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ABSTRACT
Extracellular vesicles (EVs) are small 
membranous particles that contribute 
to intercellular communications. 
Separating EVs from tissue is still a 
technical challenge. Here, we present 
a rigorous method for extracting EVs 
from intestinal tissue in a mouse 
intestinal ischemia/reperfusion (I/R) 
model, and for analyzing their miRNA 
content. The isolated EVs show a 
typical cup shape with a size peak of 
120–130 nm in diameter, confirmed 
by TEM and NTA. They also express 
EV markers such as CD9, CD63, 
CD81, Tsg101 and Alix. Real-time 
qPCR confirmed that these pellets 
contain miRNAs related to I/R injury. 
Our study presents a practical way 
to isolate EVs from intestinal tissue 
which is suitable for downstream 
applications such as miRNA analysis, 
and provides a novel method for inves-
tigating the mechanism of intestinal 
I/R injury.

METHOD SUMMARY
We present a practical way to isolate 
EVs from intestinal tissue; the method 
consists of enzymatic digestion, 
differential centrifugation and density 
gradient centrifugation. This method 
is suitable for downstream studies 
such as miRNA analysis.

Extracellular vesicles (EVs) are small 
particles composed of a phospholipid bilayer 
and enclosed content such as proteins and 
nucleotides; they participate in intercellular 
communications by transferring their cargo 
from donor cells into the target cells. 
Studying EVs holds significance for under-
standing disease mechanisms, finding 
diagnostic markers and developing thera-
peutic interventions [1]. Isolation of EVs is 
one of the crucial steps in the current study. 
Several techniques for EV isolation have 
been developed, such as ultracentrifugation, 
polyethylene glycol precipitation, size 
exclusion chromatography, immunoaffinity 
capture and microfluidics [2]. There are still 
no one-size-fits-all solutions for the isolation 
process, and the choice of methodology 
must be based on the downstream exper-
iment. Compared with isolating EVs from 
cell culture media, extracting EVs from 
tissue is still technically challenging and 
consensus on tissue EV isolation method-
ology is lacking.

Intestinal ischemia/reperfusion (I/R) is 
a grave condition that commonly occurs 
in various clinical scenarios such as acute 
mesenteric ischemia, shock and severe 
infection, and with some surgical proce-
dures including small bowel transplantation, 
abdominal aneurysm surgery and cardio-
pulmonary bypass. Intestinal I/R not only 
causes intestinal barrier damage, but also 
leads to injuries of remote organs like the 
lung, liver, heart and brain [3]. Due to the 
role of EVs as intercellular communication 
carriers, it is reasonable to hypothesize that 
gut-derived EVs participate in intestinal I/R 
injury and act as the link between intestine 
and remote organs [4]. miRNAs are small 
noncoding RNA molecules which suppress 
gene expression by degrading mRNAs or 
stopping translation, and they have been 
demonstrated to be related to I/R injuries 
in the brain, heart and kidney  [5]. Our 

previous studies have identified mucosal 
miRNA profile changes after intestinal I/R 
and miR-378-mitigated intestinal injury 
induced by intestinal I/R [6]. Thus, studying 
gut-derived EVs and their miRNA cargo 
is of great interest in understanding the 
mechanism of intestinal I/R injury and the 
crosstalk between the intestine and remote 
organs.

In this study, we present a rigorous 
method to isolate EVs from small intestine 
tissue of a mouse intestinal I/R model, and 
assess the expression of selected miRNAs 
in these EVs of gut origin after intestinal I/R.

MATERIALS & METHODS
Animals
Animal experiments were done under the 
National Institutes of Health guide for the 
care and use of laboratory animals and in 
accordance with the regulations for animal 
welfare and animal experiments of Southern 
Medical University. Six male C57/BL mice 
aged 8–10 weeks were used, three in the I/R 
group and three in the control group. All the 
animals were bought from the laboratory 
animal center of Southern Medical 
University, and kept in a specific pathogen-
free environment.

Reagents
HBSS buffer (Lot:2042327) was bought from 
Gibco (NY, USA). Type 1 collagenase (lot: 
48S18874) was bought from Worthington 
Biochemical Corporation  (NJ, USA). 
OptiPrep™ Density Gradient Medium (lot: 
BCCB2082) was bought from Sigma (MO, 
USA). Trehalose (lot: S25319) was bought 
from Shanghai Yuanye Biotechnology 
C o m p a n y   (S h a n g h a i ,  C h i n a) . 
Complete™protease inhibitor cocktail (lot: 
4693116001) was bought from Roche (Basel, 
Switzerland). 10× cell lysis buffer (#9803) 
was bought from Cell Signaling 
Technology (MA, USA). Bicinchoninic acid 
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(BCA) protein assay kit (lot: TH269580) was 
bought from Thermo Scientific (MA, USA). 
Mouse endotoxin ELISA kit (ml002005) was 
bought from Shanghai Mlbio Company 
(Shanghai, China). miRNeasy Serum/Plasma 
Kit (lot: 217184) was bought from Qiagen 
(Duesseldorf, Germany). Mir-X miRNA First-
Strand Synthesis Kit (638315) and TB Green® 
Premix Ex Taq™ (RR420L) were bought from 
Takara (Tokyo, Japan).

Surgical procedure
General anesthesia was induced by 
inhalation of 4% isoflurane and then 
maintained at 1.5% isoflurane throughout 
the procedure. A warming pad was placed 
under the mouse to prevent hypothermia. 
Abdominal skin was shaved and sterilized. 
A 1-cm midline laparotomy was made, and 
intestine was gently dragged out of the 
abdominal cavity using wet cotton swabs. 
In the I/R group, the superior mesenteric 
artery was identified and occluded by a 
noninvasive vessel microclip for 30 min; the 
clip was then removed and the intestine 
replaced in the peritoneal cavity. In the 
control group, the intestine was exteriorized 
and returned into the abdomen without 
clipping the superior mesenteric artery. The 
wound was closed by interrupted suture. The 
mouse was kept under isoflurane anesthesia 
until tissue harvest. After 2 h of reperfusion, 
the mouse was killed by transcardial 
perfusion of ice-cold saline. The abdominal 
incision was reopened, the whole length of 
small intestine was harvested, and the 
mesentery was removed. The luminal 
content was flushed out by injecting ice-cold 
saline with a 20-ml syringe.

Histology
A 0.5-cm-long section of the intestine, 5 cm 
proximal to the ileocecal valve, was cut off 
and then fixed in 4% paraformaldehyde 
overnight. The sections were then embedded 
in paraffin wax and proceeded to routine 
protocol as described previously [7]; three 
histological sections from each sample were 
stained with hematoxylin and eosin. The 
slides were observed and photographed with 
an Olympus BX51 microscope.

EV isolation
The fresh intestine was placed on ice, 
opened longitudinally and then cut into 
segments of less than 0.5 cm in length. The 

tissue pieces were then soaked in HBSS 
buffer with type I collagenase at a concen-
tration of 300 units/ml, and rotated slowly 
for 30 min at 37°C. The enzymatic digestion 
was stopped by adding an equal volume of 
phosphate-buffered saline (PBS) with 
2× protease inhibitor cocktail. The lysate was 
then passed through a 70-μm strainer. The 
filtrate was centrifuged successively at 
1000×g for 10  min, 2000×g for 20×min, 
5000×g for 30 min and 15,000×g for 1 h at 
4°C. The supernatant was then filtered 
through a 0.22-μm Millex PVDF filter and 
ultracentrifuged at 120,000×g for 130 min in 
a Beckman SW32Ti rotor at 4°C. After ultra-
centrifugation, the supernatant was poured 
off and the pellet resuspended and washed 
in 25 mM trehalose/PBS, then ultracentri-
fuged as described above. The density 
gradient was set up by carefully laying 4 ml 
40%, 3 ml 20% and 3 ml 5% Optiprep iodixanol 
solutions (prepared according to the 
manufacturer’s instructions) in a bottom-up 
manner. The pellet, in 1 ml trehalose/PBS, 
was loaded carefully on top of the density 
gradient, and then centrifuged at 288,000×g 
in the Beckman SW41Ti rotor for 5 h at 4°C. 
A parallel density gradient without pellet 
samples was also spun in the same rotor. 
After centrifugation, the density medium 
was carefully pipetted from the surface and 
divided into ten fractions from top to bottom, 
in order. Each fraction was transferred to a 
new tube and centrifuged at 100,000×g for 
70 min in the Beckman Type 70.1Ti rotor. 
Each pellet was resuspended in 200 μl 
25 mM trehalose/PBS and stored at -80°C.

Nanoparticle tracking analysis
The optimal dilution ratio was determined 
prior to measurement. Double-distilled water 
was degassed by ultrasound. The chamber 
of the ZetaView instrument was flushed and 
filled with particle-free water using a 20-ml 
syringe. After camera adjustment, the 
sample was injected into the chamber with 
a 1-ml syringe, avoiding bubbles. Particle 
size and concentration were recorded, and 
each sample was measured in triplicate.

Transmission electron microscopy
The optimal concentration of EVs for 
electron microscopic observation was deter-
mined and the EV/PBS suspension diluted 
accordingly with double-distilled water. A 
drop of diluted EV was placed on a clean 

plate, mixed thoroughly with an equal 
amount of phosphotungstic acid by 
pipetting, and stained for 10 min. The sample 
was then loaded on a copper grid and air 
dried. The copper grids with samples were 
then mounted for electron microscopic 
imaging under 80 kV.

Protein extraction
The 2× cell lysis buffer, supplemented with 
protease inhibitor cocktail, was added to an 
equal volume of resuspended EVs, mixed 
thoroughly, sonicated at 30% AMP by a 
Qsonica Q800R3 sonicator for 5 min and 
centrifuged at 13,000 g for 15 min. The super-
natant was collected and transferred to a 
new Eppendorf tube. The protein concen-
tration was determined by a BCA assay kit 
according to the manufacturer’s instruc-
tions.

Western blot
The protein lysate was mixed with 5× loading 
buffer and boiled at 95°C for 5 min, then 
loaded into the 12 or 6% SDS-PAGE gel. After 
electrophoresis, the separated proteins were 
transferred onto the 0.45 or 0.22 μm PVDF 
membrane. The membrane was blocked with 
milk and then incubated with the following 
primary antibodies at 4°C overnight: rabbit 
anti-CD9 (1:1000, ab92726, Abcam, MA, USA), 
anti-CD63 (1:2000, ab217345, Abcam), 
anti-CD81 (1:1000, #10037, Cell Signaling 
Technology), anti-Tsg101 (1:1000, ab125011, 
Abcam), anti-Alix (1:500, 12422-1-AP, 
Proteintech, IL, USA), anti-β-actin (1:3000, 
AP0060, Bioworld, Nanjing, China), 
anti-ompA (1:1000, orb6940, Biorbyt, 
Cambridge, UK), anti-ompC (1:1000, 
orb422682, Biorbyt) and anti-CD45 (1:500, 
20103-1-AP, Proteintech). The membrane 
was then washed three-times and incubated 
with secondary antibody. Proteins were 
detected by a Tanon 5200 Chemiluminescent 
Imaging System (Shanghai, China) with a 
Millipore Immobilon Western Chemilumi-
nescent HRP kit (WBKLS0500, Millipore, MA, 
USA) according to the manufacturer’s 
instructions.

miRNA extraction
Total RNAs were extracted from EVs with 
miRNeasy serum/plasma Kit according to 
the manufacturer’s instructions: Briefly, five 
volumes of QIAzol lysis reagent were added 
to 200  μl EV suspensions. Synthetic 
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Cel-miR-39 was introduced into the lysate as 
a spike-in control before adding chloroform. 
After the addition of chloroform, the lysate 
was separated into aqueous and organic 
phases by centrifugation. RNAs in the 
aqueous phase were extracted, and ethanol 
added. The sample was transferred to the 
RNeasy MinElute spin column, to remove 
phenol and other contaminants; RNAs were 
then eluted in a small volume of RNase-free 
water.

miRNA reverse transcription & qPCR
A Clontech miRNA First-Strand Synthesis 
kit was used for miRNA reverse transcription 
according to the manufacturer’s manual. 
Real-time PCR was performed with a Takara 
TB Green premix on Applied Biosystems 
QuantStudio™ 5 Real-Time PCR System. 
Primer sequences were as follows: cel-miR-
39: CCTCACCGGGTGTAAATCAGCTTG, let-7d: 
GCTATACGACCTGCTGCCTTTCT, miR-21a: 
CGCCGTAGCTTATCAGACTGATGTTGA, 
miR-34a: GTGGCAGTGTCTTAGCTGGTTGT, 
miR-122: CCGTGGAGTGTGACAATGGT-
GTTTG, miR-155: CGCCGTTAATGCTAATTGT-
G A T A G G G G  a n d   m i R - 2 1 0 : 
CTGTGCGTGTGACAGCGG, miR-221: CCAGC-
TACATTGTCTGCTGGGTTTC. For the relative 
quantification of miRNA expression, the 
delta cycle threshold (CT) method was 
applied, with the miR-39 spike-in control used 
as the reference gene.

Statistical analysis
The graphs are presented as ± SEM. The 
Graph Pad Prism, 8th version (GraphPad 
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Figure 1. Morphological changes after intestinal 
ischemia and reperfusion. The superior mesen-
teric artery was clipped for 30 min and allowed 
to reperfuse for 2 h. (A & C) Macroscopic 
and microscopic appearances of intestine in 
the control group. (B & D) Macroscopic and 
microscopic appearances of intestine in the 
I/R group. (E) Scoring of histological injury 
according to a Chiu’s grading system, n = 3 in 
each group.
I/R: Ischemia/reperfusion.
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Figure 2. Isolation and characterization of extracellular vesicles from ischemia/reperfusion intes-
tinal tissue. (A) Flowchart of EV isolation procedures. (B) The initial density gradient of 40, 20 and 
5% formed a more linear distribution after centrifugation at 288,000×g for 5 h in a SW41Ti rotor; 
the supernatant was fractionated from the top, 1-ml volume for each fraction. (C) Western blot of 
intestinal tissue lysate (TL), and second fraction (f2) to eighth fraction (f8); EV markers CD9, CD63, 
CD81, Alix, and Tsg101 are positive in f5 and f6. (D) f5 and f6 were pooled for nanoparticle tracking 
analysis; the particle diameter is approximately 120–130 nm. (E) Transmission electron microscopy 
of pooled f5 and f6 shows typical cup-shaped EVs with diameters ranging from 80 to 110 nm.
EV: Extracellular vesicle.
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Software, CA, USA), was used for statistical 
analysis. Student’s t-test was adopted to 
compare results between two groups as 
appropriate and statistical significance was 
indicated as: *p ≤ 0.05.

RESULTS & DISCUSSION
Morphological changes of intestine 
after ischemia & reperfusion
The intestinal I/R model was built by clipping 
the superior mesenteric artery for 30 min, 
followed by reperfusion for 2 h. Compared 
with the control group (Figure 1A & C), a 
segmental lesion of darker color and diffused 
dilatation of the intestine can be seen macro-
scopically in the I/R group (Figure 1B). Histo-
logical changes of I/R intestine including 
bleb formation at the villi tips, epithelial cell 
detachment, villus tip denudating and intra-
villus bleeding was observed microscopi-
cally (Figure 1D). A Chiu’s scoring of 2 to 3 
grade was assigned (Figure 1E) [8]. 

Intestinal tissue EV isolation & charac-
terization
To minimize possible contamination, the 
luminal content of the intestine was flushed 
out using cold PBS and blood was expelled 

from the intestinal tissue by transcardial 
perfusion from the left ventricle with ice-cold 
normal saline. After enzymatic digestion, 
protease inhibitor cocktail was added into 
the lysate to protect the EV surface proteins. 
Any large floating particles were cleared 
using 70-μm mesh filters. Cells, cell debris 
and other non-EV particles were pelleted and 
removed by differential centrifugation and 
a 0.22-μm filter (Figure 2A). At this stage, a 
crude EV precipitate was visible at the 
bottom of the tube. 

After ultracentrifugation for 5 h, the initial 
density gradient of 40%, 20% and 5% formed 
a more linear distribution. Removing 1 ml of 
each fraction from the top, it was found that 
the densities of the fifth and sixth fractions 
were well within the range of exosomes 
(1.12–1.19 mg/ml) (Figure 2B) [1]. Western 
blotting showed that exosome markers CD9, 
CD63, Tsg101, Alix and CD83 were present in 
these two fractions, whereas calnexin, an 
indicator of intracellular component contam-
ination, was not found (Figure 2C). Then the 
fifth and sixth fractions were pooled together 
and subjected to NTA to determine the 
particle number and size distribution; the 
results showed that the particle size was 

approximately 120–130  nm in diameter 
and the concentration 2–4 × 1011 particles 
per ml (Figure 2D). The EV morphology in 
the pooled fifth and sixth fractions was also 
examined under TEM. Typical cup-shaped 
structures were observed and the diameter 
was around 100 nm (Figure 2E).

To assess possible bacterial contam-
ination, a commercial endotoxin ELISA 
kit was used to test the endotoxin level of 
isolated EVs; fecal lysate from mouse cecum 
was used as a positive control. Endotoxin 
was not detectable in EV samples (Figure 3A 
& B). OmpA and ompC, two markers of 
bacteria-derived outer membrane vesicles 
(OMVs), were also negative in EV samples 
determined by western blot. OMVs isolated 
from human stools were used as a positive 
control. 

RNA content of EV
Total RNAs were extracted from the purified 
EVs using a commercial column-based kit 
with 100 μg of EV from each sample in 200 μl 
PBS. The quality and quantity of total RNAs 
was determined using NanoDrop and the 
Agilent bioanalyzer. The A260/280 ratio was 
around 2, and RNA concentrations were 30 
to 50 ng/μl. The bioanalyzer showed that the 
RNAs mainly consisted of small RNAs 
(Figure 4A). Selected miRNAs (including let-
7d, miR-21a, miR-34a, miR-122, miR-155, miR-2
10, and miR-221) have been reported to be 
involved in the pathophysiological processes 
of I/R injuries [5,9]. RT-qPCR was utilized to 
assess the differential expressions of these 
miRNAs between EVs from the control and 
I/R groups. The CT value of miR-21a was 
around 20, indicating its relatively high 
expression in intestinal tissue–derived EVs 
(Figure 4B). When normalized to spike-in 
control, the expression level of miR-221 in 
the I/R EVs was more than threefold higher 
than in the control EVs. Expression levels of 
let-7d, miR-21a, miR-34a, miR-122, miR-155, and 
miR-210 in I/R EVs showed an increasing 
trend but were not statistically significant 
(Figure 4C). 

In this study, we successfully separated 
EVs from intestinal tissue of a mouse 
intestinal I/R model. Unlike traditional EV 
separation strategies, we used in vivo tissue 
as starting material instead of cell culture 
media or biological fluids, and employed 
gentle collagenase digestion to free the extra-
cellular space with minimized disruption of 
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cells. We stopped the enzymatic activity by 
adding protease inhibitors, protecting the 
surface markers of dissociative EVs from 
degradation. We utilized more osmosis-
friendly iodixanol, instead of sucrose, as 
the density gradient centrifugation medium 
for EV purification. We resuspended the EV 
pellet with trehalose/PBS to reduce EV 
aggregation.

Ultracentrifugation has become the 
gold standard EV isolation method for cell 
culture media and biological fluids [10,11]. 
Our previous studies have demonstrated 
that apoptosis and necroptosis are the major 
form of cell death in intestinal I/R [12]. Since 
the release of apoptotic bodies and other 
small vesicles from these two processes will 
contaminate the EV pellet after ultracentri-
fugation, further purification is necessary. 
Density gradient centrifugation can be 
utilized to separate impurities such as lipid, 
protein and nucleotide aggregates from EVs 
due to their buoyant density [13]. It can also 
efficiently remove apoptotic bodies and 
microvesicles larger than 200 nm in diameter 
from small EV (exosome) fractions [14]. One 
problem of ultracentrifugation is EV pellet 
aggregation and adhesion. Trehalose is 
nontoxic and widely used as a food additive 
and drug preservative; recent studies have 
proved its protective role in stabilizing 
proteins and RNA in EVs isolated from cell 
culture medium or biofluids, and it also 
prevents EV aggregation during isolation 
and protects them from freeze–thaw 
damage [15,16].

Hypoxia/reoxygenation (H/R) of epithelial 
cell cultures is a common model for studying 
intestinal I/R injury in vitro; thus, H/R cell 
culture-conditioned medium is a common 
source for the isolation of I/R related EVs. 
For this purpose, primary cell cultures or 
immortalized cell lines are the two major 
choices. In order to yield enough EVs, 
multiple cell cultures and media collection 
and concentration are necessary. Proce-
dures for isolating primary cells from intes-
tinal tissue are often sophisticated. Cell lines 
are genetically modified and can be struc-
turally or functionally changed compared 
with their in vivo counterparts. Cultured 
cells also lack the local environment for 
interaction with other cell types. EV cargos 
differ when the physiological state and local 
milieu of their donor cells are changed; thus 
EVs from H/R-conditioned media may not 

mimic the reality of intestinal I/R. For these 
reasons, to study the function of EVs in the 
mechanism of intestinal I/R injury and intes-
tinal I/R–induced remote organ injuries it 
is advisable to use tissue-origin EVs which 
might better reflect the real situation.

Extracting EVs from tissue has been 
reported, using methods based on 
commercial polyethylene glycol kits, ultra-
centrifugation or sucrose density gradient 
centrifugation  [17,18]. However, contam-
inants such as protein aggregate and 

biopolymer molecules tend to be copre-
cipitated and interfere with downstream 
experiments, including proteomic analysis 
and RNA assays [14]. The osmolality of the 
iodixanol gradient solution is in the range 
295–310 mOsm, which is complementary to 
the membranous structures of EVs, making 
it a good candidate for density gradient 
medium in EV purification [19].

The role of EVs in heart, brain and 
kidney ischemia reperfusion injuries has 
been explored. By transmitting cargo 
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Figure 4. Analysis of RNA content of intestinal extracellular vesicles. (A) Total RNA was extracted 
from intestinal EVs of control and I/R mice and the nucleotide length was measured by Agilent 
Bioanalyzer 2200. (B) A representative amplification plot of qPCR from three independent experi-
ments; each target was measured in two wells as technical duplicates, and the CT values of each 
well are shown. (C) Relative quantification of selected miRNAs (n = 3 in each group). Student’s t 
test was used to compare results between the two groups; statistical significance is indicated as 
*p ≤ 0.05.
CT: Cycle threshold; EV: Extracellular vesicle; FU: Fluorescence; I/R: Ischemia/reperfusion.
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to the recipient cells, EVs exert an aggra-
vating or protective effect in I/R injuries in 
these organs. miR-21a has been reported 
to target PTEN, increase fibroblast metal-
loprotease-2 expression and contribute to 
cardiac dysfunction after heart ischemia [5]. 
However, a recent study also demonstrated 
its protective role in myocardial infarction 
by limiting cell apoptosis [20]. miR-122 and 
miR-210 are involved in transient ischemic 
attack or stroke  [21,22], and miR-122 is 
also related to warm ischemia in liver 
transplantation  [23]. miR-155 is a potent 
contributor to IR injuries of the brain, heart 
and liver [24,25]. miR-221 is cardioprotective 
and has antiapoptotic and antiautophagic 
functions in myocardial infarction; it also 
exerts a protective role in cerebral ischemic 
stroke by promoting angiogenesis [26–28]. 
Exploration of the functions of miRNAs in 
gut-derived EVs in the context of intestinal 
I/R is therefore warranted.

FUTURE PERSPECTIVE
In this study, we present a practical way to 
isolate EVs from intestinal tissue with 
relatively high purity and productivity, 
suitable for downstream studies such as 
miRNA analysis. Our study also provides a 
novel method to investigate the mechanism 
of intestinal I/R injury. In the future, we hope 
to divide the subpopulations of these EVs 
according to their parent cells and to clarify 
the functions of individual subpopulations. 
The in vivo tracking of gut tissue–derived 
EVs through humoral circulation is also 
necessary to investigate their roles in 
crosstalk between the intestine and remote 
organs during intestinal I/R.
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