Inflamm. Res. (2016) 65:213-224
DOI 10.1007/s00011-015-0907-9

Inflammation Research

ORIGINAL RESEARCH PAPER

@ CrossMark

Urinary trypsin inhibitor attenuates LPS-induced endothelial
barrier dysfunction by upregulation of vascular endothelial-

cadherin expression

Jie Chen' - Jun Wang? - Chenglei Su® - Wenyi Qian” - Li Sun* -
Hao Sun' - Junjie Chen' - Huazhong Zhang' - Jinsong Zhang'

Received: 7 January 2015/Revised: 7 November 2015/ Accepted: 16 November 2015 /Published online: 17 December 2015

© Springer International Publishing 2015

Abstract

Introduction Urinary trypsin inhibitor (UTI) decreases
inflammatory cytokine levels and mortality in experimental
animal models of inflammation. Here, we observed the
effect of UTI on lipopolysaccharide (LPS)-induced
hyperpermeability in human umbilical vein endothelial
cells (HUVECs) and explored the role of vascular
endothelial-cadherin (VE-cadherin) in its effect.

Methods The effect of UTI on endothelial barrier hyper-
permeability was detected by an electrical cell-substrate
impedance sensing (ECIS) system and a transwell chamber
system. The expression of VE-cadherin in HUVECs was
examined by real-time PCR and western blot.

Results We demonstrated that the alleviation of LPS-in-
duced barrier dysfunction could be achieved by
pretreatment with 3000 U/mL of UTI. VE-cadherin mon-
oclonal antibody (mAb) could inhibit the protective effects.
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UTI maintained VE-cadherin expression by increasing
protein stability at both the transcriptional and post-tran-
scriptional levels. Meanwhile, VE-cadherin expression on
the cell surface increased when the cells were pretreated
with UTI. Furthermore, pretreatment with UTI decreased
the phosphorylation of VE-cadherin at Tyr658 but not
Tyr731.

Conclusions Our data show that prophylactic UTI main-
tains the endothelial barrier function, increases VE-
cadherin expression, and inhibits the phosphorylation of
VE-cadherin at Tyr658 under inflammatory conditions. It
suggests a scientific and potential clinical therapeutic
importance of UTI in treatment of inflammatory disorders.
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Introduction

Permeability of vasculature plays a pivotal role in regu-
lating many physiological and pathological processes,
including angiogenesis, immunity, and inflammation.
Endothelial cells (ECs) of the microvasculature represent a
critical site of barrier regulation, selectively permitting
passage of fluid, macromolecules, and cells into the
extravascular tissue [1]. Lipopolysaccharide (LPS) or
endotoxin, the bacterial cell envelope component respon-
sible, activates macrophages, neutrophils, and other
immune cells to produce multiple inflammatory mediators
and free radicals that ultimately cause EC damage and
vascular barrier dysfunction [2—4].

Interendothelial junctions (IEJs), important regulators of
the permeability characteristics of the endothelium, are
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modulated to allow selective and specific passage of blood
cells and macromolecules. Dysregulation of cell junctions
can lead to pathologic situations, including many chronic
inflammatory diseases and edema, which might subse-
quently lead to an exaggerated systemic inflammatory
response known as systemic inflammatory response syn-
drome (SIRS) [5, 6].

IEJs comprise the tight junctions (TJs) and adherens
junctions (AJs) [5, 7]. Inflammatory cytokines, thrombin
and histamine, increase endothelial permeability and
dismantle TJs and AlJs. Vascular endothelial (VE)-cad-
herin, the major component of AlJs, is a calcium-
dependent cell-cell adhesion molecule exclusively loca-
ted at endothelial intercellular junctions [7, 8]. Although
the barrier function of the endothelium is supported by
multiple intercellular adhesion systems, disruption of VE-
cadherin is sufficient to disrupt other intercellular junc-
tions, even including TJs [9]. It regulates the protein
complexes that join adjacent endothelial cells and pre-
vents leukocyte migration and vascular leakage [10].
After LPS treatment, the contiguous structure in the ECs
is destructed accompanied by the downregulation of VE-
cadherin expression, which contributes to the occurrence
and development of sepsis [11, 12]. Blocking VE-cad-
herin expression with the specific antibodies is shown to
increase vascular permeability [13, 14]. Therefore, VE-
cadherin indeed chiefly organizes the opening and closing
of the endothelial barrier, and is central in regulating EC
permeability changes [15].

Urinary trypsin inhibitor (UTI; ulinastatin) was firstly
identified in and purified from human urine in 1982 [16]. It
is well known that UTI is a glycoprotein liberated into
blood and urine from its liver-derived precursor that is
inter-o-trypsin inhibitor, upon degradation by neutrophil
elastase during inflammation [17]. As a serine protease
inhibitor, UTI has anti-inflammatory activity that sup-
presses the infiltration of neutrophils and the release of
elastase and chemical mediators from neutrophils [18].
Previous animal studies reported that UTI inhibited sys-
temic inflammatory response and subsequent organ injury
induced by LPS [19-21]. UTI also protects pulmonary
vascular endothelial cells by reducing paraquat-induced
serum vascular endothelial growth factor level and vascu-
lar permeability amplitude [22]. Clinically, UTI has been
already used in Japan and China as a drug for acute
inflammatory disorders such as disseminated intravascular
coagulation (DIC), shock, and pancreatitis [23, 24], and a
series of randomized controlled trials were reported on the
validity of UTI in septic patients [25-27]. However, cur-
rent understanding regarding its accurate mechanisms
remains obscure and the effect of UTI on endothelial bar-
rier permeability and junction proteins during inflammation
remains undiscovered. We therefore conducted this study
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to investigate the underlying mechanisms of UTI for anti-
inflammation therapy.

Based on these above-mentioned findings, we hypothe-
sized that UTI had a protective effect on LPS-induced EC
hyperpermeability and VE-cadherin expression may play a
key role in this effect. To test the hypothesis, we firstly
observed the effect of pretreatment with UTI on LPS-in-
duced human umbilical vein endothelial cells (HUVECs)’
barrier hyperpermeability as a model for LPS-challenged
barrier dysfunction, by an electrical cell-substrate impe-
dance sensing system (ECIS). Subsequently, we
investigated the effect of prophylactic UTI on junction
proteins under inflammatory condition, and further
explored whether VE-cadherin expression is essential for
the effect of UTI, especially using the prophylactic specific
VE-cadherin monoclonal antibody (mAb). At last, we
determined the level of VE-cadherin on the cell surface,
expression of two types of VE-cadherin phosphorylation,
as well as its synthesis and metabolism process under
prophylactic UTI treatment, which would help us further
understand its molecular mechanism.

Materials and methods
Reagents

Bacterial LPS (Escherichia coli O55:B5) and the 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). UTI was purchased from Acris (San Diego, CA, USA)
and dissolved in endothelial growth medium (EGM-2,
Walkerville, MD, USA). The mouse macrophage cell line
RAW264.7 was purchased from the Institute of Biochem-
istry and Cell Biology (Shanghai, China). Primary antibodies
against VE-cadherin (1:750) and B-actin were purchased
from Cell Signaling Technology (Danvers, MA, USA).
Mouse mAb against the extracellular domain of human VE-
cadherin (50 pg/mL) was obtained from Transduction Lab-
oratories Inc (Lexington, KY, USA). The anti-phospho-VE-
cadherin (Tyr658: 1:1000, Tyr731: 1:1000) and FITC-dex-
tran (average MW ~ 40,000) were purchased from Millipore
(Billerica, MA, USA). All other chemicals were of the
highest purity commercially available.

Endothelial cell culture

HUVECs were obtained from ATCC (Manassas, VA,
USA). The purity of the HUVECs was >98 %. They were
grown in EGM-2 with 2 % FBS, incubated with 5 % CO,
at 37 °C, and cultured to confluence for 72 h. Once con-
fluent, the cells were used in barrier function assays.
HUVECs were only used within the first five passages.
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MTT assay

HUVECs were seeded in 96-well plates (1 x 10° cells/
well in 100 pL of medium; Corning; Tewksbury, MA,
USA), and were treated with various concentrations of UTI
(500, 1000, 2000, 3000, 5000, and 10,000 U/mL) for 24 h
at 37 °C. Cell viability was determined by the MTT assay
as described previously [28]. The absorbance was mea-
sured at 570 nm in a microplate reader.

Transendothelial monolayer electrical resistance
(TER)

The method is based on an established process to monitor
cell behavior by an ECIS Model 1600R and electrode
arrays obtained from Applied BioPhysics (Troy, NY,
USA). HUVECs were seeded in polycarbonate wells con-
taining evaporated gold microelectrodes in EBM-2 with
2 % FBS. After 72 h, the cells were grown to confluence
and TER measurements were performed using an ECIS as
previously described [29]. Only the wells with a resistance
of 800-1800 Ohm were used in the experiments. TER
value from each microelectrode was pooled at discrete time
points and plotted against time as the mean & SEM.
Baseline. Initial experiments were conducted by treating
the cells in the presence or absence of 3000 U/mL UTI for
a period of 1 h prior to the addition of 1 pg/mL of LPS
[30], in order to evaluate the effect of UTI on LPS-induced
changes in barrier function. EGM-2 medium served as a
negative control. Especially, the VE-cadherin mAb was
added in the upper compartment 6 h ahead of UTI treat-
ment [13]. All experiments were carried out with 5 % CO,
at 37 °C.

Macrophage transmigration assay

The transwell migration assay was performed as previously
described [31]. Fibronectin-coated transwell filters (diam-
eter, 6.5 mm; pore size, 8 mm; Corning; Tewksbury, MA,
USA) were used for the migration assays. HUVECs were
seeded at a density of 1.0 x 10° cells/well and cultured to
confluence for 72 h. HUVEC monolayer was treated with
or without UTI (3000 U/mL) for 1 h and then stimulated
with LPS (1 pg/mL) for additional 4 h.

The VE-cadherin mAb was also added in the upper
compartment 6 h ahead of UTI treatment. Subsequently,
macrophages (5 x 10° cells in 100 pL of medium) were
added to each upper chamber and incubated for 3 h to
allow migration. Macrophages that migrated across the
filter were fixed and stained with 0.05 % crystal violet
solution, and the absorbance of eluted crystal violet was
measured in a microplate reader (TECAN; Mannedorf,
ZRH, CH).

FITC-dextran permeability assay

HUVECs (1 x 10° cells/well) were grown to confluence
on transwell permeable supports for 72 h. HUVEC
monolayers were treated with or without UTI (3000 U/mL)
for 1 h and then stimulated with LPS (1 pg/mL) for addi-
tional 4 h. The VE-cadherin mAb was also added in the
upper compartment 6 h ahead of UTI treatment. Subse-
quently, all media were removed and 0.6 mL of phosphate-
buffered saline was added to the lower chamber. Then,
0.2 uL. of FITC-dextran (0.5 mg/mL) was added to the
upper chamber for 1-h incubation. The amount of FITC-
dextran that diffused into the bottom chamber was deter-
mined by a fluorescence microplate reader and expressed
as arbitrary units.

Quantitative real-time polymerase chain reaction

For the comparison of gene expression levels, total mRNA
was isolated from HUVECs according to the manufac-
turer’s protocol. Reverse transcription into cDNA was
performed with 1 pg of total RNA using the SuperScript 11
polymerase (Invitrogen; Carlsbad, CA, USA). The result-
ing cDNA was used for PCR with the SYBR-Green Master
PCR Mix (Bio-Rad; Richmond, CA, USA). mRNA
expression levels of the VE-cadherin, ZO-1, claudin-3,
claudin-4, claudin-5, JAM-1, and JAM-2 were detected by
real-time PCR. Primers for VE-cadherin, ZO-1, JAM-1,
JAM-2, claudin-3, claudin-4, claudin-5, and GAPDH are
listed in Table 1. The expression levels of samples were
determined with the standard curve method.

Western blot analysis

Cell surface proteins of HUVECs were isolated using a cell
surface protein extraction kit, according to the manufac-
turer’s protocol (Thermo Fisher; Pittsburgh, PA, USA).
Total protein of HUVECs was extracted and western blot
analysis was performed as previously described [32].
Immunoreactive protein was visualized by the LumiGLO
chemiluminescence reagent and peroxide.

Analysis of mRNA stability by actinomycin D chase

For detecting RNA stability, HUVECs were grown in
complete medium until reaching confluence. Firstly,
HUVECs were pretreated with UTI at 3000 U/mL for 1 h.
Then actinomycin D (10 pg/mL, Sigma) [33] was added
to stop RNA synthesis. After the addition of actinomycin
D, the total RNA was harvested at O, 2, 4, 6, and 8 h, and
the remaining level of VE-cadherin mRNA was measured
by real-time PCR. Blots were reprobed with a GAPDH
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Table 1 Summary of the real-time PCR primer sequences

Gene Sequence (5'-3')

VE-cadherin Sense TGTGGGCTCTCTGTTTGTTG

Antisense AATGACCTGGGCTCTGTTTC

JAM-1 Sense ACCAAGGAGACACCACCAGAC
Antisense GAGGCACAAGCACGATGAGC
JAM-2 Sense GGTGTCCTGGGAAACGAATGC
Antisense AACGGTGGCTTTGGTGTATCTC
Claudin-3 Sense GGATGAACTGCGTGGTGCAGA
Antisense AGGATGGCCACCACGATGAG
Claudin-4 Sense AACATCGTGACGGCGCAGACCA
Antisense TCAGAGCCAGCACCGAGTCGTACA
Claudin-5 Sense TAGTTGAGCTCTGCCAGAGGCTCTG
TGATTG
Antisense CGAAGAATTCAGCGCCCTCAG
ACGTAGTT
Z0-1 Sense TGCTGAGTCCTTTGGTGATGT
Antisense CACAGTTTGCTCCAACGAGAT
GAPDH Sense CCACCCATGGCAAATTCCATGGCA

Antisense TCTAGACGGCAGGTCAGGTCCACC

cDNA probe to ensure equal loading and VE-cadherin
mRNA transcript levels were normalized for GAPDH
mRNA.

Protein synthesis inhibition with cycloheximide

After grown in complete medium until reaching conflu-
ence, HUVECs were treated with UTI (3000 U/mL) for
1 h, then subsequently treated with cycloheximide
(100 pg/mL) [34] for 8 h. Protein was extracted from the
cells using Trizol reagent.

Statistical analysis

All data were expressed as mean + SEM. Statistical
analysis was performed by SAS 9.3 for windows (SAS
Institute Inc., Cary, NC, USA). One-way analysis of vari-
ance (ANOVA) was used to compare different
concentrations of UTI on HUVEC viability and analyze
dose-response and time-course of UTI treatment on VE-
cadherin expression. For evaluating the effect of UTI on
barrier function and comparing mRNA or protein expres-
sion of VE-cadherin, a 2 x 2 factorial design ANOVA or
two-way ANOVA was performed. The effect of VE-cad-
herin mAb was analyzed by three-way ANOVA. Student—
Newman—Keuls tests were used for post hoc multiple
treatment comparisons. Statistical significance was defined
as P < 0.05. All graphs were generated using GraphPad
Prism 5.0 (GraphPad, San Diego, CA, USA).
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Results

Effect of different concentrations of UTI on HUVEC
viability

Treatment of HUVECs with 500, 1000, 2000, 3000, 5000,
and 10,000 U/mL of UTI for 24 h did not significantly
affect the cell viability (one-way ANOVA; F = 0.81,
P = 0.56; Fig. 1).

Prophylactic UTI attenuated LPS-induced HUVEC
hyperpermeability

Using the ECIS system, we detected the TER value to monitor
changes in monolayer permeability. As shown in Fig. 2, the
wells containing media, which served as the negative control,
did not demonstrate significant changes in resistance over time.
When compared with that in the control group, treatment with
3000 U/mL of UTTI alone for 9 h did not affect the TER in
HUVEC:s. After treatment with 1 pg/mL of LPS, the TER value
began to decrease after 2 h (P = 0.02) and decreased by
49.7 % after4 h (P < 0.01) [2 x 2 Factorial design ANOVA;
2 h: (LPS: F =6.74, P = 0.03; UTL: F = 0.25, P = 0.63;
LPS*UTIL: F =0.07, P =0.80); 4 h: (LPS: F = 2722,
P < 0.01; UTL: F =527, P=0.05; LPS*UTL: F = 2.25,
P = 0.17)]. However, prophylactic UTI led to the increase in
the TER value 4 h after the LPS treatment compared with the
LPS group (P = 0.03). Its protective effect maintained until
9 h after the LPS treatment (P < 0.01) [2 x 2 Factorial design
ANOVA; 9 h: (LPS: F = 47.21, P < 0.01; UTL: F = 8.22,
P = 0.02; LPS*UTL F = 4.95, P = 0.06)].
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Fig. 1 Effects of UTI at different concentrations on HUVEC
viability. HUVEC viability was assessed with the MTT assay by
exposing them to various concentrations of UTI (500, 1000, 2000,
3000, 5000, and 10,000 U/mL) for 24 h. Data represent mean + SEM
(n = 5). CON control
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Fig. 2 Prophylactic UTI attenuated LPS-induced endothelial barrier
hyperpermeability. HUVECs were incubated with 1 pg/mL of LPS
alone, 3000 U/mL of UTI alone, or prophylactic UTI treatment 1 h
ahead of LPS treatment. Then, the transendothelial monolayer
electrical resistance values were measured 0-9 h after the incubation.
Data represent mean = SEM (n = 3). *P < 0.05, **P < 0.01, com-
pared with the control group; *P < 0.05, P < 0.01, compared with
the LPS group. CON control

Pretreatment with UTT increased mRNA expression
of VE-cadherin in HUVECs exposed to LPS

As indicated in Fig. 3, the mRNA levels of seven candidate
junctions (VE-cadherin, JAM-1, JAM-2, claudin-3, claudin-4,
claudin-5, and ZO-1) in HUVECs, treated with or without UTI
(3000 U/mL) for 1 h and then stimulated with LPS (1 pg/mL)
for additional 1 h, were validated by real-time PCR. As to the
mRNA expression of VE-cadherin in HUVECsS, prophylactic
UTI treatment considerably attenuated its decreased level
induced by the LPS treatment (P < 0.01) (2 x 2 Factorial
design ANOVA; LPS: F=4200, P<0.01; UTL
F=170.84, P<0.01; LPS*UTL. F =0.85 P =0.37;
Fig. 3a). Meanwhile, when compared with those in their cor-
responding control groups, neither the LPS treatment alone nor
treatments combined with prophylactic UTI ahead of LPS
treatment changed the mRNA expression of JAM-1, JAM-2,
and Claudin-5 in HUVECs [2 x 2 Factorial design ANOVA,;
JAM-1: (LPS: F=21.16, P<001l; UTL F = 2735,
P < 0.01; LPS*UTL: F = 3.85, P = 0.07); JAM-2: (LPS:
F =474, P =0.04; UTL: F = 2.09, P = 0.17; LPS*UTL:
F =301, P = 0.10); Claudin-5: (LPS: F = 691, P = 0.02;
UTL F =5.99, P = 0.03; LPS*UTL: F = 6.94, P = 0.02);
Fig. 3b, c, f]. Furthermore, although LPS treatment decreased
the mRNA Ievels of Claudin-3, Claudin-4, and ZO-1 in the
HUVECs (Claudin-3: P < 0.01; Claudin-4: P < 0.01; ZO-1:
P = 0.02), prophylactic UTI treatment for 1 h failed to atten-
uate its inhibitory effect on these three TJs” mRNA expression
[2 x 2 Factorial design ANOVA; Claudin-3: (LPS:
F =60.33, P <0.01; UTL: F = 2.60, P = 0.13; LPS*UTL:
F =339, P = 0.08); Claudin-4: (LPS: F = 37.27, P < 0.01;
UTL F =2.78, P = 0.12; LPS*UTL: F = 0.63, P = 0.44);

ZO-1: (LPS: F = 14.58,P < 0.01; UTI: F = 0.97, P = 0.34,
LPS*UTL F = 0.01, P = 0.91); Fig. 3d, e, g].

Dose-response and time-course curves of UTI
on VE-cadherin protein and mRNA expression
in HUVECs

To examine the dose—response effect of UTT on LPS-induced
changes in VE-cadherin protein expression, HUVECs were
pretreated for 1 h in a cell medium containing different
concentrations of UTI (1000, 2000, 3000, 4000, and 5000 U/
mL), and then stimulated with LPS (1 pg/mL) for additional
4 h (Fig. 4a). Compared with the control group, VE-cad-
herin protein expression decreased by 43.8 % (P = 0.01) in
the cells treated with LPS alone, but increased by 1.64-fold
(P < 0.01) in the cells pretreated with 3000 U/mL of UTI
(two-way ANOVA; UTL: F =12142, P <0.01; LPS:
F = 30.13, P < 0.01). Furthermore, pretreatment with 3000
U/mL of UTI considerably increased the protein expression
of VE-cadherin when compared with that in the LPS group
(P < 0.01). So, we selected 3000 U/mL of UTI as pretreat-
ment in our experiment.

Next, we investigated time-dependent effect of UTI on
LPS-induced VE-cadherin mRNA level by real-time PCR
(Fig. 4b). The cells were pretreated for 1 h in a cell med-
ium containing 3000 U/mL of UTI, and then stimulated
with LPS. The results revealed that, at 1 and 2 h later (1 h,
P <0.01; 2h, P =0.03), VE-cadherin mRNA level
increased when compared with that at O h time point (one-
way ANOVA; F = 8.57, P < 0.01). Meanwhile, we also
detected a time-dependent effect of UTI on LPS-induced
VE-cadherin protein expression by western blot analysis
(Fig. 4c). The results demonstrated that, when compared
with that at O h time point, VE-cadherin protein expression
increased after 4 h (P < 0.01), but maintained at the
decreased level after 1 and 2h (1 h, P<0.01; 2h,
P < 0.01) (one-way ANOVA; F = 38.74, P < 0.01). From
the above-mentioned data, we chose 1 h time for detecting
VE-cadherin mRNA level and 4 h for detection of its
protein expression.

Pretreatment of HUVEC monolayer with VE-
cadherin monoclonal antibody abolished protective
effect of UTI on endothelial barrier dysfunction
induced by LPS

Previous work showed that VE-cadherin monoclonal anti-
body (mAb) may inhibit adhesive properties of VE-cadherin
[10]. We used it against the extracellular domain of human
VE-cadherin to inhibit VE-cadherin reorganization. Three
types of permeability assays (the macrophage transmigration
assay, FITC-dextran assay, and TER assay) were used in our
present study. Figure 5a shows the representative images of
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transmigrated macrophages stained with crystal violet.
Treatment with LPS increased the amount of transmigrated
macrophages and FITC-dextran in the lower chambers
(P <0.01, P<0.01), and decreased the TER values
(P < 0.01), which were all ameliorated when HUVECs were
pretreated with 3000 U/mL of UTI (P < 0.01, P = 0.01,
P = 0.03 in Fig. 5b—d). However, pretreatment with 50 pg/
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mL of VE-cadherin mAb 6 h ahead of UTI treatment abol-
ished the protective effect of prophylactic UTI treatment
(P = 0.04, P = 0.05, P = 0.03 in Fig. 5b—d, respectively)
[three-way ANOVA; Fig. 5b: (UTI: F = 8.59, P < 0.01;
LPS: F = 86.88, P < 0.01; mAb: F = 17.64, P = 0.02),
Fig. 5¢: (UTL: F = 6.66, P = 0.02; LPS: F = 37.75,
P <0.01; mAb: F =443, P =0.05); Fig.5d: (UTL
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Fig. 4 Dose-response and time-course of effects of UTI on VE-
cadherin protein and mRNA expression induced by LPS in HUVECs.
a VE-cadherin protein expression was detected after HUVECs were
incubated with different concentrations of UTI for 1 h, then followed
by stimulation with 1 pg/mL of LPS for 4 h. b HUVECs were
pretreated with 3000 U/mL of UTI for 1 h, followed by stimulation
with LPS (1 pg/mL) for 0, 0.5, 1, 2, and 3 h. Then, VE-cadherin
mRNA expression was detected by real-time PCR. ¢ HUVECs were

F =954, P<00l; LPS: F = 5873, P <0.01; mAb:
F =8.13, P = 0.02)].

Regulation of VE-cadherin mRNA and protein
degradation by prophylactic UTI

To understand the mechanism by which prophylactic UTI
enhanced VE-cadherin protein expression, we investigated
the effect of the UTI on the steady-state levels of VE-
cadherin mRNA in the presence or absence of actinomycin
(Act) D, an RNA synthesis inhibitor (Fig. 6a). Following
the addition of Act D, the VE-cadherin mRNA level
rapidly decreased to approximately 49 % (P = 0.02) of its
starting level within 2 h and to 11 % (P < 0.01) within 8 h
[two-way ANOVA; time: F = 0.02, P = 0.96; Act D:
F = 1.35, P = 0.25]. Compared with that in the absence
of Act D at the corresponding time point, UTI had no
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pretreated with 3000 U/mL of UTI for 1 h, followed by stimulation
with LPS (1 pg/mL) for 0, 1, 2, 4, 8, and 24 h. Then, VE-cadherin
protein expression was detected by western blot. The bands were
quantified and analyzed (a, c¢). Data represent mean = SEM (n = 5).
*P < 0.05, **P < 0.01, compared with the control group in a and 0
time point in b and ¢, respectively; *P < 0.05, P < 0.01, compared
with the LPS group. CON control

significant effect on the degradation rate of VE-cadherin
mRNA.

To address whether UTI could reduce the degradation of
VE-cadherin protein, protein translation was inhibited by
treating the cells with cycloheximide (CHX). After the
cells were treated with UTI for 1 h, they were subsequently
treated with or without CHX. As shown in Fig. 6b, UTI
treatment alone increased the amount of VE-cadherin
protein (P = 0.03), but CHX treatment alone decreased the
amount of VE-cadherin protein by 77.1 % (P = 0.02)
when new protein synthesis was inhibited. The combined
use of UTI and CHX considerably increased VE-cadherin
protein expression (P < 0.01). The results showed that UTI
might retard the degradation of VE-cadherin in septic
condition [2 x 2 Factorial design ANOVA; (CHX:
F=1775 P=002, UTL F=1691, P<0.01;
CHX*UTIL: F = 1.83, P = 0.21); Fig. 6b].
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Fig. 5 Pretreatment of HUVEC monolayer with VE-cadherin mAb
suppressed the protective effect of UTI on endothelial barrier
dysfunction induced by LPS. HUVECs were exposed to 50 pg/mL
of VE-cadherin mAb for 6 h, then treated with or without 3000 U/mL
of UTI for 1 h, and stimulated with 1 pg/mL of LPS for additional
4 h. a Representative photos of migrated macrophages stained with
crystal violet in the transwell migration assay. b The crystal violet dye
in the migrated macrophages was dissolved. Then its optical density

B

was determined. ¢ The amount of FITC-dextran that diffused to the
bottom chamber was analyzed in the FITC-dextran permeability
assay. d HUVEC monolayer was treated as indicated and its electrical
resistance was measured 4 h after LPS treatment. Data represent
mean £ SEM (n = 5). *P < 0.05, **P < 0.01 compared with the
control group; #P < 0.05, ¥p < 0.01, compared with the LPS group;
$P < 0.05, compared with the UTI 4+ LPS group. CON control (color
figure online)

Relative mRNA Level

Time (h)

Fig. 6 The stability of VE-cadherin in UTI-treated HUVECs. a In
this experiment, HUVECs were pretreated with UTI at 3000 U/mL
for 1 h, followed by incubation with 10 pg/mL of actinomycin D. The
total RNA was harvested at indicated time points and the remaining
level of VE-cadherin mRNA was measured by real-time PCR.
b HUVECs were treated with UTI (3000 U/mL) for 1 h, then

Pretreatment with UTI upregulated VE-cadherin
expression on the cell surface induced by LPS

We used a cell surface protein extraction kit to isolate cell

surface protein of HUVECs. As shown in Fig. 7, LPS
treatment decreased VE-cadherin expression on the
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subsequently treated with cycloheximide (100 pg/mL) for 8 h. The
expression of VE-cadherin protein was detected by western blotting.
The B-actin was determined using the internal standard. The bands
were quantified and analyzed (c). Data represent mean + SEM
(n = 3). *P <0.05, compared with the control (CHX-) group;
#p < 0.01, compared with the control (CHX+) group

HUVEC surface (P < 0.01). The biotinylation assay
showed that, compared with the LPS group, VE-cadherin
expression on the cell surface increased by 2.75-fold when
the cells were pretreated with UTI (P < 0.01) [2 x 2 Fac-
torial design ANOVA; (LPS: F = 50.63, P < 0.01; UTL:
F = 32.67, P < 0.01; LPS*UTIL: F = 0.01, P = 0.91)].
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Fig. 7 Surface protein biotinylation following pretreatment with
UTI. HUVECs were treated with or without UTI for 1 h and then
stimulated with 1 pg/mL of LPS for 4 h. The expression of VE-
cadherin protein on the HUVEC surface was detected by western
blotting (a). The B-actin was determined using the internal standard.
The bands were quantified and analyzed (b). Data represent
mean = SEM (n = 5). *P < 0.05 and **P < 0.01, compared with
the control group; *P < 0.01, compared with the LPS group. CON
control

Prophylactic UTT downregulated the LPS-induced
phosphorylation of VE-cadherin at Tyr658

As shown in Fig. 8, LPS treatment increased the phos-
phorylated tyrosine level of VE-cadherin at Tyr658 and
Tyr731 by 4.17-fold (P < 0.01) and 1.86-fold (P = 0.02),
respectively [2 x 2 Factorial design ANOVA; Tyr658:
(LPS: F = 185.01, P < 0.01; UTI: F = 19.36, P < 0.01;
LPS*UTL: F =22.01, P <0.01); Tyr731: (LPS:
F=2449, P<001; UTL F=221, P=0.18;
LPS*UTI: F = 0.98, P = 0.35)]. Pretreatment with UTI
attenuated LPS-induced Tyr658 phosphorylation of VE-
cadherin (P < 0.01), but did not change the level of its
phosphorylation at Tyr731 induced by LPS (P = 0.74).

Discussion

Systemic capillary leak is an early feature of the inflam-
matory response to localized injury and is proportional to
the severity of the inflammatory insult [6]. Clinically, an
important goal in critical care medicine is to regulate
vascular endothelial permeability that may impact favor-
ably on septic patients’ outcome. Thus, preventing or
ameliorating microvascular barrier dysfunction may be a
widely applicable therapeutic strategy for inflammatory
injury [35, 36]. While the application of molecular biology
and recombinant techniques has produced major advances
in our understanding of the mediation of the inflammatory
response, there is no agent currently available which will
reduce the incidence of capillary leak syndrome.

A

p-VE-cadherin (Tyr 658) s s s S

p-VE-cadherin (Tyr 731)

VE-cadherin S 0 S
B-actin s ———
B RN )
SRR &
0&
B
5 = 5- o = p-VE-cadherin (Tyr 658)
3 $ 4 T == p-VVE-cadherin (Tyr 731)
=2z
'g E 8 3 - *
£2% ,.
0 g2
= Q uc_> 1 4
Sy~
s 1]
- S O »
SIS
\5&

Fig. 8 The effect of prophylactic UTI on the phosphorylation of VE-
cadherin at Tyr658 and Tyr731. HUVECs were treated with or
without UTI for 1 h and then stimulated with 1 pg/mL of LPS for 4 h.
The expression of p-VE-cadherin (Tyr658), p-VE-cadherin (Tyr731),
and VE-cadherin protein was detected by western blotting (a). The B-
actin was determined using the internal standard. The bands were
quantified and analyzed (b). Data represent mean + SEM (n = 3).
*P <0.05 and **P < 0.01, compared with the control group;
#P < 0.01, compared with the LPS group. CON control

UTTI treatment was reported to be associated with sig-
nificantly decreased mortality, lower frequency of new
organ dysfunction, and shorter durations of mechanical
ventilation and hospital stay in patients with severe sepsis
[27]. In clinical therapy, UTI is often applied to patients
with sepsis and even in patients with multiple organ dys-
function syndrome at a dosage of 10,000 U/kg/day. So it is
critical to investigate the preclinical mechanism of UTI and
its underlined sites of action for anti-inflammation therapy.
Our MTT data revealed that UTI had no effect on cell
viability, even at the high dose of UTI (10,000 U/mL)
tested. This result ruled out potential cytotoxicity effect of
UTI on HUVECs. Therefore, the data indicated that UTI
may have a high margin of safety.

In the present study, ECIS system and transwell system
were used to determine the changes of permeability of
endothelial barrier. Our findings showed that the treatment
of HUVECs with LPS increased trans-HUVEC monolayer
leak, and HUVEC hyperpermeability was obviously
attenuated by UTIL. The key pathophysiological mechanism
of hyperpermeability associates with tight and adherens
junctions [7]. Interestingly, TJs and AJs appear to have
differential sensitivity to different inflammatory agents. For

@ Springer



222

J. Chen et al.

example, interferon-y (IFN-v) and tumor necrosis factor-a
(TNF-a) selectively disrupt TJs but does not affect AJs’
structure. However, some bacterial products such as
endotoxin selectively disrupt AJs by cleaving endothelial-
cadherin [37]. In comparison to the well-developed and
spatially distinct TJs of epithelial cells, the TJs in ECs are
less structured and more intermixed with the AJs [15, 38].
Increased VE-cadherin expression typically stabilizes Als
and promotes endothelial barrier function [39]. Our results
revealed that UTI had no significant effect on TJs, but it
could increase the expression of an AJ protein (VE-cad-
herin). Furthermore, pretreatment with VE-cadherin mAb
ahead of UTI treatment abolished its protective effect on
LPS-induced trans-HUVEC monolayer leak. The data
suggest that the protective effect of UTI is dependent on
the increased VE-cadherin expression.

At least three molecular pathways may be involved in
regulating this process: (1) degradation of VE-cadherin at
cell-to-cell contacts, (2) internalization of VE-cadherin at
cell-to-cell contacts, (3) and tyrosine phosphorylation of
VE-cadherin [40]. Treatment of HUVECs with LPS alone
markedly reduced VE-cadherin expression at both the
mRNA and protein levels. Pretreatment with UTI markedly
attenuated this process. Regulation of gene expression
might occur at multiple levels. So we applied Act D and
CHX to study the accurate route of UTI enhancing VE-
cadherin protein expression. In the absence or presence of
Act D, the VE-cadherin mRNA levels appeared to decrease
rapidly. The data confirmed that UTI did not interfere with
the stability of VE-cadherin mRNA. Then, we speculated
that the increased VE-cadherin mRNA level may be due to
increased transcriptional activity. Inhibition of de novo
protein synthesis with CHX did not alter the ability of UTI
to upregulate VE-cadherin expression, suggesting that the
rate of VE-cadherin degradation is decreased by pretreat-
ment with UTIL. Altogether, these data suggest that the
levels of VE-cadherin expression regulated by UTI are
caused by both transcriptional as well as post-transcrip-
tional mechanisms and involve altered proteasomal
degradation.

Using a cell surface biotinylation assay, we found that
UTI prevented LPS-induced loss of VE-cadherin in
HUVEC:s by upregulating its expression on the cell surface.
Tyrosine phosphorylation of VE-cadherin is sufficient to
prevent the binding of pl20 and P-catenin to its tail,
leading to decreased intercellular adhesion and increased
paracellular permeability [41]. An increase in tyrosine
phosphorylation of VE-cadherin is associated with an
increase in endothelial paracellular permeability [42-44].
Our data showed that UTI attenuated tyrosine phosphory-
lation of VE-cadherin at Tyr658 but not Tyr731. Therefore,
we speculated that regulating phosphorylation of VE-
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cadherin at Tyr658 is likely to be involved in the protective
effect of UTI on the endothelial barrier.

There are some limitations in our study. Although pre-
treatment with UTI might exert protective effect on LPS-
induced hyperpermeability, post-treatment may be more
practical than the former treatment in clinical situation. So
further studies designed to investigate the overall mecha-
nism of the UTI protective effect are warranted. The model
of human umbilical vein endothelial cells (HUVECS) is
often used for testing endothelial barrier function in vitro
and has been shown to express large amounts of TJs and
AJs [45]. The protective effect of UTI on HUVECs is
confirmed; however, the effect on other endothelial cell
lines is not clear. Moreover, while this study has shown
protective effect of UTI on ECs, there is a great need for
the studies in vivo.

Collectively, our findings demonstrate for the first time
that UTT achieved significant retention of barrier integrity,
which was paralleled by upregulation of VE-cadherin
expression on the surface of the ECs and downregulation of
phosphorylation of VE-cadherin. These results strongly
suggested that VE-cadherin may play an important role in
the protective effect of UTI by maintaining the integrity of
AlJs in ECs. UTI may be considered as a reasonable therapy
for the treatment of vascular barrier dysfunction in
inflammatory disorders.
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