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Abstract: Object: Recent studies have suggested that intrinsic apoptotic signaling cascade is involved in endothelial
barrier dysfunction following hemorrhagic shock (HS), which results in vascular hyperpermeability. Our previous
study demonstrated that ulinastatin (UTI) inhibits oxidant-induced endothelial hyperpermeability and apoptotic sig-
naling. In present study, we hypothesized that UTI would improve HS-induced vascular hyperpermeability by regulat-
ing the intrinsic apoptotic signaling cascade. Methods: Hemorrhagic shock was induced in rats by withdrawing blood
to reduce the mean arterial pressure to 40-45 mmHg for 60 min, followed by reperfusion. Mesenteric postcapillary
venules were examined for changes in hyperpermeability by intravital microscopy. In vitro, Rat lung microvascular
endothelial cells (RLMVECs) were exposed in hemorrhagic shock serum for 120 min, followed by transendothelial
electrical resistance (TER) estimation. Mitochondrial release of cytochrome ¢ and caspase-3 activation was esti-
mated in vivo. In vitro, ratio of cell apoptosis was evaluated by Annexin-V/Pl double stain assay; mitochondrial mem-
brane potential (AW ) was determined with JC-1; intracellular ATP content was assayed by a commercial kit; reactive
oxygen species (ROS) was measured by DCFH-DA; adherens junction protein B-catenin was detected by immuno-
fluorescense staining. Results: In vivo, UTI attenuated HS-induced vascular hyperpermeability versus the HS group
(P < 0.05); In vitro, UTI attenuated shock serum induced RLMEC monolayer hyperpermeability (P < 0.05). In vivo,
UTI inhibited HS-induced cytochrome c release and caspase-3 activation (P < 0.05). In vitro, shock serum induced
cell apoptosis, low ATP level, AW depolarization, ROS increase were improved by UTI pre-treatment (P < 0.05). UTI
improved shock serum induced disruption of endothelial cell adherens junction. Conclusions: UTI inhibits vascular
hyperpermeability following HS. UTI regulates oxidative stress and intrinsic apoptotic signaling following HS.
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Introduction factor (AIF) [6, 7]. Translocations of smac and
cytochrome ¢ from mitochondria to the cytosol
through mitochondrial transition pores are

important routes of caspase activation [8].

Vascular hyperpermeability occurring after cer-
tain conditions, such as hemorrhagic shock

(HS), is caused by disruption of the endothelial
cell barrier [1, 2]. Recent studies have suggest-
ed that intrinsic apoptotic signaling cascade is
involved in endothelial dysfunction, which may
result in hyperpermeability following HS [3-5].

The intrinsic apoptotic pathway is mediated
through the mitochondrial release of cyto-
chrome ¢, second mitochondrial derived activa-
tor of caspases (smac), and apoptosis-inducing

Caspase-3 has been shown to cleave B-catenin,
thereby disrupting the vascular endothelial
(VE)-cadherin-B-catenin complex, which serves
as a key role of cell-cell adhesion in endothelial
cells [9].

Ulinastatin (UTI), mainly used in the treatment
of sepsis, shock, pancreatitis, and ischemia-
reperfusion injury, has been reported the pro-
tective effects against apoptosis via mitochon-
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dria protection [10-14]. In addition, our previ-
ous study demonstrated that UTI inhibits oxi-
dant-induced endothelial hyperpermeability
and apoptotic signaling in vitro [4]. In present
study, we hypothesized that UTI would improve
HS-induced vascular hyperpermeability by reg-
ulating the intrinsic apoptotic signaling
cascade.

Materials and methods
Experimental animals

The procedures used in this study and the han-
dling of study animals adhered to the National
Institutes of Health guidelines on the use of
experimental animals. The experimental proto-
col was approved by the Committee on
Research Animal Use of Fujian Medical
University. Male Sprague-Dawley rats weighing
180220 g were purchased from the
Experimental Animal Center at Fujian Medical
University and allowed to acclimatize for a week
before being used. Animals had ad libitum
access to chow and water.

Animal surgery and intravital microscopy

Rats were intramuscularly anesthetized with an
injection of sodium pentobarbital (30 mg/kg).
Mean arterial blood pressure (MAP) was con-
tinuously measured using a PE-50 cannula in
femoral artery. The second cannula in femoral
vein was used to administer drugs and blood,
while the third cannula placed in another femo-
ral artery was used for blood withdrawal. The
rats were placed in a lateral decubitus position
on a temperature-controlled Plexiglas platform
mounted to an intravital upright microscope
(ECLIPSEFN1, Nikon, Japan). The mesentery
was maintained at 37°C. The mesentery was
superfused with normal saline at 2 ml/min and
covered with plastic wrap to reduce evapora-
tion. Venules with diameters of 20-35 ym were
selected for study (100 x magnification).

Vascular permeability measurement

The rats were allowed to recover from surgical
manipulation for 30 min before the start of all
experiments. During this period, the animals
were dosed with FITC-albumin (50 mg/kg) and
baseline-integrated optical intensities were
obtained intra- and extra-vascularly (2 sites,
same computed areas; mean values were
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used). The rats were divided into: control (sham)
group, HS group and UTI group (pretreated with
50,000 u/kg UTI). Each experimental group
consisted of six rats. The experimental groups
of animals then underwent 60 min of hemor-
rhagic shock. To produce hemorrhagic shock,
MAP was decreased to 40 mmHg by withdraw-
ing blood from the right carotid artery into a
syringe containing 100 U of heparin. After the
shock period, the shed blood plus two times
the volume of normal saline was reinfused to
maintain a MAP > 90 mmHg. Parameters were
recorded after shock at 10-min intervals for 60
min.

The extravasation of FITC-albumin was mea-
sured by determining the changes in integrated
optical intensity by image analysis: Al = 1-(li-lo)/
li, where Al is the change in light intensity, li is
the light intensity inside the vessel, and lo is
the light intensity outside the vessel. The
labeled albumin (FITC) represented relative
change in permeability. Areas in the small
bowel mesentery, postcapillary venules, and
the adjacent extravascular space were select-
ed for study. The images were standardized to
images taken at the beginning of each experi-
ment within the same animal and at selected
timed intervals between different animals.

Monolayer permeability

Rat lung microvascular endothelial cells
(RLMVECs, ScienCell, USA) were maintained in
DMEM/F12 containing 10% fetal bovine serum
at 37°C in a humidified atmosphere with 5%
C0,-95% air. In all experiments, RLMVECs were
grown to 90% confluence and starved of serum
for 12 hours before being stimulated with H,0,.
The monolayers were respectively pretreated
with 50 000 u/L of UTI for 60 min, followed by
stimulation of serum. DMEM/F12 was used as
vehicle control. Finally, endothelial permeability
was measured following 120 min stimulation.

Arterial blood was withdrew and stewing for 30
min from rats after 60 min-HS (or sham), sub-
sequently centrifuged at 3000 r/min for 10 min
to obtain serum.

Transendothelial electrical resistance (TER)
Transendothelial electrical resistance (TER) of

HUVECs monolayer was determined using STX2
electrode and EVOM2 meter according to the
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Figure 1. UTI decreases HS-induced vascular hyperpermeability in rat mesentery postcapillary venules. Vascular
permeability is expressed as change in fluorescent intensity inside the vessel compared with the intensity outside
the vessel. Data are presented as mean £ SD (n = 6 in each group). *P < 0.05 versus the sham group; #P < 0.05

versus the shock+ NS group.
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Figure 2. UTI attenuates HS-induced FITC-albumin extravasation in rat mesenteric postcapillary venules. The im-
ages of mesenteric postcapillary venules are shown. The FITC-albumin extravasation into the extravascular space is
observed after HS, whereas UTI treatment prevented the extravasation.

instruction manual of manufacture (World
Precision Instruments, Sarasota, FL, USA) [15].
HUVECs were seeded with number of 1 x 105/
cm? on fibronectin-coated, 6.5 mm Transwell
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filters (0.4 mm pore size) and were used until
full confluence. Resistance values of multiple
Transwell inserts of an experimental group
were measured sequentially and the mean was
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Figure 3. UTI attenuates HS-induced endothelial hy-
perpermeability. RLMVECs were stimulated by shock
serum. Permeability was examined by detecting the
TER of RLMVECs monolayer. Data are presented as
mean + SD (n = 6 in each group). *P < 0.05, ver-
sus the control group; #P < 0.05, versus the vehicle
group.
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Figure 4. UTI inhibits HS-induced cytochrome c¢ re-
lease in vivo. Cytosolic cytochrome c levels were
estimated using a cytochrome ¢ ELISA kit. Data are
presented as mean £ SD (n = 6 in each group). *P
< 0.05, versus the control group; #P < 0.05, versus
the vehicle group.

expressed in the common unit (Q cm?) after
subtraction of the value of a blank cell-free
filter.

Measurement of cytosolic cytochrome c in vivo

Cytosolic cytochrome c levels were estimated
with a cytochrome ¢ ELISA kit. The mesenteric
microvasculature were dissected from rats
after HS (or sham), weighed, and lysed in a cold
preparation buffer (10 mM Tris-HCI, 0.3 M
sucrose, 10 uM aprotinin, 10 uM pepstatin, 10
UM leupeptin, and 1 mM PMSF, pH 7.5). The tis-
sue homogenates were centrifuged (10,000 g
for 60 min at 4°C), and the supernatant (cyto-
sol fraction) was collected and subjected to
protein estimation (BCA method). Then, the
samples were treated with a conjugate reagent,
transferred to a cytochrome ¢ antibody-coated
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microwell plate, and incubated at room temper-
ature for 60 min. The wells were washed and
treated with a substrate and incubated for 30
min, followed by addition of a stop solution. The
optical density was read at 450 nm using an
automatic microplate reader (SpectraMax M5;
Molecular Devices, Sunnyvale, CA, USA). A seri-
al dilution of cytochrome c calibrator was sub-
jected to the assay along with the samples, the
values were plotted, and the concentration of
cytochrome ¢ was calibrated from the standard
curve.

Measurement of cleaved caspase-3 expres-
sion in vivo

The rat mesenteric microvasculature was dis-
sected from rats after HS (or sham). The tis-
sues were homogenated and analyzed for
cleaved caspase-3 by western blotting. Protein
concentrations were determined using the BCA
method. An equal amount of protein was load-
ed onto 10% sodium dodecyl sulphate poly-
acrylamide gel for electrophoresis. After elec-
trophoresis, proteins were electroblotted onto
polyvinylidene fluoride membranes and blotted
with primary antibodies against cleaved cas-
pase-3 (Abcam, UK). Membranes were then
incubated with the horseradish peroxidase-
tagged secondary antibody (Tianjin Sungene
Biotech Co., Ltd. Tianjin, China), and protein
expression was detected using an enhanced
chemiluminescence reagent.

Measurement of cell apoptosis in vitro

Cell apoptosis were detected by an Annexin
V-FITC apoptosis detection kit (BD Biosciences,
USA). After induction with serum, cells were
washed twice with PBS and suspended in 1x
binding buffer at a concentration of approx 1 x
105 cells/ml. 5 pl of FITC-Annexin V and 10 pl of
propidium iodide (PI, 50 pg/ml, Sigma) was
added to cell suspension. After incubation at
room temperature for 20 minutes at dark, the
fluorescence of the cells was determined imme-
diately with a flow cytometer (Becton Dickinson
FACScan, San Jose, CA).

Measurement of mitochondrial membrane po-
tential in vitro

The mitochondrial membrane potential (AW )
was determined by flow cytometry, using the
potential-sensitive fluorescent dye JC-1. The
color of this dual-emission probe changed from
red-orange to green as the mitochondrial mem-
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Figure 5. UTIl decreases HS-induced caspase-3 ac-
tivation. The cleaved caspase-3 was measured by
Western blot. Above, Representative Western blots
for cleaved caspase-3. Under, Protein quantification
by densitometry. Data are presented as mean + SD
(n =6 in each group). *P < 0.05, versus the control
group; #P < 0.05, versus the vehicle group.
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Figure 6. UTI inhibits HS-induced cell apoptosis in
vitro. Ratio of cell apoptosis was evaluated by An-
nexin-V/Pl double stain assay and analyzed by flow
cytometry. Data are presented as mean + SD (n = 6
in each group). *P < 0.05, versus the control group;
#P < 0.05, versus the vehicle group.

brane turned depolarized. The JC-1 (5 uymol/L)
was loaded onto RLMVECs for 15 min at 37°C.
The stained cells were washed with PBS, and
analyzed by flow cytometry (Becton Dickinson
FACScan). A minimum of 10,000 cells per sam-
ple was analyzed. JC-1 monomers emit at 527
nm and “J-aggregates” emit at 590 nm. The
percentage of cells with abnormally low AW
(green fluorescence) was determined.

Measurement of cellular ATP in vitro

Intracellular ATP was determined by a lucifer-
ase-based assay (CellTiter-Glo, Madison, WI),
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according to the manufacturer’'s recommenda-
tion. After adding 100 uL of the CellTiter-Glo
reagent to 100 pL of cells suspension contain-
ing 10,000 cells in each well of a standard
opaque-walled 96-well plate, the plates were
allowed to incubate at room temperature for 10
min and the luminescence was recorded in an
automatic microplate reader (SpectraMax M5).

Measurement of ROS levels in vitro

Intracellular ROS levels were assessed using
DCFH-DA probe (Sigma, USA). Cells were treat-
ed with DCFH-DA (10 uM), following HS serum,
for 20 mins at 37°C. After incubation, the cells
were washed and analyzed using an automatic
microplate reader (Spectra Max, M5). The rela-
tive intensity of DCF fluorescence was deter-
mined at a wavelength of 535 nm as compared
to sham group cells.

Statistical analysis

All variables are presented as means * s.d.
Differences between groups were determined
using one-way ANOVA with the LSD multiple-
comparison test and Student’s t-test when
appropriate. Values were considered significant
when P < 0.05.

Results

UTI attenuates HS-induced vascular hyperper-
meability

Hemorrhagic shock-induced vascular leak was
evidenced by a significant increase in extrava-
sation of FITC-albumin into the extravascular
space versus the control group (P G 0.05; n = 5;
Figures 1 and 2). UTI significantly attenuated
HS-induced vascular leak compared with the
HS group (P G 0.05; n = 5; Figures 1 and 2).

Figure 1 is a graphic representation of the
changes in vascular leak. The change in vascu-
lar leak is expressed as change in fluorescent
intensity inside the vessel versus fluorescent
intensity outside the vessel. HS induced a sig-
nificant increase in FITC-albumin extravasation
(P G 0.05; n = 5). UTI pretreatment significantly
decreased vascular leak (P G 0.05; n = 5).

Figure 2 is a series image of a rat mesenteric
postcapillary venule. In control, minimal extrav-
asation of FITC-albumin into the extravascular

Int J Clin Exp Pathol 2015;8(7):7685-7693
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Figure 7. UTI inhibits HS-induced loss of mitochon-
drial membrane potential (AW ) invitro. The Ay _was
measured using the fluorescent probe JC-1 and ana-
lyzed by flow cytometry. Data are presented as mean
+ SD (n = 6 in each group). *P < 0.05, versus the
control group; #P < 0.05, versus the vehicle group.
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Figure 8. UTI improves HS-induced mitochondrial
dysfunction in vitro. Cells’ ATP level was determined
by a luciferase-based assay. Data are presented as
mean + SD (n = 6 in each group). *P < 0.05, ver-
sus the control group; #P < 0.05, versus the vehicle
group.
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Figure 9. UTI reduces HS-induced ROS generation in
vitro. Intracellular ROS levels were assessed using
DCFH-DA probe. Data are presented as mean = SD
(n =6 in each group). *P < 0.05, versus the control
group; #P < 0.05, versus the vehicle group.

space was observed. After HS, a marked
increase of FITC-albumin extravasation was
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detected in HS group compared with control
group, which was reduced by UTI treatment.

UTI attenuates HS-induced endothelial hyper-
permeability

As shown in Figure 3, HS-induced monolayer
hyperpermeability was evidenced by an obvi-
ous decrease in the TER of the cell monolayer
in HS group compared to that of the cell mono-
layer in the control group; the hyperpermeabili-
ty was significantly attenuated by UTI
pretreatment.

UTI prevents HS-induced cytochrome c release
in vivo

The release of cytochrome ¢ from the mito-
chondria into the cytosol has been reported to
be the key event in the intrinsic apoptosis cas-
cade induced by various stimuli. The cytosolic
cytochrome c level in mesenteric vascular tis-
sue was elevated after HS compared with the
control group (P G 0.05; n = 5). The HS animals
pretreated with UTI showed a significantly lower
level of cytosolic cytochrome ¢ compared with
the HS group (P G 0.05; n = 5; Figure 4).

UTI decreases HS-induced caspase-3 activa-
tion in vivo

Caspase-3 activation occurs after cytochrome
c release from mitochondria. Caspase-3 activa-
tion leads to the proteolytic cleavage of a vari-
ety of cellular substrates including endothelial
cell adherens junction proteins. So, cleaved
caspase-3 was determined from the rat mesen-
teric vasculature. The HS group showed a sig-
nificant up-regulation of cleaved caspase-3
compared with the control group (P G 0.05; n =
5; Figure 5). Then, UTI prevented the HS-induced
up-regulation of cleaved caspase-3 compared
with HS group (P G 0.05; n = 5; Figure 5).

UTI reduces HS-induced endothelial cell apop-
tosis in vitro

Rates of cell apoptosis were markedly increased
in the vehicle group compared with the control
group (Figure 6; P < 0.05). In contrast, the alter-
ations were improved by the UTI treatment
group (Figure 6; P < 0.05).

UTI inhibits HS-induced loss of mitochondrial
transmembrane potential (AW ) in vitro

We determined the AW _using JC-1. Cells were
incubated with JC-1 and the mitochondrial

Int J Clin Exp Pathol 2015;8(7):7685-7693
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Figure 10. UTI inhibits HS-induced disruption of endothelial cell adherens junction in vitro. Adherens junction pro-
tein B-catenin was detected by immunofluorescense staining. Red arrow: disruption of the junctions evidenced by

irregular and scattered B-catenin fluorescence.

membrane potential was evaluated by flow
cytometry. Cell with low AW increased in the
HS group compared with control group (Figure
7; P<0.05). The cell pretreated with UTI showed
a significantly lower level of cell with low AW
compared with vehicle group (P G 0.05; n = 5;
Figure 7).

UTI improves HS-induced mitochondrial dys-
function in vitro

In the vehicle group, the intracellular ATP level
was remarkable decreased compared with con-
trol group (Figure 8; P < 0.05 vs. control group),
indicating mitochondrial dysfunction following
serum stimulation. Pretreatment with the UTI
improved HS-induced the ATP level decrease
(Figure 8; P < 0.05 vs. vehicle group).

UTI reduces HS-induced ROS increase in vitro

Intracellular ROS levels were assessed using
DCFH-DA probe. HS resulted in a significant
increase in ROS formation compared with the
control group (P G 0.05; Figure 9). UTI pretreat-
ment resulted in significant attenuation of ROS
formation compared with the vehicle group (P G
0.05; Figure 9).

UTI inhibits HS-induced disruption of adherens
junctions

Control cells showed strong and continuous
B-catenin immunofluorescence at the cell-cell
junctions, indicating an intact cell barrier. In
contrast, treatment with HS serum disrupted
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the cell junctions among cells as evidenced by
the irregular and scattered B-catenin fluores-
cence observed. However, the alterations
induced by HS serum were improved by UTI pre-
treatment (Figure 10).

Discussion

It has been shown that mitochondrial ROS for-
mation, activation of intrinsic apoptotic signal-
ing, and vascular hyperpermeability occur fol-
lowing HS [1, 5, 16]. This study supports our
hypothesis that UTI effectively inhibits
HS-induced vascular hyperpermeability, cellu-
lar ROS formation, mitochondrial membrane
depolarization, mitochondrial release of cyto-
chrome c, activation of caspase 3, and disrup-
tion of adherens junctions.

Hemorrhagic shock is known to induce vascu-
lar hyperpermeability. In this study we applied
intravital microscopy along with digital imaging
to characterize the changes in fluorescein
labeled protein transport in the shock rat mes-
enteric venula. We demonstrated UTI signifi-
cantly attenuated vascular hyperpermeability
following hemorrhagic shock. In parallel studies
conducted in vitro, UTI inhibited shock serum-
induced monolayer hyperpermeability.

Recent studies demonstrated a decrease in
mitochondrial transmembrane potential,
release of cytochrome c¢ from mitochondria,
and activation of caspase 3 in association with
vascular hyperpermeability after HS [1, 4, 17].
These results suggested that an effective

Int J Clin Exp Pathol 2015;8(7):7685-7693
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approach to control vascular hyperpermeability
after HS may be to protect the mitochondrial
transition pores and prevent cytochrome c
release and subsequent caspase 3 activation.
In our past study, we demonstrated that UTI
Inhibits oxidant-induced endothelial hyperper-
meability and apoptotic signaling in vitro [4].
Thus, the main purpose of the present study
was to test whether UTI can inhibit the intrinsic
apoptotic signaling in HS. Our results suggest
that UTI protected HS-induce mitochondrial
dysfunction, which is evident from the preven-
tion of mitochondrial transmembrane potential
depolarization and cellular ATP level decrease.
Various mitochondrial functions require an
intact mitochondrial transmembrane potential
[18, 19]. Mitochondria damage and mitochon-
drial transmembrane depolarization lead to the
mitochondrial release of cytochrome ¢ [20, 21].
After the release to the cytosol, cytochrome ¢
mediates the allosteric activation of apoptotic
protease activating factor 1, which is required
for the proteolytic maturation of caspase 9 and
caspase 3 [22-24]. So, the caspase 3 activa-
tion observed in our study may be explained as
a result of an increased mitochondrial release
of cytochrome c. The present study shows that
UTI can prevent cytochrome c release and cas-
pase-3 activation after HS. The observation
that UTI prevented cell apoptosis further shows
the protective effects of UTI against intrinsic
apoptosis following HS.

Oxidative stress is one of the most important
mediators of apoptotic signaling and subse-
quent cell death, and has been implicated in
HS [25, 26]. Our results show that UTI inhibited
HS-induced mitochondrial ROS formation. It is
quite possible that in HS-induced vascular per-
meability, mitochondrial oxidative stress played
an important role in the release of cytochrome
¢ to the cytoplasm. UTI, by its antioxidant activ-
ity, might have prevented this effect.

Caspase-3 activation has been shown to result
in the cleavage of a variety of cell adherens pro-
teins including B-catenin [9, 17]. In endothelial
cells, B-catenin functions as a regulator of cad-
herin-mediated cell-cell adhesion. From immu-
nofluorescence staining, we find that shock
serum cause irregular and scattered B-catenin
fluorescence, which was improved by UTI
treatment.
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In conclusion, our findings show that UTI inhib-
its HS-induced vascular leak. This protective
effect of UTI on the vascular permeability is at
least partially mediated through the inhibition
of the mitochondrial mediated intrinsic apop-
totic signaling pathway.
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