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Abstract

BACKGROUND

Intestinal barrier breakdown, a frequent complication of intestinal ischemia-
reperfusion (I/R) including dysfunction and the structure changes of the intestine,
is characterized by a loss of tight junction and enhanced permeability of the
intestinal barrier and increased mortality. To develop effective and novel
therapeutics is important for the improvement of outcome of patients with
intestinal barrier deterioration. Recombinant human angiopoietin-like protein 4
(rhANGPTL4) is reported to protect the blood-brain barrier when administered
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Wang ZY et al. ANGPTLA is pivotal in intestinal protection

exogenously, and endogenous ANGPTL4 deficiency deteriorates radiation-
induced intestinal injury.

AIM
To identify whether thANGPTL4 may protect intestinal barrier breakdown
induced by I/R.

METHODS

Intestinal I/R injury was elicited through clamping the superior mesenteric artery
for 60 min followed by 240 min reperfusion. Intestinal epithelial (Caco-2) cells and
human umbilical vein endothelial cells were challenged by hypoxia/
reoxygenation to mimic I/R in vitro.

RESULTS

Indicators including fluorescein isothiocyanate-conjugated dextran (4 kilodaltons;
FD-4) clearance, ratio of phosphorylated myosin light chain/total myosin light
chain, myosin light chain kinase and loss of zonula occludens-1, claudin-2 and
VE-cadherin were significantly increased after intestinal I/R or cell
hypoxia/reoxygenation. rhANGPTL4 treatment significantly reversed these
indicators, which were associated with inhibiting the inflammatory and oxidative
cascade, excessive activation of cellular autophagy and apoptosis and
improvement of survival rate. Similar results were observed in vitro when cells
were challenged by hypoxia/reoxygenation, whereas rhANGPTL4 reversed the
indicators close to normal level in Caco-2 cells and human umbilical vein
endothelial cells significantly.

CONCLUSION

rhANGPTL4 can function as a protective agent against intestinal injury induced
by intestinal I/R and improve survival via maintenance of intestinal barrier
structure and functions.

Key Words: Angiopoietin-like protein 4; Intestinal ischemia/reperfusion; COVID-19;
Myosin light chain kinase; Intestinal barrier breakdown

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Improving therapy on intestinal barrier dysfunction induced by ischemia/
reperfusion is still challenging. Most recently, studies indicated that patients who
suffered from coronavirus disease 2019 are associated with intestinal hypoperfusion.
We investigated the effect of recombinant human angiopoietin-like protein 4 on
intestinal barrier structure and function deterioration using intestinal ischemia/
reperfusion models in rats as well as hypoxia/reoxygenation models in cells. Intestinal
barrier indicators associated with the inflammatory and oxidative cascade, excessive
activation of cellular autophagy and apoptosis were compared. Our results indicated
that recombinant human angiopoietin-like protein 4 behaved as a promising therapeutic
agent for intestinal ischemia/reperfusion-induced intestine injury.

Citation: Wang ZY, Lin JY, Feng YR, Liu DS, Zhao XZ, Li T, Li SY, Sun JC, Li SF, Jia WY,
Jing HR. Recombinant angiopoietin-like protein 4 attenuates intestinal barrier structure and
function injury after ischemia/reperfusion. World J Gastroenterol 2021; 27(32): 5404-5423
URL: https://www.wjgnet.com/1007-9327/full/v27/i32/5404.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i32.5404

INTRODUCTION

Intestinal barrier dysfunction induced by ischemia/reperfusion (I/R) and atopic
dermatitis is frequently observed in clinical practice. Hospital mortality due to acute
mesenteric ischemia remains high, ranging from 60% to 90% over the past few decades
[1]. Reperfusion following intestinal ischemia promotes extensive activation of inflam-
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matory response and oxidative stress, autophagy and apoptosis, leading to a dreadful
illness, such as multiple organ dysfunction syndromes (MODS), especially breakdown
of the intestinal barrier[2,3]. Recent studies have indicated that coronavirus disease
2019 associated with intestinal hypoperfusion may further deteriorate barrier
dysfunction and acute lung injury via a positive feedback mechanism[4]. Although
remarkable progress has been made, there is no widely accepted therapy to prevent
I/R associated intestinal barrier dysfunction.

Integrity of the intestinal mucosal barrier is retained by the critical factors of tight
junctions and intercellular junctions, including transmembrane proteins such as
zonula occludens (ZO), claudins (CLDN) and junctional adhesion molecule. These
consist of a complex that forms a selectively permeable seal between adjacent
epithelial cells, which is a key element in the paradigm of gut-origin MODSI5,6].
Myosin light chain (MLC) phosphorylation via MLC kinase (MLCK) is critical in
pathophysiological modulation of intestinal mucosal barrier breakdown. ZO-1 and
CLDN-2 behaved specifically as loss and redistribution in intestinal mucosal barrier
breakdown and may be regulated via an MLCK-dependent MLC phosphorylation
signaling pathway[6-8]. Another critical factor is vascular leakage, which contributes
to the intestinal barrier dysfunction after I/R. Microvascular endothelial cell layer
including VE-cadherin (VE-cad) creates a semi-permeable barrier between tissue and
blood for the transport of lipids, proteins and electrolytes. Microvascular barrier
dysfunction is crucial in the initiation and progression of vascular barrier disruption
after I/R[5,9,10].

Angiopoietin-like 4 (ANGPTL4) was identified by three independent research
groups simultaneously and named ANGPTL4 by The HUGO Gene Nomenclature
Committee in 2000[11]. Extensive investigations have been carried out over the past
decades and found that this molecule is a remarkably dynamic entity that participates
in a variety of pathophysiological conditions. The functions of ANGPTL4 have been
involved in energy homoeostasis, wound healing, anoikis resistance, retinopathy
angiogenesis and corneal epithelium repair as well as ischemic and barrier regulation
[12]. Recent studies have reported that ANGPTLA4 is a therapeutic agent in vasculopro-
tection and counteracting permeability of the blood-brain barrier in ischemic stroke
[13]. Others also reported that ANGPTL4 blocked reactive oxygen species (ROS)-
induced anoikis in cholangiocarcinoma cells[14]. It is postulated that ANGPTL4 may
play a role in intestinal barrier integrity after intestinal I/R.

Here, we show that treatment with recombinant human ANGPTL4 (rhANGPTL4),
in a rat model of intestinal I/R and intestinal epithelial (Caco-2) cells and human
umbilical vein endothelial cells (HUVECs) with hypoxia/reoxygenation (H/R) in
vitro, improves intestinal histopathology injury and attenuates the intestinal mucosa
inflammatory and oxidant response. hANGPTL4 counteracts the autophagy and
apoptosis of the intestine and consequently diminishes the increase of permeability
and loss of tight junction proteins of the intestine. Similar effects were also observed in
intestinal epithelial cells and vascular endothelial cells. We provide the first empirical
evidence that ANGPTL4 protects intestinal mucosa barrier integrity and confers
intestine protection. ANGPTL4 might, therefore, constitute a relevant novel
therapeutic approach for intestinal mucosa after I/R.

MATERIALS AND METHODS

Animals and ethics statement

Male Wistar rats weighing 180-220 g were purchased from Dalian Medical University
Animal Experimental Center (Dalian, China, institutional protocol number: SCXK
2008-0002) and preserved under qualified experimental conditions with laboratory
water and food. They were accommodated with an equipment shelter and kept at 25
°C and humidity of 40%-50% with a 12 h light-12 h dark cycle. Rats were acclimatized
for 1 wk prior to experimentation. All steps were executed in line with the institutional
animal care guiding principles and approved by the Institutional Ethics Committee.

Intestinal ischemia and reperfusion experiment

Intestinal I/R models were established according to the methods reported previously
[15]. In brief, superior mesenteric artery was isolated following laparotomy and
blocked softly using a non-invasive microvascular clip for 60 min. Occlusion was
affirmed while the vessel beats paused and intestinal color faded, then clips were
removed, and the procedure lasted 240 min. Sham animals received laparotomy and
superior mesenteric artery identification but without clamping.
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Animal treatment

Animals were randomly divided into 3 groups with 8 rats in each: (1) sham group; (2)
vehicle (normal saline) + I/R group; and (3) I/R + rhANGPTL4 group. In group 3, rats
were treated (via intravenous injection through tail vein) with rhANGPTL4 (28 mg/kg
body weight in 0.5 mL normal saline) at the beginning of reperfusion. Rats in sham
and I/R groups received normal saline with the same volume. All rats were sacrificed,
and samples were collected for further investigation.

Collection of specimens

Blood samples of 5-6 mL were collected from the abdominal aorta at the end of
reperfusion. They were preserved for 30 min at room temperature and centrifuged at 4
°C (3000 rpm for 15 min). The isolated serum was frozen at -80 °C. The supernatant
was placed in a sterilized Eppendorf tube (Eppendorf Company, Limited, Shanghai,
China) at -80 °C. Three centimeter proximal jejunum and distal ileum was separated
after animals were sacrificed and then placed at -80 °C for further investigation.

Assessment of intestinal permeability

Intestinal mucosal barrier function was assessed by mucosal-to-serosal clearance of
fluorescein isothiocyanate-conjugated dextran (4 kilodaltons; FD-4) in everted ileal
sacs incubated ex vivo as previously described[16]. Intestinal microvascular permea-
bility was investigated using VE-cad as the indicator.

Serum lactate dehydrogenase assay

Serum lactate dehydrogenase (LDH) was determined by a kinetic assay as previously
described[16].

Histological examination

The jejunum segments were collected and embedded in 4% paraformaldehyde for
histological evaluation. Tissues were dehydrated in graded ethanol, paraffin-
embedded and sliced. Slices were prepared and stained using hematoxylin-eosin. The
intestinal mucosal injury was assessed using a light microscope following the criteria
described by Chiu et al[17].

TUNEL staining

TUNEL staining was performed following the manufacturer’s instructions (In Situ Cell
Death Detection Kit; Roche, Germany) and previously described method[18]. TUNEL
positive cells were counted under a microscope (x 400), and the apoptotic cells in each
slice were counted in seven independent areas followed by averaging.

Cell culture and H/R incubation

Caco-2 cells were acquired from the American Type Culture Collection (ATCC,
Rockville, MD, United States). Cells were cultured in a humidified atmosphere of 5%
CO,at 37 °C in Dulbecco’s Modified Eagle Medium added with 1% nonessential amino
acids, 10% fetal bovine serum and 1% glutamide (Gibco, CA, United States). In order
to mimic intestinal I/R in vivo, Caco-2 cells were subjected to hypoxia for 1 h and
reoxygenation for 4 h on passages 25-35 using microaerophilic equipment (Thermo
Fisher Scientific, United States). Both small interfering RNA (siRNA) control and
siRNA ANGPTLA4 cells treated with H/R and vehicle were included. After H/R,
supernatants were obtained from the monolayers and centrifuged at 1300 rpm for 10
min at 4 °C. The apoptosis of Caco-2 monolayers was determined instantly.
Supernatants were preserved at -80 °C for further enzyme-linked immunosorbent
assay. HUVECs (Lonza; passages 3-6) were seeded and grown in endothelial growth
medium (EGM bullet kit; Thermo fisher, Shanghai, China) containing 10% (vol/vol)
fetal bovine serum at 37 °C. H/R was performed as that for intestinal epithelium cells.

Transient transfection of siRNA

For siRNA transfection, 1 x 10°Caco-2 cells were seeded on six-well plates and
transfected at the time of 70%-80% confluence with an ANGPTL4 siRNA or non-
binding control siRNA using Lipofectamin 2000 (Invitrogen, Karlsru-he, Germany):
siRNA ANGPTL4 sense 5-AAAGCTGCAAGATGACCTCAGATGGAGGCTG-3’; anti-
sense 5'-AAAAGGCTTAAGAAGGGAATCTTCTGGAAGAC-3’; siRNA control sense
5-AAAGCTGTCTTCAAGATTGATATCGAAGACTA-3’; and anti-sense 5’-
AAAATAGTCTTCGATATCAAGCTTGAAGAC A-3'. After 24 h incubation, the cells
were washed, and fresh Dulbecco’s Modified Eagle Medium containing 10% fetal
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bovine serum was supplemented.

Expression and purification of rhANGPTL4 proteins
Full-length rhANGPTL4 was purchased from ProSpec-Tany TechnoGene Ltd.
(Rehovot, Israel).

Measurement of intracellular reactive oxygen species ROS accumulation
Fluorescent probe DCFH-DA (Sigma Aldrich, United States) was used to observe the
intracellular accumulation of ROS. After exchanging the proper medium, cells (5 x 10°
cells/mL) were incubated in 10 pM DCFH-DA solution at 37 °C for 30 min and were
examined using a confocal microscope outfitted with an argon laser (488 nm, 200 mW)
as previously studied[19].

Detection of intestinal tissue and cell cytokines

Interleukin (IL)-6, tumor necrosis factor a (TNF-a) and IL-1B were quantified using rat
enzyme-linked immunosorbent assay kits (BOSTER Bioengineering Co. Ltd., Wuhan,
China) in intestinal tissues. Intestinal tissues were collected and coagulated on ice for 2
h. Intestinal samples were acquired and homogenized using a tissue homogenizer
(IKA T10 Basic, Staufen, Germany) in 1 mL lysis buffer containing 150 mmol/L NaCl,
0.5% Triton x 100, 1 mmol/L CaCl,, 15 mmol/L Tris and 1 mmol/L MgCl,, pH 7.4.
Homogenates were centrifuged at 10000 x g for 10 min. Supernatants were preserved
at -80 °C for further investigation.

Intestinal epithelial cells were stimulated with H/R in vitro and treated with or
without thANGPTL4 as described above. Supernatants of cell homogenates were
harvested after treatment and transferred to a -80 °C refrigerator for further analysis.
TNF-a, IL-6 and IL-1p of the cell homogenate supernatants were determined using the
enzyme-linked immunosorbent assay (Bender Med Systems, San Diego, CA, United
States) and quantified according to the standard curve method.

Western blotting analysis

For detecting ANGPTL4, MLCK, phosphorylated MLC (p-MLC), MLC, ZO-1, CLDN-
2, VE-cad, microtubule-associated protein light chain 3 (LC3)-I, LC3-II, p62, beclin-1
and caspase-3 content in the intestine and Caco-2 cells, 30 pg protein was extracted
using 12% and 15% SDS-PAGE (Bio-Rad, Hercules, CA, United States), and moved to a
polyvinylidene difluoride membrane (Millipore, Bedford, MA, United States).
Membranes were incubated with primary anti-ANGPTL4 antibody (Abcam Ltd.,
Cambridge, United Kingdom), anti-MLCK antibody (Abcam Ltd., Hong Kong, United
Kingdom), p-MLC and MLC antibody (Cell Signaling Technology, Beverly, MA,
United States), anti-ZO-1 and CLDN-2 antibody and anti-VE-cad (Santa Cruz Biotech-
nology, United States), anti-LC3-I, anti-LC3-1I, anti-p62, anti-Beclin-1 antibody (Santa
Cruz Biotechnology, United States), anti-caspase-3 and anti-cleaved-caspase-3
antibody (Bioworld, Minneapolis, MN, United States) or anti-p-actin antibody in Tris-
phosphate-buffered solution overnight at 4 °C in 5% skimmed milk. The membranes
were co-incubated with biotinylated secondary antibody and diluted 1:1000 in PBST
containing 5% skimmed milk at 37 °C for 2 h after washing 3 times in TBS containing
0.1% Tween 20. Then membranes underwent large-scale elution with TBS containing
0.1% Tween and exposed using an enhanced chemiluminescence kit (Beyotime
Institute of Biotechnology, Hangzhou, China).

Quantitative real-time polymerase chain reaction

Total RNA was collected from animals with Trizol kits (Invitrogen, Carlsbad, CA,
United States) in line with the manufacturer’s instructions. Reverse transcription into
complementary DNA was executed using a TaKaRa RNA polymerase chain reaction
(PCR) Kit (avian myeloblastosis virus) Version 3.0 (TaKaRa, Dalian, China) for PCR
analysis; primers were described as follows: ANGPTL4 sense: 5'- AGACCCGAAG-
GATAGAGTCCC-3" (forward), antisense: 5'-CCTTCTGGAACAGTTGCTGG-3’
(reverse); B-actin sense: 5-AGAGGGAAATCGTGCGTGAC-3 (forward), antisense: 5'-
CAATAGTGATGACCTGGCCGT-3’ (reverse). SYBR Premix Ex Taq kit (Takara,
China) was used to perform quantitative real-time PCR, and ABI 7500 Fast Real-Time
PCR System (Applied Biosystems) was used for fluorescence determination during
amplification. PCR cycling was performed as follows: Initial annealing at 95 for 30 s,
and 40 cycles at 95 °C for 5 s, 60 °C for 34 s and 72 °C for 30 s.

WJG | https://www.wjgnet.com 5408 August 28,2021 | Volume27 | Issue32 |



Jaishideng®

Wang ZY et al. ANGPTLA is pivotal in intestinal protection

Statistical analysis

All measurements were calculated using mean + SD. A one-way analysis of variance
was used to compare the average values of all groups. The Student-Newman-
Keuls/least significant difference test was used to compare the mean of all pairs.
Student’s t test was used for the comparison of two groups. Kaplan-Meier log-rank test
was applied to analyze the survival. A P value less than 0.05 was considered statist-
ically significant. All statistical analyses were performed using SPSS 18.0 statistical
software package (SPSS, Chicago, IL, United States).

RESULTS

Intestinal I/R induces endogenous ANGPTL4 expression

It has been reported that ANGPTL4 is induced in a mouse model of ischemic stroke
and severe intestinal inflammation. We wondered whether ANGPTL4 might be
expressed in the intestine after I/R in rats. Intestinal I/R injury markedly promoted
the mRNA and protein expression of endogenous ANGPTL4 (P < 0.05; Figure 1).
These findings indicate that endogenous ANGPTL4 is involved in intestinal I/R.
Having shown that ANGPTL4 is expressed upon intestinal I/R, we then sought to
investigate its effect on intestinal I/R.

rhANGPTL4 improves intestinal histopathologic injury and decreases LDH level

after intestinal I/R

To illustrate the effect of extrinsic administration of ANGPTL4 on intestinal I/R injury,
rhANGPTL4 (28 mg/kg body weight) was administered via the tail vein at the
initiation of reperfusion. Intestinal I/R caused generalized and macroscopic necrosis
with severe intestinal mucosal injury in intestinal areas paratactic to the macroscop-
ically ischemic intestine (P < 0.01; Figure 2A). Similarly, serum LDH, a biochemical
marker of tissue damage, was significantly elevated vs the sham group (P < 0.01;
Figure 2B), suggesting the generalized tissue injury induced during this pathological
process. Administration of rhANGPTLA4 alleviated intestinal I/R injury significantly.
Histopathologically, most parts of the intestine were free of secondary mucosal injury
after treatment (P < 0.01; Figure 2A). Furthermore, LDH levels in rhANGPTL4-treated
rats were significantly lower than in the sham group after I/R (P < 0.01; Figure 2B).
This indicates that ANGPTL4 treatment alleviates the severity of reperfusion.

rhANGPTL4 regulates the intestinal permeability barrier and MLCK-tight junction

pathway-related proteins in vivo

To elucidate the role of rhANGPTLA4 in intestinal barrier structure and function, we
evaluated intestinal permeability of FD-4, MLCK, p-MLC/MLC, ZO-1 and CLDN-2
protein expression in intestinal mucosa, and the well-established and the recently
confirmed methods were used for evaluation of intestinal barrier function. In vehicle-
treated animals, I/R caused obvious destruction of intestinal barrier function
manifested as increased FD-4 clearance vs the sham group (P < 0.01; Figure 3A).
Meanwhile, MLCK and p-MLC/total MLC were also increased coupled with a
decrease of ZO-1 and CLDN-2 in vehicle-treated I/R animals. rhANGPTL4 treatment
resulted in marked recovery of FD-4 clearance and changes of MLCK, p-MLC/total
MLC, ZO-1 and CLDN-2 protein levels 4 h after I/R, close to normal levels compared
with vehicle animals (P < 0.01; Figure 3B). This indicates that rhANGPTL4 adminis-
tration improves both structural and functional repair of the intestinal barrier
dysfunction induced by I/R. In addition, ANGPTL4 is involved in the changes of
intestinal I/R-induced mucosal barrier structure (MLCK-tight junction protein
signaling pathway) and function (FD4 clearance rate in intestinal permeability).
rhANGPTL4 confers intestinal mucosal barrier protection by altering the structure and
function of the intestinal mucosal barrier. In this process, the MLCK-regulated tight
junction signaling pathway may be a potential mechanism. We further investigated
the possible mechanism that is involved in the process of intestinal mucosa barrier
function regulation.

rhANGPTL4 suppresses the intestinal inflammatory response and oxidative stress

after intestinal I/R
Proinflammatory cytokines are main contributing factors for the disruption of
intestinal barrier dysfunction after I/R. We evaluated whether the intestinal cytokines
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Figure 1 Intestinal angiopoietin-like protein 4 level after intestinal ischemia-reperfusion in different groups (mean * SD, n = 8). A:
Angiopoietin-like protein 4 protein levels were assessed by western blot; B: Angiopoietin-like protein 4 mRNA levels in the intestine were measured by quantitative
real-time polymerase chain reaction. 2P < 0.05 vs sham by Student's t test. ANGPTL4: Angiopoietin-like protein 4.
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Figure 2 Recombinant human angiopoietin-like protein 4 improved ischemia-reperfusion-induced intestinal histopathologically and
serum lactate dehydrogenase. A and B: Pathologic changes of intestine (scale bar = 100 pm) of (A) tissue and (B) serum lactate dehydrogenase (LDH) in
different groups (mean + SD, n = 8). °P < 0.01 vs sham; %P < 0.01 vs ischemia-reperfusion. I/R: Ischemia-reperfusion.

TNF-q, IL-1B, IL-6 and myeloperoxidase (MPO) levels were affected by administration
of hANGPTL4. Although the cytokines and MPO increased markedly after I/R,
rhANGPTL4 dramatically reduced the proinflammatory response (P < 0.01, P < 0.05;
Figure 4A-C) and MPO level (P < 0.05; Figure4D). To investigate whether
rhANGPTL4 influences oxidative damage to tissues, we further determined intestinal
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Figure 3 Recombinant human angiopoietin-like protein 4 regulates the intestinal permeability barrier and myosin light chain kinase-tight
junction pathway related proteins in vivo. Intestinal mucosal tissue myosin light chain kinase (MLCK), phosphorylated-myosin light chain (p-MLC)/myosin
light chain, zonula occludens-1 (Z0O-1) and claudin-2 (CLDN-2) (A) and intestinal mucosal permeability (B) in different groups (mean + SD, n = 8). °P < 0.01 vs sham;
4P < 0.01 vs ischemia-reperfusion (I/R). ANGPTL4: Angiopoietin-like protein 4; t-MLC: Total-myosin light chain.

malondialdehyde (MDA). Intestinal MDA levels reduced significantly after
rhANGPTL4 treatment (P < 0.05; Figure 4E). Changes of these indicators were
associated with intestinal barrier dysfunction. This suggests that inflammatory
cytokines and the oxidative stress cascade are contributing factors in destructed
intestinal barrier.

rhANGPTL4 reduces the increase of intestinal autophagy and apoptosis after I/R

Intestinal I/R increased intestinal autophagy-related protein levels (beclin-1, LC3-I and
LC3-II) but decreased the substrate p62 protein levels (P < 0.05; Figure 5A). As a
classical apoptotic marker, the cleaved caspase-3 protein expression and numbers of
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Figure 4 Recombinant human angiopoietin-like protein 4 suppresses the intestinal inflammatory response and oxidation stress after
intestinal ischemia-reperfusion. A-E: Intestinal cytokine tumor necrosis factor-alpha (TNF-a) (A), interleukin (IL)-1B (B), interleukin-6 (C), intestinal
myeloperoxidase (MPO) (D) and malondialdehyde (MDA) (E) levels in different groups (mean % SD, n = 8). 2P < 0.05, °P < 0.01 vs sham; °P < 0.05 vs ischemia-

reperfusion (I/R).
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apoptotic cells by TUNEL staining in the intestine was markedly increased after I/R.
Treatment with ThANGPTL4 decreased intestinal cleaved caspase-3 levels and
apoptotic cell numbers remarkably to those in the sham group (P < 0.05; Figure 5B and
5C). At the same time, we found that the autophagy-related proteins (beclin-1, LC3-],
and LC3-1II) and the substrate p62 in the intestine also recovered after treatment with
rhANGPTL4 to those in sham animals (P < 0.05; Figure 5A). This indicates that
excessive activated autophagy and apoptosis are crucial in the destruction of intestinal
barrier integrity, and rhANGPTL4 is an effective agent to inhibit autophagy and
apoptosis in intestinal I/R.

rhANGPTL4 improves animal survival after intestinal /R

Animals in the vehicle group were sacrificed < 24 h following intestinal I/R injury (P <
0.05; Figure 6). However, thANGPTL4-treated rats exhibited significant longer
survival. The 24 h survival rate of rhANGPTL4 group was increased markedly
compared to vehicle animals.

ANGPTL4 deficiency aggravates intestinal epithelial cell injury after H/R in vitro

To illustrate the effect of ANGPTL4 in intestinal I/R-induced barrier dysfunction,
intestinal epithelial cells were used and siANGPTL4 was challenged by H/R to imitate
intestinal I/R. We investigated the inflammatory response, ROS level, autophagy and
apoptosis, and intestinal barrier function was measured using the MLCK-tight
junction pathway-related protein in the intestinal epithelial cells. Compared with the
vehicle group TNF-a and IL-6 levels associated with ROS levels upregulated
significantly in both the siANGPTL4 control and siANGPTL4 groups after H/R. The
same trends of LC3-II and cleaved caspase-3 but contrary expression of ZO-1 and
CLDN-2 were observed correspondingly (P < 0.01; Figure 7). These indicate that
ANGPTLA is essential for maintaining the integrity of intestinal epithelial cell barrier
function when challenged by H/R.
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Figure 5 Recombinant human angiopoietin-like protein 4 reduced the increase of intestinal autophagy and apoptosis after ischemia-
reperfusion. A: Intestinal autophagy-related protein beclin-1, microtubule-associated light chain 3 (LC3) I/ll and p62 in different groups (mean + SD, n = 8). 2P <
0.05 vs sham; °P < 0.05 vs ischemia-reperfusion (I/R) groups; B and C: Intestinal apoptosis (scale bar = 100 ym) (B) and cleaved caspase-3 (Cas-3) (C) in different
groups (mean * SD, n = 8). 2P < 0.05 vs sham; °P < 0.05 vs I/R. ANGPTL4: Angiopoietin-like protein 4.
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Figure 6 Survival benefit in recombinant human angiopoietin-like protein 4-treated rats after intestinal ischemia-reperfusion injury (n =

15, Kaplan Meyer log-rank test). Each point in the figure shows the mean survival rate at each time point. 2P < 0.05 vs vehicle. I/R: Ischemia-reperfusion;
rhANGPTL4: Recombinant human angiopoietin-like protein 4.

Administration of rhANGPTL4 protects against intestinal epithelial cell injury after
H/R in vitro

To assess the effect of rhANGPTL4 on injury induced by H/R in siRNA ANGPTL4
(siANGPTL4) Caco-2 cells, thANGPTL4 (10 pg/mL) or vehicle was injected before the
H/R as previously described. Cell samples were harvested after reoxygenation for 4 h.
Proinflammatory cytokines (including TNF-a and IL-6), MDA, cleaved caspase-3 and
LC3-II levels and intestinal barrier-regulated protein expression of MLCK, ZO-1 and
CLDN-2 were detected. Administration of rhANGPTL4 decreased proinflammatory
cytokine (TNF-a and IL-6) levels and oxidative damage (MDA levels), inhibited
autophagy (LC3-II levels) and apoptosis (cleaved caspase-3 levels) and reduced MLCK
but restored the levels of ZO-1 and CLDN-2 after H/R in siANGPTL4 cells (P < 0.05, P
<0.01; Figure 8).

Administration of rhANGPTL4 protects against HUVECs injury after H/R in vitro

To investigate the role of rhANGPTL4 in vascular leakage induced by H/R in
siANGPTL4 HUVECs, VE-cad was used as an indicator that plays a crucial role in the
integrity of vascular endothelial function. rhANGPTL4 (10 pg/mL) or vehicle was
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Figure 7 Angiopoietin-like protein 4 deficiency aggravates Caco-2 cells injury challenge by hypoxia/reoxygenation. A and B: Reactive oxygen
species (ROS) levels (scale bar = 12.5 ym) (A) determined by immunofluorescence and tumor necrosis factor-alpha (TNF-a) and interleukin (IL)-6 levels (B)
determined by enzyme-linked immunosorbent assay; C: Tight junction zonula occludens-1 (ZO-1) and claudin-2 (CLDN-2), autophagy marker microtubule-associated
protein light chain 3 (LC3) Il and apoptosis marker caspase-3 were determined using western blot assays (mean + SD, n = 3). 2P < 0.05, °P < 0.01 vs vehicle; °P <
0.05, %P < 0.01 vs vehicle (n = 3 per group). ANGPTL4: Angiopoietin-like protein 4; H/R: Hypoxia/reoxygenation; si: Small interfering RNA.
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injected before H/R. Cell samples were collected at 4 h after reoxygenation. VE-cad
protein expression was detected. Administration of rhANGPTL4 restored VE-cad
protein expression levels significantly. Both ANGPTL4 vicious and ANGPTL4 control
HUVECs exhibited low levels of VE-cad after H/R compared with vehicle cells (P <
0.01; Figure 9).

DISCUSSION

In the present study, we provide evidence and a potential mechanism that
rhANGPTLA alleviates intestinal I/R induced injury. In vivo rhANGPTL4 was found to
(1) ablate intestinal tissue damage after I/R; (2) improve survival rate; (3) relieve the
inflammatory response through inhibition of proinflammatory cytokines and restrict
MPO, MDA and LDH; (4) lessen the autophagy and apoptosis molecules; and (5)
maintain epithelial barrier function by restoration of tight junction (ZO-1 and CLDN2),
inhibiting MLCK and phosphorylation of MLC and intestinal barrier permeability
(FD-4 clearance rate). In vitro studies showed that (1) ANGPTL4 deficiency aggravated
the inflammatory and oxidative response, apoptosis and autophagy, associated with
the loss of intestinal barrier tight junction; (2) rhANGPTL4 had the ability to inhibit
inflammation and oxidation, autophagy and apoptosis and preserve the tighten
junctions, and accordingly it maintained the endothelial barrier integrity under
ANGPTLA vicious circumstances; and (3) thANGPTL4 inhibited vascular leakage via
limiting the endothelial dysfunction (loss of VE-cad) in HUVECs challenged by H/R.

Intestinal I/R injury is accompanied by enhanced inflammatory cytokines and ROS
cascade, augmented apoptosis and autophagy, vascular leakage and aggravated
mucosal lesions[1-4,9]. Intestinal barrier breakdown has been implicated as an
important turning point in intestinal I/R injury[7]. The intestinal barrier is the largest
defender between the intestine and distant organs including lung and liver, which is
critical in the development of MODS[13,18]. As a filter with selective permeability, this
interface allows absorption of essential nutrients and eliminates the invasion of deteri-
orating products, including proinflammatory factors, ROS, etc. Exacerbating the
inflammatory response and oxidative stress can induce intestinal epithelial cell
apoptosis and autophagy, consequently destroying the intestinal mucosal barrier. In
addition, intestinal mucosal breakdown facilitates the inflammatory mediators and
ROS associated with the bacteria- derived products to translocate to extraintestinal
organs[1-3,15,20]. Until now, the underlying mechanisms/factors of I/R inducing
intestinal barrier breakdown are still unclear. Recent studies reported that MLC
phosphorylation mediated by upregulated MLCK is crucial to intestinal barrier
breakdown induced by hypoxia or proinflammatory cytokines[7]. Tight junctions ZO-
1 and CLDN-2 regulated by the MLCK pathway are the two crucial factors regulating
the intestinal barrier in I/R[5].

ANGPTLA4 is normally secreted from the intestinal villus epithelium and modulated
by the intestinal microbiota. Studies have shown that ANGPTL4 is essential to resist
the loss of villus endothelial and lymphocyte populations to radiation-induced
apoptosis[21]. As it is reported that ANGPTL4 is crucial in the postnatal lymphatic
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Figure 8 Beneficial effects of recombinant human angiopoietin-like protein 4 on angiopoietin-like protein 4 deficient Caco-2 cells
challenged after hypoxialreoxygenation. A: Cellular levels of tumor necrosis factor-alpha (TNF-a), interleukin (IL)-6 and malondialdehyde (MDA) levels; B:
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Myosin light chain kinase (MLCK), zonula occludens-1 (ZO-1) and claudin-2 (CLDN-2) levels; C: Microtubule-associated protein light chain 31l and cleaved caspase-3
levels were measured 4 h after reoxygenation (mean % SD, n = 3). 2P < 0.05, °P < 0.01 vs control; °P < 0.05 vs vehicle. H/R: Hypoxia/reoxygenation.
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Figure 9 Levels of VE-cadherin after hypoxia/reoxygenation compared with respective vehicle cells. Recombinant human angiopoietin-like
protein 4 restored the VE-cadherin (VE-cad) in human umbilical vein endothelial cells (A) after hypoxia/reoxygenation and VE-cadherin levels in small interfering (si)
RNA angiopoietin-like protein 4 control and small interfering RNA angiopoietin-like protein 4 (ANGPLT4) human umbilical vein endothelial cells (B) of different groups
(mean + SD, n = 3).°P < 0.01 vs vehicle; °P < 0.01 vs vehicle. H/R: Hypoxia/reoxygenation.
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partitioning and disease, it is not unexpected that mice missing ANGPTL4 may die
during the suckling period with dilated intestinal lymphatic vessels[21,22]. It is
noteworthy that injection of rhANGPTL4 in vivo blocked VEGF-driven separation of
the VEGFR2/VE-cad complexes, reduced myocardial infarct area and the no-reflow
degree in animals. ANGPTL4 exhibited a therapeutic vasculoprotection on no-reflow
and exerted cardioprotection[23-26].

However, the role of ANGPTL4 in various types of cells has not been evaluated in
detail. We investigated the effects of ANGPTL4 and rhANGPTL4 in maintaining the
epithelial barrier through various mechanisms under basal and I/R (H/R) conditions.
This preliminary analysis indicated an assumed effect of ANGPTL4 in the circum-
stance of intestinal I/R-associated endothelial and epithelium barrier damage. In this
study, we demonstrate that after I/R injury, intestinal barrier breakdown is associated
with the up-regulation of both MLCK pathway-related protein expression and
permeability of intestinal mucosa. An associated loss of tight junction protein ZO-1
and CLDN-2 as well as increased histological damage of mucosa were observed
following I/R. However, treatment with rhANGPTL4 not only blocked the upregu-
lation of MLCK pathway- related protein and intestinal mucosal permeability but also
restored the tight junction proteins ZO-1 and CLDN-2 associated with a lower
intestinal histological damage of mucosa. Similar results were also observed in
ANGPTLA4-deficient intestinal epithelial cells when challenged by H/R. However, this
was not observed in the intestinal epithelial vehicle cells without H/R. This indicates
that the role of ANGPTLA4 is silent in normal circumstances but essential in the cellular
homeostasis upon H/R stress stimulation.

It is widely accepted that the oxidative stress and inflammation cascade may
contribute to the intestinal barrier destruction through various mechanisms. Activated
and influxed immune cells including neutrophils and macrophages will release
amplified proinflammatory cytokines (including TNF-a, IL-6 and IL-1p) associated
with oxygen free radicals. Higher levels of circulating proinflammatory cytokines and
oxygen free radical activation lead to a loss of tight junction, eventually causing
intestinal barrier breakdown induced by intestinal I/R[2,16]. Thus, a large number of
studies have confirmed that the anti-inflammatory and antioxidative strategies are
protective against breakdown of the barrier induced by I/R.
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A previous study implicated that ANGPTL4 deficiency can aggravate the severe
intestinal inflammation induced by high dietary saturated fat in rats[27]. Further
studies showed that rhANGPTL4 protected ischemic stroke and exhibited antiox-
idative and anti-inflammatory effects[13]. We investigated the effect of ANGPTL4 on
oxidative stress and inflammation during intestinal I/R. We found an enhanced
expression of ANGPTL4 in rats with intestinal I/R and human intestinal epithelial
cells stimulated with H/R, which indicated that ANGPTL4 exerted an effect on
modulating the inflammatory milieu following intestinal I/R for triggering the
progression of intestinal barrier dysfunction. Our results showed the antioxidative and
anti-inflammatory effects of rhANGPTL4 on intestinal barrier dysfunction after I/R,
and rhANGPTL4 alleviated the inflammatory and oxidative cascade both in vivo and
in vitro. ANGPTL4-mediated barrier protection is due to, at least partially, the
inhibition of the inflammatory and oxidative cascade.

In addition to the inflammatory and oxidative cascade, apoptosis and autophagy are
mutual connection pathways, and both have direct disrupting roles in intestinal
epithelial cells and the intestinal mucosal barrier in response to I/R[3,4,28]. An
essential level of autophagy and apoptosis is important for maintaining intestinal
epithelial cellular homeostasis under normal conditions. However, if the stress
persists, autophagy will not afford cell surviving anymore. Instead exorbitant
autophagy and copious activation of apoptosis will cause dramatic disruption of
intestinal mucosa and barrier breakdown[28]. We first explored whether increased
autophagy and apoptosis were related with ANGPTL4 in intestinal I/R of a rat model
and the inhibition effects of rhANGPTL4 on autophagy and apoptosis both in vivo and
in vitro challenged by I/R (H/R).

Autophagy is a lysosome-mediated degradative pathway of cellular mechanisms for
degrading misfolded protein in addition to the ubiquitin-proteasome system of
ubiquitinated proteins[29]. The implementation of autophagy involves a series of
autophagy-related proteins that are essential for induction of autophagy and recycling
of autophagosomes. Microtubule-associated protein LC3 exists in two forms including
LC3-I and its proteolytic derivative LC3-II. LC3-1 is conjugated with phosphatidyleth-
anolamine to become LC3-1II, which can be used as a hallmark of autophagy because
its population correlates with the number of autophagosomes. P62/SQSTM1 is
selectively incorporated into autophagosomes through binding to LC3 and is affirmed
as a specific substrate that degrades via the autophagy-lysosomal pathway. Therefore,
the p62 contents are oppositely parallel with autophagic activity. Beclin 1 (ATG6) is
the first identified mammalian gene to mediate autophagy and is implicated in the
nucleation of the autophagic vesicle, which is another marker of autophagy[30].

Recent studies have shown that excessive autophagy that is active in necrotizing
enterocolitis and inhibiting autophagy is protective against focal cerebral ischemia in
rats[4,31]. Intestinal mucosal barrier disruption is associated with excessive autophagy
activation. Our results suggested that ANGPTL4 conferred intestinal mucosal barrier
preservation and inhibited the excessive activated autophagy in intestinal I/R. In the
present study, intestinal autophagy activated massively in rats with intestinal I/R.
Upregulated expression of required autophagy markers (beclin 1 and LC3-II) and the
loss of p62 protein are found in intestinal epithelium both in vivo and in vitro
challenged by I/R or H/R. Consequentially activated autophagy caused accumulation
of autophagic vacuoles and disrupted the majority of the cytosol and organelles,
eventually causing the collapse of vital cell functions and cell death. The attenuated
epithelial cell homeostasis makes intestine mucosal injury more vulnerable upon I/R.
However, thANGPTL4 reversed I/R-induced changes of autophagy-related regulators
(LCB-II, beclin 1 and p62) both in vivo and in vitro. This suggested that ANGPTL4
limited intestinal mucosal exorbitant autophagy to maintain the integrity of intestinal
barrier.

Apoptosis was demonstrated to be the main type of cell death in intestinal I/R.
Apoptosis disrupts the epithelial cell layer directly when the intestine is subjected to
I/R[4]. Studies have shown that “anoikis” exerts a crucial effect in inducing apoptosis
during intestine I/R. “ Anoikis” manifested as contact disrupted cell death occurring
between extracellular matrix materials and cells[32]. Ikeda et al[3] reported that
affected epithelial cells lost their link with the villous mesenchyma, and thus apoptosis
induced by I/R could represent “anoikis”. They also revealed that distribution of
epithelial cell-matrix interactions (“anoikis”) exhibited a crucial effect on initiating
apoptosis in detached enterocytes[4]. It is worth noting that ANGPTL4 has been
demonstrated to promote anoikis resistance in cholangiocarcinoma and hepatoma cells
grown in a disassociated status. These cells try to shape a synoikis-like multi-cellular
assemblage that resists apoptosis occurrence. The inhibition of ANGPTL4 by RNA
interference increased detachment-related apoptosis and made tumor cells sensitized
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to antitumor drugs[14]. This implicates that intestinal epithelial cells may drive a
similar mechanism to resist I/R-related apoptosis in intestinal mucosa. Our current
results show that rhANGPTL4 resisted apoptosis and limited the increased levels of
cleaved casepase-3 both in vivo and in vitro. Cells lack of ANGPTL4 showed increased
apoptosis and cleaved casepase-3 levels when challenged by H/R. It can be concluded
that ANGPTL4 may protect against intestinal mucosal barrier dysfunction due to I/R
through anoikis resistance.

Another key factor for the intestinal barrier preservation that cannot be ignored
during intestinal I/R is the vascular permeability[9]. Patients exhibited loss of plasma
proteins and other macromolecules induced by increased permeability in the colonic
microvasculature. During the perpetuation of intestinal I/R, microvascular injury is
ubiquitously present. Intestinal microvessels manifested apparently as endothelial
dysfunction. Microvascular endothelial cell layer consists of closely arranged ECs that
shape a semi-permeable barrier between tissue and blood for the transport of lipids,
proteins and electrolytes[33]. Therefore, microvascular barrier dysfunction exerts an
important effect in the beginning and progressive phase of I/R injury. Consequently,
endothelium reformation induced microvascular permeability changes and exerted a
crucial effect on intestinal barrier dysfunction. The bidirectional regulation role of
ANGPTLA4 in vascular permeability has been extensively studied in various diseases
[34-36]. However, the association of ANGPTL4 with vascular leakage induced by I/R
remains obscure. In the present study, HUVECs with RNA interference and H/R
exhibited a significant loss of the key regulator VE-cad. In addition, rhANGPTL4
inhibited the vascular permeability significantly, manifested as a change of VE-cad in
HUVECs challenged by H/R. It is concluded that ANGPTL4 protects the intestinal
barrier at least partially via inhibiting vascular leakage.

Intestinal I/R could still be an important cause of MODS, and it is of significance to
note that besides the reduction of intestinal structure, ANGPTL4 treatment also
significantly improved the intestinal barrier function.

CONCLUSION

This study demonstrates that rhANGPTL4 can lessen I/R injury by maintaining
intestinal barrier structure and function. ANGPTL4 showed a conspicuous effect on
MLCK-related proteins, tight junction and vascular permeability as well as on the
inflammatory and oxidative response, autophagy and apoptosis. This implies that
ANGPTLA4 plays a significant role in modulating intestinal barrier integrity. It is
speculated that rhANGPTL4 is important in intestinal barrier function maintenance
and may have clinical advantages in I/R-related clinical circumstances. Further studies
are needed to investigate the protective role of ANGPTL4 on remote organ
dysfunction induced by intestinal I/R and to clarify whether this therapeutic agent
targeting protection against the intestinal barrier dysfunction could be applied to
patients in intensive care units.

ARTICLE HIGHLIGHTS

Research background

Intestinal barrier breakdown remains frequently complicated in critical care patients of
intestinal ischemia-reperfusion (I/R), severe acute pancreatitis and sepsis. Although
vigorous experiments are performed in this field, the application of an instant effective
agent or therapy in clinical has not yet been discovered. Recombinant human
angiopoietin-like protein 4 (rthANGPTL4) is known to be protective to the blood-brain
barrier when administered exogenously, and endogenous ANGPTL4 deficiency deteri-
orates intestinal injury.

Research motivation

We intend to explore and discover a novel and promising agent to confer intestinal
barrier protection induced by I/R. Our results indicated recombinant agents that
exhibit intestinal barrier protective characteristics. The agents may be safer and
facilitated to translate into clinical use.
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Research objectives

Understanding and regulating ANGPTL4 as a therapeutic target and recombinant
human ANGPTL4 will be an application in clinical use in patients suffering from
intestinal barrier dysfunction.

Research methods

This research was executed using Wistar rats treated with intestinal I/R and intestinal
epithelial (Caco-2) cells and human umbilical vein endothelial cells stimulated with
H/R to intimate the I/R pathogenesis in vivo. Further, RNA interference was
performed, and recombinant ANGPTL4 has been evaluated.

Research results

A loss of crypt epithelium and myocytes were observed in the muscularis propria.
Intraluminal microdialysis were changed, as well as the biochemistry indicators were
remarkably enhanced following intestinal I/R. Recombinant human ANGPTL4
treatment significantly reversed indicators above associated with inhibiting the inflam-
matory and oxidative cascade, excessive activation of cellular autophagy and
apoptosis and was associated with an improvement of survival rate. In vitro studies
showed similar results in Caco-2 and human umbilical vein endothelial cells.

Research conclusions

Recombinant human ANGPTL4 achieved an optimal therapeutic effect for intestinal
I/R-induced intestinal barrier injury. Using this model, the intestinal barrier structure
and functions indicators were maintained, thus providing a promising therapeutic
potential.

Research perspectives
ANGPTL4 may be a valuable predictor, and similar research in patients who suffered
critical care conditions could be evaluated.
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