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Effects of Urinary Trypsin Inhibitor on Lipopolysaccharide-
Induced Acute Lung Injury in Rabbits

Hong-Beom Bae,' Cheol-Won Jeong,' Mei Li,' Hyung-Seok Kim,? and Sang-Hyun Kwak'"

Abstract—This study was undertaken to clarify the effects of urinary trypsin inhibitor (UTI) on
lipopolysaccharide (LPS)-induced acute lung injury. Rabbits were randomly assigned to one of
seven groups: saline only, UTI, LPS, pre- or post-UTI-high (infusion of UTI of 25,000 U/kg foll-
owed by 25,000 U/kg over 2 h), pre- or post-UTI-low (infusion of UTI of 2,500 U/kg followed by
2,500 U/kg over 2 h). UTI was administered 30 min before (pre-groups) or 15 min after (post-
groups) LPS administration. Rabbits were mechanically ventilated with 40% oxygen for 6 h. LPS
decreased peripheral blood leukocyte counts and increased wet/dry weight ratio of lung, lung injury
score, neutrophil infiltration in lung, and IL-8 production in systemic blood and bronchoalveolar
lavage fluid (BALF). Rabbits treated by UTI were protected from LPS-induced lung injury, as
determined by wet/dry weight ratio, neutrophil infiltration in lung, lung injury score, and IL-8 in
BALF levels. UTI attenuated LPS-induced acute lung injury in rabbits mainly by inhibiting neutr-

ophil and IL-8 responses, which may play a central role in sepsis-related lung injury.

KEY WORDS: acute lung injury; cytokines; lipopolysaccharides; rabbits; urinastatin.

INTRODUCTION

Acute lung injury (ALI) is a complex syndrome of
intense pulmonary inflammatory response with high
morbidity and mortality and is characterized by
increased production of proinflammatory cytokines,
neutrophil accumulation, interstitial edema, disruption
of epithelial integrity, and leakage of protein into the
alveolar space [1]. The most common cause of ALI is
well known to be sepsis [2, 3], but the precise
pathogenesis for sepsis-induced ALI is not yet fully
defined. However, massive accumulation of neutrophils
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in the lung and increased pulmonary proinflammatory
cytokines such as tumor necrosis factor-alpha (TNF-q),
interleukin (IL)-1, IL-6, and IL-8 are major features of ALL

Lipopolysaccharide (LPS), a major component of the
outermost membrane of gram-negative (G(—)) bacteria [4],
is the key mediator in the development of sepsis caused by
G(-) bacteria [5] and induces the production of numerous
proinflammatory mediators such as IL-8 [6]. IL-8 has been
well known to the main chemotactic factor for neutrophils
in the lung of patients with ALI [7]. It also has been known
that the early appearance of IL-8 in BALF is an important
prognostic indicator for the development of ALI [8].
Increased levels of IL-8 in patients with sepsis and ALI
correlate to poor outcomes [9].

Urinary trypsin inhibitor (UTI) is a heat- and acid-
stable glycoprotein and one of the kunitz-type serine
protease inhibitors found in human urine and blood [10].
UTT inhibits inflammatory proteases, including trypsin,
chymotrypsin, plasmin, cathepsin G, and leukocyte
elastase [11]. Because UTI has a nature of multiple
protease inhibition, UTI appears to prevent organ injury
by inhibiting the activity of these serine proteases [12].
In addition, as with other serine type protease inhibitors,
UTI has been reported to have anti-inflammatory
properties besides being a protease inhibitor. UTI
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inhibits the enhanced production of proinflammatory
mediators such as IL-8, TNF-a, and thromboxane B2
induced by LPS [13—15]. Inoue et al. reported that LPS-
treated UTI knockout mice showed more severe neu-
trophilic inflammation in the lung and kidney, and more
prominent expression of proinflammatory mediator in
multiple organs compared with LPS-treated wild-type
mice [16, 17]. These studies have indicated that
proteases are critical mediators in LPS-induced organ
injury.

The aim of the present study was to evaluate
whether these beneficial effects of UTI improve LPS-
induced acute lung injury in rabbits.

MATERIALS AND METHODS

Materials and Animals

Urinary trypsin inhibitor was a generous gift from
Hanlim Pharmaceutical (Seoul, Korea). Immunoreactive
IL-8 was quantified for human blood using commer-
cially available ELISA kits (R&D System, Minneapolis,
MN, USA). Escherichia coli 055:B5 endotoxin was
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Male albino rabbits, weighing 2.2-2.8 kg, were pur-
chased from Damul Science (Daejeon, Korea). The
rabbits were kept on a 12-h light/dark cycle with free
access to food and water. All experiments were
conducted in accordance with the institutional review
board-approved protocols.

Animal Preparation

Rabbits were initially anesthetized with ketamine
hydrochloride (30 mg/kg, IM) and xylazin hydro-
chloride (0.3 mg/kg, IM). Intravenous angiocatheters
were inserted into both ear veins for the route of the
administration of fluids and drugs. Lactated Ringer’s
solution was infused at a rate of 4 ml/kg/h until the
end of the study. Tracheostomy was performed
aseptically and a 3.5-mm uncuffed endotracheal tube
was inserted into the trachea under spontaneous
ventilation. After the start of continuous infusion of
ketamine (3 mg/kg/h) and vecuronium bromide
(0.05 mg/kg/h) for maintenance of anesthesia and
paralysis of muscle, the lung of the rabbit was
mechanically ventilated with 40% oxygen using a
pressure controlled ventilator (Servo 900B, Siemen-
Elema, Solna, Sweden). Inspiratory pressure and
positive end expiratory pressure were set to 16 and
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3 cmH,0, respectively. Respiratory rate was con-
trolled to produce an initial arterial carbon dioxide
tension of 35—45 mmHg. The rabbits were placed on a
heating pad under a radiant heating lamp to keep body
temperature between 36.5°C and 37.5°C at the
esophagus. The arterial catheter was placed in the
aorta via carotid artery cut-down to harvest blood
samples.

Experimental Protocols

After the baseline measurements, animals were
randomly assigned to one of seven groups: control
group receiving intravenous infusion of saline only or
UTI (Saline-Only group, n=7 and UTI-Only group, n=
7, respectively); LPS control group (LPS-Only group, n
=7) receiving intravenous infusion of saline and 5 mg/
kg E. coli endotoxin O55:B5; low-dose UTI treated
group receiving intravenous infusion of UTI of 2,500 U/
kg followed by 2,500 U/kg over 2 h (pre-UTI-Low
group, n=7 and post-UTI-Low group, n=7, respec-
tively); high-dose UTI treated group receiving intra-
venous infusion of UTI of 25,000 U/kg followed by
25,000 U/kg over 2 h (pre-UTI-High group, n=7 and
post-UTI-High group, n=7, respectively). UTI was
administered 30 min before (pre-groups) or 15 min after
(post-groups) LPS administration. The Saline-, UTI-,
and LPS-Only groups were infused with an equivalent
volume of saline instead of LPS or UTIL. The basal
infusion of Lactated Ringer’s solution (4 ml/kg/h) was
started 0.5 h before saline or LPS administration (Fig. 1).
Systolic arterial pressure, arterial blood sample for blood
cell counts, and blood gas analysis were obtained at 0, 1,
2,3,4, 5, and 6 h after saline or LPS administration. All
rabbits were killed by injection of an overdose of
thiopental sodium. The wet weight/dry weight (W/D)
ratio of right lung and lung injury score of left lung, and
number of leukocytes, percent of polymorphonuclear
neutrophil (PMN) cells, and IL-8 in bronchoalveolar
lavage fluid (BALF) were measured.

Peripheral Cell Counts

The numbers of peripheral leukocytes were meas-
ured with a cell counter (XE2100, Sysmex, Kobe,
Japan).

Lung Wet Weight to Dry Weight (W/D) Ratio

The left upper lobe of the lung was weighed and
then dried to constant weight at 60°C over 72 h in an
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Fig. 1. Experimental design. Animals were randomly assigned to one of
seven groups. Saline-Only group received intravenous infusion of saline
only. UTI- and LPS-Only groups received intravenous infusion of UTI (IV
infusion of UTI of 25,000 U/kg followed by 25,000 U/kg over 2 h) and
5 mg/kg E. coli endotoxin O55:B5 respectively. Low-dose UTI treated
group received intravenous infusion of UTI of 2,500 U/kg followed by
2,500 U/kg over 2 h (pre-UTI-Low group and post-UTI-Low group, re-
spectively). High-dose UTI treated group received intravenous in-
fusion of UTI of 25,000 U/kg followed by 25,000 U/kg over 2 h
(pre-UTI-High group and post-UTI-High group, respectively). UTI
was administered 30 min before (pre-groups) or 15 min after (post-
groups) LPS administration. The Saline-, UTI-, and LPS-Only groups
were infused with an equivalent volume of saline instead of LPS or UTI,
respectively. S saline, £ E. coli endotoxin O55:B5, UTI urinary trypsin
inhibitor.

oven. To assess tissue edema, the W/D ratio was
calculated.

Histopathological Examination

The left lower bronchus was cannulated and
pressure-inflated (20 cmH,0) with 10% formaldehyde
solution. The bronchus then ligated and suspended for
at least 24 h in formaldehyde solution prior to
embedding in paraffin. Lung sections were stained
with hematoxylin and eosin. Two observers, unaware
of the nature of the experiment, scored the lung injury
under light microscopy from 0 (no damage) to 4+
(severe damage), according to the combined assess-
ment of infiltration/aggregation of neutrophils, alveo-
lar congestion, hemorrhage, edema, thickness of the
alveolar wall, and hyaline membrane formation in the
airspace or vessel wall [18]. To count the number of
neutrophils in the airspace, five randomly selected
fields per slide were read at x400 magnification by the
pathologist. Fields containing large vessels or bronchi
were excluded. The number of neutrophils per field
was normalized to alveoli per field to control for
inflation of the lung.
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Preparation of Bronchoalveolar Lavage Fluid

The BALF was harvested from the right lung.
Through the right mainstem bronchus, 35 ml of phosphate
buffered saline (PBS) was infused slowly and withdrawn
three times. The PBS contained ethylendiamine-tetraacetic
acid-2Na and was cooled to 4°C to prevent metabolism of
leukocytes. The BALF was analyzed for cell count and cell
differentiation. A cytocentrifuged spin preparation (CF-
RD, Sakura, Tokyo, Japan) of the BALF was stained with
Wright-Giemsa for cell differentiation. The numbers of
leukocytes in the BALF were counted with a cell counter
(XE2100, Sysmex, Kobe, Japan). The fluid was then
centrifuged at 3,500xg at 4°C for 20 min to remove the
cells. The cell-free supernatant was stored at —80°C for
measurements of [L-8.

Measurements of Mediators in Bronchoalveolar
Lavage Fluid

Immunoreactive IL-8 was quantified using com-
mercially available ELISA kits (R&D Systems, Minne-
apolis, MN, USA), according to the manufacturer’s
instructions and as described previously. The assay kit
cross-reacts with IL-8 and human recombinant IL-8
were used as the standard [19].

Statistical Analysis

Data from the experiments are expressed as a
mean+SD except the lung injury score which is given
as a median. Data from three or more groups were
compared using one-way analysis of variance fol-
lowed by the Scheffé multiple comparison test.
Pairwise comparisons were made with the Student’s ¢
test. A value of p<0.05 was considered significant.

RESULTS

Changes in Hemodynamics, Peripheral Blood
Leukocyte Counts

The systolic arterial pressure and arterial oxygen
partial pressure (data not shown) did not change
significantly during the study period in all groups,
but peripheral blood leukocyte counts decreased
gradually in all groups treated with LPS compared
with the Saline-Only group. However, the decrease of
peripheral blood leukocyte counts was attenuated in
pre-UTI-High group compared with LPS-Only group
(»<0.05; Table 1).
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Table 1. The Effects of UTI on the LPS-induced Changes in Hemodynamics and Peripheral Blood Leukocyte Counts

Time after start of endotoxin or saline infusion

Variables 0h 1h 2h 3h 4h 5h 6h
SAP (mmHg)
Saline-Only 97+10 99412 111£12 11111 10313 11012 10816
UTI-Only 94+15 111£15 118+13 113£9 119+13 121+14 118+12
LPS-Only 96+10 113%15 12246 12246 11111 1047 98+10
Pre-UTI-Low 91+10 102+15 10515 107+12 103+14 97+15 97+16
Pre-UTI-High 99+15 1079 10411 109410 103+15 10015 10815
Post-UTI-Low 92+11 98+8 105+14 107+12 108+15 113+13 106+10
Post-UTI-High 95+12 10814 11649 11310 110+13 109410 114=11
Leukocytes (x10%/mm?®)
Saline-Only 4249 47+6 46+4 43+3 45+5 48+4 45+3
UTI-Only 40+2 4442 46+5 46+3 43+4 45+5 4414
LPS-Only 43+5 15+6* 1144+t 94T g£4%" 6+3*" 42T
Pre-UTI-Low 406 17+8%" 10+1+F 6+1%T 50T 540 F 4£2%"
Pre-UTI-High 42+6 1845+ 15+3%T 13+3*F 101+ 10+2%T* 10+3%7%
Post-UTI-Low 43+4 17+4%" 9+3*T 72T 5+3%T 540t 5+1#
Post-UTI-High 45+2 1747+ 1043+ g+2%" 741%F 741%F 541

Animals were randomly assigned to one of seven groups. Systolic arterial pressure, arterial blood sample for leukocytes counts were obtained at 0, 1,
2,3, 4,5, and 6 hr after saline or LPS administration. Saline-Only group received intravenous infusion of saline only. UTI- and LPS-Only groups
received UTI and 5 mg/kg E-coli endotoxin O55:B5 respectively. UTI was administered 30 min before (pre-UTI-Low and pre-UTI-High groups), or
15 min after (post-UTI-Low and post-UTI-High groups) LPS administration. Values are mean+SD. S4P systolic arterial pressure, *P<0.05 vs. group

Saline-Only, 7 P<0.05 vs. baseline (0 hr), ¥ P<0.05 vs. group LPS-Only

Analysis of Bronchoalveolar Lavage Fluid

The average recovered BALF was about 75% in
the seven groups. This range of percentages indicates
a similar dilution among the animals. Total cell counts
and neutrophil to total cell ratio were not different
among seven groups (leukocyte counts, 370~460/ul;
PMNL to total cell count ratio, 2.5~3.2%). In
contrast, the concentration of IL-8 in the BALF
significantly increased in LPS-Only group compared
with the Saline-Only group. UTI attenuated the LPS-
induced IL-8 production in BALF of groups treated
with LPS except post-UTI-Low group (p<0.05;
Table 2, Fig. 2).

Lung Wet/Dry Weight Ratio

The W/D weight ratio increased in the LPS-Only
group compared with the Saline-Only group. The
increase of this ratio was attenuated in the pre-UTI-
High group (p<0.05; Table 2, Fig. 2).

Histopathologic Grading

Light microscopic findings in the LPS-Only
group include edema, hemorrhage, thickening of

the alveolar wall, and infiltration of inflammatory
cells in lung parenchyma. Pre- and post-treatment
with high-dose UTI attenuated this histopathologic
severity of the lung injury induced by LPS (p<0.05;
Table 2, Fig. 3). LPS-induced neutrophils infiltration
in lung was attenuated in the pre-UTI-High group
(Table 3).

DISCUSSION

Various inflammatory mediators, including neutro-
phils, cytokines/chemokines, lipid mediators (phospho-
lipase A2, thromboxane A2, prostacyclin), platelet
activating factor, and proteases contribute to the patho-
genesis of LPS-induced acute lung injury [20]. Among
them, the products from neutrophils are recognized to
play important roles. Neutrophils stimulated by LPS
generate neutrophil elastase, oxygen radicals, nitric
oxide, and other mediators of inflammatory processes.

Pre-treated UTI attenuated LPS-induced acute lung
injury, as determined by development of lung edema, IL-
8 in BALF levels, neutrophils infiltration, and histopa-
thologic findings in the lung, as shown in the present
study. These findings are consistent with previous
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Table 2. Changes Interleukin (IL)-8 Concentration in Bronchoalveolar Lavage Fluids (BALF) Chemistry, Wet to Dry Weight (W/D) Ratio, IL-8
Concentration in Peripheral Blood at 6 hr after Lipopolysaccharide Administration, Lung Injury Score (LIS) in Lipopolysaccharide-, and Urinary
Trypsin Inhibitor (UTI)-treated Rabbits

Variables Saline-Only UTI-Only LPS-Only Pre-UTI-Low Pre-UTI-High Post-UTI-Low Post-UTI-High

BALF IL-8 5+3.4 42+2.6 681.4+102*%  551.2+166.8% **  222.9+112.9% ***  626+85.6* 355.8450.8% **
(pg/mL)

W/D ratio 4.69+0.3 4.72+0.82  5.46+0.49* 5.48+0.55* 4.79+0.25%* 5.43+0.43* 5.15+0.2*

Peri. BloodIL-8 0 0 673+27.1%* 551.7+132.1% 616.9+£69.1* 598+89.2%* 545.5+36.4*
(pg/mL)

LIS [median 1(1~2) 2 (1~2) 3 (2~4)* 2 (2~3)* 2 (1~3)** 32~4)* 2(1~3)**
(range)]

Peripheral blood samples for measurement of concentration of IL-8 was obtained from carotid artery at 6 h after the start of saline or LPS infusion. Peri:
peripheral. Values are mean+SD except LIS [median(range)]. *P<0.05 vs. group Saline-Only, ** P<0.05 vs. group LPS-Only, ***P<0.01 vs. group LPS-Only

observation in which UTI inhibited both expression of
neutrophil chemoattractant and infiltration of neutrophils
in the lung [16, 17]. UTI attenuated the increases of IL-8
concentration of BALF in the rabbits treated with LPS,
which is an important finding because IL-8 is associated
with the prognosis of ALIL In trauma patients, the early
appearance of interleukin-8 in BALF is an important
prognostic indicator for the development of ARDS [8].
Increased levels of proinflammatory cytokines in
patients with sepsis and ALI, including IL-8 and IL-6,
correlate to a poor outcome [9].

In the present study, interestingly, UTI reduced the
production of potent chemoattractant IL-8 in BALF, but
not in systemic circulation. However, LPS-induced
neutrophils infiltration of lung was attenuated in the
Pre-UTI high group. Previous studies reported that UTI
inhibits LPS-induced production of IL-8 in vascular
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endothelial cells [21], neutrophil elastase-induced IL-8
gene expression [22, 23], expression of intercellular
adhesion molecule-1, endothelial cell adhesion mole-
cule-1 on endothelial cells, and transendothelial migra-
tion of neutrophils stimulated by IL-8 [24]. Also, UTI
not only inactivated elastase secreted by neutrophils, but
also suppressed the production and secretion of elastase
from neutrophils which play an important role of
diapedesis and extravasation of granulocytes [21, 25,
26]. Even though we did not prove directly that UTI
decreases the production of IL-8 in specific cells such
as macrophage or epithelial cell and decreases migra-
tion of neutrophils (chemotatic effects) into lung, it is
likely that UTI attenuated the histopathologic severity
of lung parenchyma through the inhibition of neutro-
phil migration into the lung parenchyma as shown in
our study.
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Fig. 2. Effects of UTI on LPS-induced changes in the concentration of interleukin-8 in bronchoalveolar lavage fluid (BALF) and wet/dry weight (W/
D) ratio. BALF and lung lobe were collected 6 h after the start of the saline or LPS infusion. Each value represents mean+SD from seven rabbits. *P<
0.05 versus group Saline-Only, TP<0.05 vs. group LPS-Only, ¥P<0.01 vs. group LPS-Only.
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Fig. 3. Effects of UTI on lung tissue damage in rabbits at 6 h after the start of saline or LPS infusion. Representative photomicrographies showing
hematoxylin and eosin staining samples with median values in a group Saline-Only, b group LPS-Only, and ¢ group pre-UTI-High. Original print
magnifications x200. Lung injury score d: lung injury was scored from 0 (no damage) to 4+ (severe damage) according to the criteria described in
MATERIALS AND METHODS. Bars represent median values from seven rabbits. *P<0.05 vs. group Saline-Only. "P<0.05 vs. group LPS-Only.

In direct insult models, the injured structures are
primarily focused on the alveolar epithelium, which
leads to activation of local macrophages, neutrophils,
and proinflammatory cytokines. But, in indirect pulmo-
nary injury, the first site of damage is the pulmonary

Table 3. Neutrophils in Lung from Rabbits

Neutrophil no./field

Saline-Only 0.32+0.04
UTI-Only 0.4+0.1
LPS-Only 1.54+0.58*
Pre-UTI-Low 1.17+£0.52*
Pre-UTI-High 0.88+0.63* **
Post-UTI-Low 1.50+0.42*
Post-UTI-High 1.06+0.53*

Values are mean+SD. The number of neutrophils per field was counted
in lung samples obtained 6 h after saline or LPS administration. *P<
0.05 vs. group Saline, **P<0.05 vs. group LPS

vascular endothelium by inflammatory mediator released
from extrapulmonary foci into the systemic circulation.
Although various causes of ALI result in similar
pathologies in the late stage [1] and the distinction
between pulmonary and extrapulmonary ALI is also not
always clear and simple, indirect insult appear to spare
relatively the intra-alveolar spaces and alveolar epithe-
lium at the early phase [27]. In this study, UTI attenuated
endotoxin-induced histopathologic severity of lung
parenchyma associated with neutrophils infiltration, but
not neutrophil counts in BALF from rabbits. This result
is consistent with the previous observation that direct
insult to the lung parenchyma (intranasal instillation of
LPS) increased significantly granulocyte migration in the
BALF, but not indirect insult (intravenous administration
of LPS) [28, 29].

In conclusion, UTI reduced LPS-induced histopa-
thologic alteration in lung parenchyma, and it is



182

suggested that UTI may be effective in attenuating early
ALI and preventing progression of ARDS due to sepsis
in the clinical setting.
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