial oxidative stress and apoptosis.

 The isomerase Pin1 may serve as a novel target for the treatment of intestinal I/R

injury in clinic.

References 

1 Stone JR and Wilkins LR. (2015) Acute mesenteric ischemia. Tech Vasc Interv 

Radiol.18, 24-30. 

2 Acosta S. (2010) Epidemiology of mesenteric vascular disease: clinical 

implications. Seminars in Vascular Surgery.23, 4-8. 

3 Mallick IH, Yang W, Winslet MC and Seifalian AM. (2004) 

Ischemia-reperfusion injury of the intestine and protective strategies against 

injury. Dig Dis Sci.49, 1359-1377. 

4 Cheng J, Wei Z, Liu X, Li X, Yuan Z, Zheng J, Chen X, Xiao G and Li X. (2013) 

The role of intestinal mucosa injury induced by intra-abdominal hypertension in 

the development of abdominal compartment syndrome and multiple organ 

dysfunction syndrome. Critical Care.17, R283. 

5 Bhattacharyya A, Chattopadhyay R, Mitra S and Crowe SE. (2014) Oxidative 

stress: an essential factor in the pathogenesis of gastrointestinal mucosal diseases. 

Physiological Reviews.94, 329-354. 



6 Finkel T and Holbrook NJ. (2000) Oxidants, oxidative stress and the biology of 

ageing. Nature.408, 239-247. 

7 Wu B, Qiu W, Wang P, Yu H, Cheng T, Zambetti GP, Zhang L and Yu J. (2007) 

p53 independent induction of PUMA mediates intestinal apoptosis in response to 

ischaemia-reperfusion. Gut.56, 645-654. 

8 Handy DE and Loscalzo J. (2012) Redox regulation of mitochondrial function. 

Antioxid Redox Signal.16, 1323-1367. 

9 Migliaccio E, Giorgio M, Mele S, Pelicci G, Reboldi P, Pandolfi PP, Lanfrancone 

L and Pelicci PG. (1999) The p66shc adaptor protein controls oxidative stress 

response and life span in mammals. Nature.402, 309-313. 

10 Migliaccio E, Mele S, Salcini AE, Pelicci G, Lai KM, Superti-Furga G, Pawson T, 

Di Fiore PP, Lanfrancone L and Pelicci PG. (1997) Opposite effects of the 

p52shc/p46shc and p66shc splicing isoforms on the EGF receptor-MAP 

kinase-fos signalling pathway. EMBO Journal.16, 706-716. 

11 Pinton P and Rizzuto R. (2008) p66Shc, oxidative stress and aging: importing a 

lifespan determinant into mitochondria. Cell Cycle.7, 304-308. 

12 Di Lisa F, Giorgio M, Ferdinandy P and Schulz R. (2016) New aspects of p66Shc 

in ischemia reperfusion injury and cardiovascular diseases. Br J Pharmacol. 

13 Spescha RD, Shi Y, Wegener S, Keller S, Weber B, Wyss MM, Lauinger N, 

Tabatabai G, Paneni F, Cosentino F, Hock C, Weller M, Nitsch RM, Luscher TF 

and Camici GG. (2013) Deletion of the ageing gene p66(Shc) reduces early 

stroke size following ischaemia/reperfusion brain injury. European Heart 

Journal.34, 96-103. 

14 Arany I, Faisal A, Clark JS, Vera T, Baliga R and Nagamine Y. (2010) 

p66SHC-mediated mitochondrial dysfunction in renal proximal tubule cells 

during oxidative injury. Am J Physiol Renal Physiol.298, F1214-F1221. 

15 Haga S, Terui K, Fukai M, Oikawa Y, Irani K, Furukawa H, Todo S and Ozaki M. 

(2008) Preventing hypoxia/reoxygenation damage to hepatocytes by p66(shc) 

ablation: up-regulation of anti-oxidant and anti-apoptotic proteins. Journal of 

Hepatology.48, 422-432. 



16 Francia P, Cosentino F, Schiavoni M, Huang Y, Perna E, Camici GG, Luscher TF 

and Volpe M. (2009) p66(Shc) protein, oxidative stress, and cardiovascular 

complications of diabetes: the missing link. J Mol Med (Berl).87, 885-891. 

17 Cosentino F, Francia P, Camici GG, Pelicci PG, Luscher TF and Volpe M. (2008) 

Final common molecular pathways of aging and cardiovascular disease: role of 

the  p66Shc protein. Arterioscler Thromb Vasc Biol.28, 622-628. 

18 Napoli C, Martin-Padura I, de Nigris F, Giorgio M, Mansueto G, Somma P, 

Condorelli M, Sica G, De Rosa G and Pelicci P. (2003) Deletion of the p66Shc 

longevity gene reduces systemic and tissue oxidative stress, vascular cell 

apoptosis, and early atherogenesis in mice fed a high-fat diet. Proc Natl Acad Sci 

U S A.100, 2112-2116. 

19 Zaccagnini G, Martelli F, Fasanaro P, Magenta A, Gaetano C, Di Carlo A, 

Biglioli P, Giorgio M, Martin-Padura I, Pelicci PG and Capogrossi MC. (2004) 

p66ShcA modulates tissue response to hindlimb ischemia. Circulation.109, 

2917-2923. 

20 Carpi A, Menabo R, Kaludercic N, Pelicci P, Di Lisa F and Giorgio M. (2009) 

The cardioprotective effects elicited by p66(Shc) ablation demonstrate the crucial 

role of mitochondrial ROS formation in ischemia/reperfusion injury. Biochim 

Biophys Acta.1787, 774-780. 

21 Wang G, Yao J, Li Z, Zu G, Feng D, Shan W, Li Y, Hu Y, Zhao Y and Tian X. 

(2016) miR-34a-5p Inhibition Alleviates Intestinal Ischemia/Reperfusion-Induced 

Reactive Oxygen Species Accumulation and Apoptosis via Activation of SIRT1 

Signaling. Antioxid Redox Signal.24, 961-973. 

22 Chen Z, Wang G, Zhai X, Hu Y, Gao D, Ma L, Yao J and Tian X. (2014) 

Selective inhibition of protein kinase C beta2 attenuates the adaptor P66 

Shc-mediated intestinal ischemia-reperfusion injury. Cell Death & Disease.5, 

e1164. 

23 Liou YC, Zhou XZ and Lu KP. (2011) Prolyl isomerase Pin1 as a molecular 

switch to determine the fate of phosphoproteins. Trends in Biochemical 

Sciences.36, 501-514. 



24 Lu KP and Zhou XZ. (2007) The prolyl isomerase PIN1: a pivotal new twist in 

phosphorylation signalling and disease. Nat Rev Mol Cell Biol.8, 904-916. 

25 Lee TH, Pastorino L and Lu KP. (2011) Peptidyl-prolyl cis-trans isomerase Pin1 

in ageing, cancer and Alzheimer disease. Expert Reviews in Molecular 

Medicine.13, e21. 

26 Paneni F, Costantino S, Castello L, Battista R, Capretti G, Chiandotto S, 

D'Amario D, Scavone G, Villano A, Rustighi A, Crea F, Pitocco D, Lanza G, 

Volpe M, Del SG, Luscher TF and Cosentino F. (2015) Targeting 

prolyl-isomerase Pin1 prevents mitochondrial oxidative stress and vascular 

dysfunction: insights in patients with diabetes. European Heart Journal.36, 

817-828.

27 Becker EB and Bonni A. (2007) Pin1 in neuronal apoptosis. Cell Cycle.6, 

1332-1335. 

28 Pinton P, Rimessi A, Marchi S, Orsini F, Migliaccio E, Giorgio M, Contursi C, 

Minucci S, Mantovani F, Wieckowski MR, Del SG, Pelicci PG and Rizzuto R. 

(2007) Protein kinase C beta and prolyl isomerase 1 regulate mitochondrial 

effects of the life-span determinant p66Shc. Science.315, 659-663. 

29 Chiu CJ, McArdle AH, Brown R, Scott HJ and Gurd FN. (1970) Intestinal 

mucosal lesion in low-flow states. I. A morphological, hemodynamic, and 

metabolic reappraisal. Arch Surg.101, 478-483. 

30 Mikawa K, Nishina K, Takao Y and Obara H. (2003) ONO-1714, a nitric oxide 

synthase inhibitor, attenuates endotoxin-induced acute lung injury in rabbits. 

Anesthesia and Analgesia.97, 1751-1755. 

31 Diogo CV, Suski JM, Lebiedzinska M, Karkucinska-Wieckowska A, Wojtala A, 

Pronicki M, Duszynski J, Pinton P, Portincasa P, Oliveira PJ and Wieckowski 

MR. (2013) Cardiac mitochondrial dysfunction during hyperglycemia--the role of 

oxidative stress and p66Shc signaling. Int J Biochem Cell Biol.45, 114-122. 

32 Shen ZJ, Esnault S and Malter JS. (2005) The peptidyl-prolyl isomerase Pin1 

regulates the stability of granulocyte-macrophage colony-stimulating factor 

mRNA in activated eosinophils. Nature Immunology.6, 1280-1287. 



33 Hennig L, Christner C, Kipping M, Schelbert B, Rucknagel KP, Grabley S, 

Kullertz G and Fischer G. (1998) Selective inactivation of parvulin-like 

peptidyl-prolyl cis/trans isomerases by juglone. Biochemistry.37, 5953-5960. 

34 Mura M, Andrade CF, Han B, Seth R, Zhang Y, Bai XH, Waddell TK, Hwang D, 

Keshavjee S and Liu M. (2007) Intestinal ischemia-reperfusion-induced acute 

lung injury and oncotic cell death  in multiple organs. Shock.28, 227-238. 

35 Giorgio M, Migliaccio E, Orsini F, Paolucci D, Moroni M, Contursi C, Pelliccia 

G, Luzi L, Minucci S, Marcaccio M, Pinton P, Rizzuto R, Bernardi P, Paolucci F 

and Pelicci PG. (2005) Electron transfer between cytochrome c and p66Shc 

generates reactive oxygen species that trigger mitochondrial apoptosis. Cell.122, 

221-233.

36 Moraes LB, Murakami AH, Fontes B, Poggetti RS, van Rooijen N, Younes RN, 

Heimbecker AM and Birolini D. (2008) Gut ischemia/reperfusion induced acute 

lung injury is an alveolar macrophage dependent event. J Trauma.64, 1196-1200, 

1200-1201. 

37 Lu KP. (2000) Phosphorylation-dependent prolyl isomerization: a novel cell 

cycle regulatory mechanism. Prog Cell Cycle Res.4, 83-96. 

38 Lu KP, Finn G, Lee TH and Nicholson LK. (2007) Prolyl cis-trans isomerization 

as a molecular timer. Nature Chemical Biology.3, 619-629. 

39 Khalid S, Drasche A, Thurner M, Hermann M, Ashraf MI, Fresser F, Baier G, 

Kremser L, Lindner H and Troppmair J. (2016) cJun N-terminal kinase (JNK) 

phosphorylation of serine 36 is critical for p66Shc  activation. Sci Rep.6, 20930. 

40 Song P, Yang S, Xiao L, Xu X, Tang C, Yang Y, Ma M, Zhu J, Liu F and Sun L. 

(2014) PKCdelta promotes high glucose induced renal tubular oxidative damage 

via regulating activation and translocation of p66Shc. Oxidative Medicine and 

Cellular Longevity.2014, 746531. 

41 Shi Y, Cosentino F, Camici GG, Akhmedov A, Vanhoutte PM, Tanner FC and 

Luscher TF. (2011) Oxidized low-density lipoprotein activates p66Shc via 

lectin-like oxidized low-density lipoprotein receptor-1, protein kinase C-beta, and 

c-Jun N-terminal kinase kinase in human endothelial cells. Arterioscler Thromb



Vasc Biol.31, 2090-2097. 

42 Li M, Chiou KR and Kass DA. (2007) Shear stress inhibition of H(2)O(2) 

induced p66(Shc) phosphorylation by ASK1-JNK  inactivation in endothelium. 

Heart and Vessels.22, 423-427. 

43 Yannoni YM, Gaestel M and Lin LL. (2004) P66(ShcA) interacts with MAPKAP 

kinase 2 and regulates its activity. FEBS Letters.564, 205-211. 

44 Kuboki S, Sakai N, Clarke C, Schuster R, Blanchard J, Edwards MJ and Lentsch 

AB. (2009) The peptidyl-prolyl isomerase, Pin1, facilitates NF-kappaB binding in 

hepatocytes and protects against hepatic ischemia/reperfusion injury. Journal of 

Hepatology.51, 296-306. 

45 Baik SH, Fane M, Park JH, Cheng YL, Yang-Wei FD, Yun UJ, Choi Y, Park JS, 

Chai BH, Park JS, Back SH, Jeong JI, Jang YJ, Bahn G, Lee JY, Li YI, Sobey 

CG, Uchida T, Park JH, Kim HT, Tang SC, Arumugam TV and Jo DG. (2015) 

Pin1 promotes neuronal death in stroke by stabilizing Notch intracellular domain. 

Annals of Neurology.77, 504-516. 

46 Sun L, Xiao L, Nie J, Liu FY, Ling GH, Zhu XJ, Tang WB, Chen WC, Xia YC, 

Zhan M, Ma MM, Peng YM, Liu H, Liu YH and Kanwar YS. (2010) p66Shc 

mediates high-glucose and angiotensin II-induced oxidative stress renal tubular 

injury via mitochondrial-dependent apoptotic pathway. Am J Physiol Renal 

Physiol.299, F1014-F1025. 

47 Ikeda H, Suzuki Y, Suzuki M, Koike M, Tamura J, Tong J, Nomura M and Itoh 

G. (1998) Apoptosis is a major mode of cell death caused by ischaemia and 

ischaemia/reperfusion injury to the rat intestinal epithelium. Gut.42, 530-537. 

48 Migliaccio E, Giorgio M and Pelicci PG. (2006) Apoptosis and aging: role of 

p66Shc redox protein. Antioxid Redox Signal.8, 600-608. 

49 Huang CY, Kuo WT, Huang CY, Lee TC, Chen CT, Peng WH, Lu KS, Yang CY 

and Yu LC. (2017) Distinct cytoprotective roles of pyruvate and ATP by glucose 

metabolism on epithelial necroptosis and crypt proliferation in ischaemic gut. J 

Physiol.595, 505-521. 

50 Wen S, Ling Y, Yang W, Shen J, Li C, Deng W, Liu W and Liu K. (2016) 



Necroptosis is a key mediator of enterocytes loss in intestinal 

ischaemia/reperfusion injury. Journal of Cellular and Molecular Medicine. 

51 Shinoda K, Kuboki S, Shimizu H, Ohtsuka M, Kato A, Yoshitomi H, Furukawa 

K and Miyazaki M. (2015) Pin1 facilitates NF-kappaB activation and promotes 

tumour progression in human hepatocellular carcinoma. Br J Cancer.113, 

1323-1331. 

52 Tan X, Zhou F, Wan J, Hang J, Chen Z, Li B, Zhang C, Shao K, Jiang P, Shi S, 

Feng X, Lv N, Wang Z, Ling Y, Zhao X, Ding D, Sun J, Xiong M and He J. 

(2010) Pin1 expression contributes to lung cancer: Prognosis and carcinogenesis. 

Cancer Biology & Therapy.9, 111-119. 

53 Fukuchi M, Fukai Y, Kimura H, Sohda M, Miyazaki T, Nakajima M, Masuda N, 

Tsukada K, Kato H and Kuwano H. (2006) Prolyl isomerase Pin1 expression 

predicts prognosis in patients with esophageal squamous cell carcinoma and 

correlates with cyclinD1 expression. International Journal of Oncology.29, 

329-334. 

54 Zhou XZ and Lu KP. (2016) The isomerase PIN1 controls numerous 

cancer-driving pathways and is a unique drug target. Nature Reviews Cancer.16, 

463-478. 

 

 

 

 

 

 

 

 

 

 

 



Figure legends 

Figure 1 p66Shc participates in the regulation of mitochondrial oxidative stress 

and apoptosis during intestinal I/R injury 

(A) Representative immunoblot showing p66Shc protein expression in the intestines 

of rats subjected to 60 min of intestinal ischemia followed by 2-8 h of reperfusion or 

to sham operation (Sham) (n = 5 rats per group). (B) Immunoblot showing p66Shc 

protein expression in human intestinal samples from normal control intestines and 

ischemic intestines (n = 3 per group). (C-I) Caco-2 cells were transfected with a 

siRNA targeting p66Shc (si-p66Shc) or a negative control siRNA (si-NC) for 48 h. 

The cells were then exposed to hypoxic conditions for 12 h followed by normoxic 

conditions for 6 h to achieve H/R. Control cells were exposed to normal oxygen 

(Control) (n = 6 per group). (C) Representative immunoblot of p66Shc protein 

expression. (D) Cell viability was evaluated using CCK-8 assay. (E) Representative 

fluorescent images of Caco-2 cells stained with MitoSOX from Control, H/R, 

H/R+si-p66Shc and H/R+si-NC groups. Scale bar = 12.5 μm. (F) The bar graphs 

represent a summary of flow cytometry analyses of cells stained with MitoSOX dyes. 

(G) Left panels are representative fluorescent images of TUNEL and DAPI staining 

cells from Control, H/R, H/R+si-p66Shc and H/R+si-NC groups. Relative apoptotic 

rates are represented as TUNEL-positive cells/DAPI (right panels). Scale bar = 100 

μm. (H) Caspase-3 activity. (I) Representative immunoblot showing both the cleaved 

(c-) and full length caspase-3 levels. All results are expressed as the means ± SD. *P 

< 0.05 compared with Normal; **P < 0.01 compared with Sham or Control; ##P < 

0.01 compared with H/R. 

 

Figure 2 Intestinal I/R-induced activation and enhanced interaction of Pin1 with 

p66Shc 

Rats were subjected to sham operation (Sham) or 60 min ischemia followed by 2, 4, 

or 8 h of reperfusion (n = 5 rats per group). (A) Representative immunoblot showing 

p66Shc protein expression in mitochondrial fractions of the intestine. VDAC was 



used as loading control for mitochondrial proteins. (B) Representative immunoblot 

showing Pin1 protein expression in the intestine. (C) Pin1 isomerase activity assays in 

the intestine. (D) Representative immunoblot showing the interaction of Pin1 with the 

adaptor p66Shc from sham and 2 h reperfusion intestine. The input represents the total 

protein extracts used in immunoprecipitation. IB, immunoblotting; IP, 

immunoprecipitation; IgG, negative control. All results are expressed as the means ± 

SD. *P < 0.05, **P < 0.01 compared with Sham. 

 

Figure 3 Inhibition of Pin1 blunts the mitochondrial translocation of p66Shc 

during intestinal I/R 

(A-C) I/R rats were subjected to 60 min of intestinal ischemia followed by 2 h of 

reperfusion. Juglone or vehicle was administered intraperitoneally for 3 consecutive 

days at a dose of 1 mg/kg/d prior to surgery (n = 8 rats per group). (A) Representative 

immunoblot showing Pin1 protein expression in the intestine. (B) Representative 

immunoblot showing p66Shc protein expression in mitochondrial fractions of the 

intestine. (C) Representative immunoblot showing p-Ser36 p66Shc protein expression 

in cytosolic fractions of the intestine. β-actin and VDAC indicate loading controls for 

cytosolic and mitochondrial fractions, respectively. (D-E) Caco-2 cells were exposed 

to hypoxic conditions for 12 h followed by normoxic conditions for 6 h to achieve 

H/R in the presence or absence of Pin1 siRNA (si-Pin1). Si-NC was used as a 

negative control. (D) Representative immunoblot showing Pin1 protein expression (n 

= 3 per group). (E) An immunofluorescence microscopic analysis of p66Shc 

localization in Caco-2 cells is shown. The staining patterns for mitochondria 

(MitoTracker Red), p66Shc, and nuclei are indicated by red, green, and blue 

fluorescence, respectively. Scale bar = 12.5 μm. All results are expressed as the means 

± SD. **P < 0.01 compared with Sham or Control; #P < 0.05, ##P < 0.01 compared 

with I/R. J, juglone. 

 

Figure 4 Inhibition of Pin1 activation by juglone ameliorates intestinal I/R injury 

Rats were treated with juglone or vehicle and subsequently subjected to sham 



operation or 60 min of intestinal ischemia followed by 2 h of reperfusion (n = 8 rats 

per group). (A) H&E staining of representative intestinal sections from the sham, I/R, 

sham juglone pretreatment, and I/R juglone pretreatment groups. Scale bar = 100 μm. 

(B) Histopathological injury scores of the intestinal mucosa were quantified as 

described in the Materials and Methods. (C-G) Serum levels of (C) ALT, (D) AST, (E) 

LDH, (F) TNF-α and (G) IL-6. (H) The survival rate of the rats (n = 15 rats per group). 

All results are expressed as the means ± SD. *P < 0.05 compared with vehicle; **P < 

0.01 compared with Sham; #P < 0.05, ##P < 0.01 compared with I/R. 

 

Figure 5 Pin1 inhibition decreases gut mitochondrial oxidative stress after 

intestinal I/R  

(A) Rats were subjected to sham operation or 60 min of intestinal ischemia followed 

by 2 h of reperfusion with or without pretreatment with juglone or vehicle. Intestinal 

H2O2 levels were measured in isolated mitochondria (n = 8 rats per group). (B-C) 

Caco-2 cells were transfected with Pin1 siRNA or negative control as indicated. The 

cells were then exposed to hypoxic conditions for 12 h followed by normoxic 

conditions for 6 h to achieve H/R. Control cells underwent normal oxygen (n = 6 per 

group). (B) Representative fluorescent images of MitoSOX staining cells from 

Control, H/R, H/R+si-Pin1 and H/R+si-NC groups. Scale bar = 12.5 μm. (C) The bar 

graphs represent a summary of flow cytometry analyses of cells stained with 

MitoSOX dyes. All results are expressed as the means ± SD. **P < 0.01 compared 

with Sham or Control; ##P < 0.01 compared with I/R or H/R. 

 

Figure 6 Inhibition of Pin1 activation by juglone prevents cytochrome c release 

and ameliorates gut apoptosis after intestinal I/R 

Rats were subjected to sham operation or 60 min of intestinal ischemia followed by 2 

h of reperfusion with or without pretreatment with juglone or vehicle (n = 8 rats per 

group). (A) Representative immunoblot showing cytochrome c release in the intestine. 

VDAC and β-actin indicate loading controls for mitochondrial and cytosolic fractions, 

respectively. Bar graphs represent percentage change of cytochrome c in the cytosol 



versus mitochondria. (B) Representative immunoblot showing both the cleaved (c-) 

and full length caspase-3 levels in the intestine. (C) TUNEL staining (green) of 

paraffin-embedded intestinal tissue sections. Representative images for sham, I/R, 

sham juglone pretreatment, and I/R juglone pretreatment groups. Nuclei are stained 

with DAPI (blue). Scale bar = 50 μm. All results are expressed as the means ± SD. 

**P < 0.01 compared with Sham; ##P < 0.01 compared with I/R. 

 

Figure 7 Pin1 inhibition by juglone alleviates the distant lung injury induced by 

intestinal I/R 

Rats were subjected to sham operation or 60 min of intestinal ischemia followed by 2 

h of reperfusion with or without pretreatment with juglone or vehicle (n = 8 rats per 

group). (A) H&E staining of representative lung sections from the sham, I/R, sham 

juglone pretreatment, and I/R juglone pretreatment groups. Scale bar = 100 μm. (B) 

The lung injury scores were calculated as described in the Materials and Methods. (C) 

Lung edema was estimated by comparing wet-to-dry weight ratios. (D) Lung MPO 

activity. All results are expressed as the means ± SD. **P < 0.01 compared with 

Sham; #P < 0.05, ##P < 0.01 compared with I/R. 

 

















 
 

Supplementary Figure S1 siRNA-mediated knockdown of p66Shc and Pin1 

Representative immunoblot showing p66Shc and Pin1 protein expression in Caco-2 

cells after transfection with a negative control, p66Shc and Pin1 specific siRNA (n = 3 

per group). Results are expressed as the means ± SD. **P < 0.01 compared with 

Control. 
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