Xk

1) Shapio, A.M.J. et al @ Islet transplantation in
seven patients with type 1 diabetes mellitus using a
glucocorticoid-free immunosuppressive regmen,
N. Engl. . Med., 343 © 230-238, 2000.

2) Ryan, E.R. et al : Five-year follow-up after clini-
cal islet transplantation. [iabetes, 54 : 2060-2069,
2005,

3) Yasunami, Y. etal : Va14 NKT cell-triggered IFN-y
production by Gr-1"CD11b"cells mediate early
graft loss of syngeneic transplanted islets. [ Exp.
Med., 202 : 913-918, 2005,

4) Cui, J. et al. : Requirement for Vield NKT cells in

e BHISH e

IL-12-mediated rejection of tumors. Science, 278 :
1623~ 1626, 1997,

5) Kawano, T. et al. : CD1d-restricted and TCR-medi-
ated activation of Vald NKT cells by glycosyl-
ceramides. Sctence, 278 © 1626- 1629, 1997,

6) Taniguchi, M. el al. : The regulatory role of Val4
NKT cells in innate and acquired immune

P Ann. Rev. I [ 21 : 483-513, 2001.

7) Ikehara, Y. et al. : CD4*Vald natural killer T cells
are essential for acceptance of rat islet xenografts
in mice. J. Clin. Invest., 105 = 17611767, 2000.

8) Toyofuku, A. et al : Natural killer T-cells partici-
pate in rejection of islet allografts in the liver of
mice. Diabetes, 55 © 34-39, 2006.

PR 20 R (M) SEESESRL BN
TRMELS ELUHEMDEAW

RN 2008 £ 4 H1 H~6 A 27 11
HAFRIF  QEdbe L ERUHOWR, O%EH
TEERCROWE, DWHHE - R ONE
BEAE - IR E 80 fF(EW 16,000 771), WEM

i 20 £ (E2H 1,000 FFT)

M2 LTI, A A1 BEN =L A=Y

(httpy/ /www.mochida.cojp/zaidan) 2 T2M A L £
fﬂ?:mah'

Ma ¢ % - (M) ¥R SRR RN

T160-0003 U IDUFTHIZARHMEr 7-6 U7 4 X0
TEL : 03-3357-1282, FAX : 03-3357-1264
E-mail ! zmdantimochida.cojp

- 417 -

EB¥OBMH Vol 225No. 2 2008.4.12 | 155




Inflamm. res, 58 (2009) 198-203
1023-3830/09/0400198-6
DOI 10.1007/s00011-008-8131-5

© Birkhiiuser Verlag, Basel, 2009
llnﬂammation Research

Neutrophil elastase inhibitor (sivelestat) reduces the Levels of
inflammatory mediators by inhibiting NF-xB
S. Hagiwara, H. Iwasaka, S. Hidaka, A. Hasegawa and T. Noguchi

Department of Anesthesiology and Intensive Care Medicine, Oita University Faculty of Medicine, 1-1 Idaigaoka-Hasamamachi, Yufu City,

Oita 879-5593, Japan, Fax +81-97-586-5949, e-mail: saku@med.oita-w.ac.jp

Received 14 June 2008; returned for revision 11 July 2008; received from final revision 4 September 2008; accepted by H. Katori 9 September 2008

Published Online First 24 February 2009

Abstract. Objective: Sivelestat sodium hydrate (sivelestat)
is a specific synthetic inhibitor of neutrophil elastase (NE).
Various studies suggest that sivelestat treatment reduces in-
flammation. In this study, we tested the hypothesis that sive-
lestat acts as an inhibitor of inflammatory mediators and pre-
vents nuclear factor-k B (NF-kB) activation.

Methods: In the presence and absence of sivelestat, the mouse
macrophage cell line RAW 264.7 was stimulated with lipo-
polysaccharide (LPS) and the levels of inflammatory media-
tors (TNF-a, IL-6 and high mobility group box | (HMGB1))
and nitrite in the cell supernatant were measured, along with
inducible nitric oxide synthase (iNOS) expression.

Results: While LPS administration increased the secretion of
inflammatory mediators and nitric oxide (NO), sivelestat de-
creased the secretion of these mediators. Cell signaling stud-
ies demonstrated that sivelestat decreased NF-xB activation
by inhibiting IkB phosphorylation.

Conclusion: Sivelestat may inhibit the various inflammatory
mediators through NF-kB inhibition.

Key words: Lipopolysaccharide — Sivelestat sodium hydrate
~ HMGBI1 - Neutrophil elastase

Introduction

Acule respiratory distress syndrome (ARDS) commonly oc-
curs in cases of severe sepsis and yields a mortality rate of
25-31and few effective therapeutic strategies are currently
available [1]. Despite recent improvements in our under-
standing of the molecular underpinnings of ARDS, acute
lung injury (ALI) remains refractory to treatment.

A specific neutrophil elastase (NE) inhibitor, sivelestat,
has been developed in Japan [2]. This agent is characterized

Correspondence to: S. Hagiwara

as having no effects on proteases other than NE [2]. Previous
studies reported that sivelestat reduced lung injury associ-
ated with systemic inflammatory response syndrome (SIRS)
in humans [3] and decreased endotoxin-induced lung injury
in animal models [4]. Indeed, plasma NE levels were signifi-
cantly elevated in patients with ALI and ARDS compared to
healthy volunteers [5]. In addition, clinical studies demon-
strated that sivelestat improved the arterial oxygen tension-
to-inspired oxygen fraction (PaO2/FiO2) and decreased the
length of stay in the intensive care unit and days on a ventila-
tor for patients with ALl and ARDS [6]. Moreover, treatment
of ARDS with sivelestat reduced serum cytokine levels [7].
Sivelestat is also effective in animal models of ARDS/ALL
These results suggest that sivelestat might be useful for the
treatment of SIRS and ARDS/ALL

While the efficacy of sivelestat for ALI patients remains
controversial, a Japanese phase IIT study reported promising
results [8]. In that study, sivelestat administration reduced
the artificial ventilation period and duration of stay in the in-
tensive care unit. Additionally, we recently demonstrated the
effectiveness of sivelestat in animal models of ARDS/ALI
|9]. However, the mechanism(s) by which sivelestat confers
protection is not well understood.

During severe inflammation, excessive oxidative stress is
observed and nitric oxide (NO) has been postulated to be a
key regulator, Various inflammatory stimuli, including lipo-
polysaccharide (LPS), stimulate endogenous NO production
by activating inducible nitric oxide synthase (iNOS) [10].
Overproduction of NO subsequently initiates a cascade of
inflammatory responses that lead to tissue injury and, even-
tually, multiple organ dysfunction [11].

Release of various mediators (including cytokines and the
high mobility group box 1 (HMGBI) protein) correlates with
severity of inflammation, as observed in SIRS and ALI [12,
13, 14]. The cytokines TNF-a and IL-6 play a central role in
the pathogenesis of the acute inflammatory response and some
studies report that high levels of TNF-a and IL-6 correlate
with the severity of disease [15, 16]. Additionally, HMGBI
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enhances the inflammatory response during septic shock [17,
18], and a later release and action may be generally observed
compared 1o that for cytokines such as TNF-a and IL- 10 [13],
Therefore, inhibitors of cytokines and HMGBI1 might prove
beneficial in the treatment of SIRS and ALI because they af-
fect both the early and late inflammatory responses.

The transcription factor NF-kB regulates the expression
of many inflammatory genes including TNF-a and IL-6 [19].
NF-kB activation involves the regulation of p65 and p50 sub-
unit transactivation [20]. Aberrant activation of NF-xB is as-
sociated with systemic inflammation, as observed in cases of
septic shock [21].

Sivelestat may inhibit the secretion of HMGB1 from
LPS-stimulated murine macrophages. To test these hypoth-
eses, we investigated the effect of sivelestat treatment on the
secretion of various mediators by RAW264.7 cells. We fur-
ther examined NF-xB activity and IxB phosphorylation to
elucidate the mechanism which controlled these effects.

Materials and Methods
Materials

LPS (0127:B8) was obtained from Sigma-Aldrich (St Louis, MO).
Sivelestat was donated by Ono Pharmaceutical Co. Lid. (Osaka, Japan).
Antibodies to INOS (Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
phosphorylated IxB a (p-IxB a) and IxB « (Cell Slglu!m,g Technology,
Beverly, MA), and f-actin (Abcam, Cambridge, UK) were purchased
and stored at 4°C or -20°C.

Cell Culture

The RAW 264.7 macrophage-like cell line obtained from the American
Type Culture Collection was maintained in RPMI 1640 medium (Sig-
ma-Aldrich, St. Louis, MO) containing 5 % heat-inactivated fetal bovine
calf serum, penicillin (50unit¢/ml, Gibco BRL, Grand Island, NY), and
streptomycin (50 pg/ml, Gibco BRL, Grand Island, NY) &t 37°Cin 5%
CO2. The medium was removed and replaced with RPMI 1640 contain-
ing 5% fetal bovine serum (FBS) (for most experiments) or Opti-MEM
(Sigma-Aldrich, St. Louis, MO) (for experiments measuring HMGB1
levels in conditioned media). RAW264.7 cells were simultaneously
treated with sivelestat and stimulated with LPS. Samples of the culture
supernatant were obtained at various time points, as described in the next
section. Cells were lysed using the Mammalian Protein Extraction Re-
agent Kit (PIERCE Biotechnology, Rockford, IL) or Nuclear and Cyto-
plasmic Extraction Reagent Kit (PIERCE Biotechnology, Rockford, IL).
Homogenates were boiled (5 min) prior to the addition of dithiothreitol.
Cytoplasmic and nuclear protein extracts were analyzed by western blot
as described below.

Measurement of cytokine and HMGB] secretion

Samples of culture supernatant were taken at 0, 1.5, 3,45, 6,9, 12, 18
lnd!dhtlmcpom"ﬂh“wh!mlbcmpum:mmndem
to LPS administration. HMGBI, IL-6, and TNF-u levels were deter-
mined using commercial enzyme-linked immunosorbent assay (ELISA)
kits (HMGB1, Sinnn—thCurpurman,Tukyu Japan; IL-6 and TNF-a,
R&D Systems Inc., Minneapolis,

Determination of nitrite concentration

Samples of culture supernatant were taken at 0, 1.5, 3, 4.5, 6,9, 12, 18
and 24 h time points. “0h” refers to the time point immediately prior to
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LPS administration. NO is rapidly oxidized to nitrite in biological fluids.
Therefore, nitrite content in samples was measured as a proxy for NO.
Nitrite concentrations were determined using a commercial kit accord-
ing to the manufacturer's protocol (R&D Systems Inc., Minneapolis,
MN). This kit measures nitrite concentration using a modification of the
Gness assay, which is a colorimetric assay that measures absorbance at
540nm. Nitrite concentration was calculated using a standard curve and
expressed as micromoles per liter.

Western blot

Proteins were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA). The membranes were
washed with phosphate buffered saline (PBS) containing 0.1 % Tween 20
and 5% skim milk (PBS-T). The membranes were incubated with pri-
mary antibody (1:1000 dilution). Aﬂuw:mdnrymnhndymhumn.
blots were developed using an enhanced chemiluminescence detection

kit (Amersham, Buckinghamshire, UK) and exposed on Hyperfilm ECL.
(Amersham, Buckinghamshire, UK). The film was then scanned and the
hand concentration was calculated by the quantification of the integrated
optical density of the appropriate band using the Image J 1.37v software
program (National Institute of Health, Bethesda, MD).

NF-xB Binding Assay

Samples of the cells were taken at 0, | and 2h time points. *0h” refers to
the time point immediately prior to LPS administration. The DNA bind-
ing activity of NF-xB (p5(0V/p65) was determined using an ELISA-based
nonradioactive NF-xB p5(0/p635 transcription factor assay kit (Chemi-
con, Temecula, CA).

Statistical analysis

For descriptive purposes, all continuous data were presented as the mean
+ SD. The data were compared using nonparametric tests and analyzed
by the Mann-Whitney U-test for comparison between two independent
groups. The Kruskal-Wallis test was used for comparison between all
groups. P-values less than 0.05 were considered statistically significant.

Results
Effect of sivelestat on HMGB1 secretion

The secretion of HMGBI into the culture supernatant was
measured 24 h following LPS administration. HMGBI levels
in the culture supernatant increased after the LPS adminis-
tration, but the secretion was significantly inhibited by the
administration of 100pg/ml sivelestat (Figure 1). The most
effective dose of sivelestat was 100ug/ml, and this dose was
used for subsequent experiments.

Effect of sivelestat on cytokine secretion

TNF-a levels in the culture supernatant increased 3 h after
LPS administration (Figure 2A). Sivelestat significantly in-
hibited the secretion of TNF-a in response to LPS adminis-
tration. Similarly, IL-6 levels in the culture supernatant also
increased following LPS administration (Figure 2B), and its
increase was inhibited by sivelestat (Figures 2 A, B).
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Fig. 1, Effect of sivelestat on HMGB1 secretion by LPS-stimulated
murine macrophages.

Murine macrophages treated with or without sivelestat (1, 10, 100, and
1000 pg/ml) were stimulated with LPS (100ng/ml) for 20h. Supemna-
tants were prepared and HMGBI levels were examined by ELISA. Re-
sults are expressed as the mean + SD. *denotes a significant difference
compared to LPS-only treated cells (p<0.05). N.D.: not detected.
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Effect of sivelestat on serum nitrite levels and iNOS
expression

Nitrite is a metabolic product of NO that is often used as
a marker to indicate NO production. Nitrite concentrations
were measured in culture supernatant at the indicated times
after LPS administration. We observed a LPS-induced in-
crease in serum nitrite levels that was significantly inhibited
by sivelestat treatment (Figure 3). The observed increase in
iINOS expression in murine macrophage RAW264.7 cells by
LPS administration was also diminished by sivelestat treat-
ment (Figure 4).

Sivelestat inhibits the IKK pathway and modulates NF-xB

Since the NF-kB pathway plays a crucial role in the secre-
tion of cytokines and NO, we measured the activation of the
NF-kB subunits pS0 and p65 in the nucleus. Treatment of
cells with LPS led to a robust activation of p5S0 and p65. This
activation was partially blocked by sivelestat (Figure 5). The
1B kinase (IKK) pathway was examined as another poten-
tial regulator of NF-xB, Sivelesiat inhibited IxB « degrada-
tion resulting from LPS stimulation (Figure 6). In addition,
IkB a phosphorylation (p-1kB) in RAW264.7 cells increased
after LPS administration, and this phosphorylation was also
inhibited by sivelestat (Figure 6).

Discussion

In this study, we demonstrate that sivelestat inhibited HMGB 1
secretion and production of cytokines and NO in LPS-stimu-
lated murine macrophages by inhibiting NF-kB activation.
This lack of NF-xB activation may be due to inhibition of
Ik B phosphorylation by sivelestat.

nitrite ( ¢ M)
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Fig. 2. Effect of sivelestat on TNF-a and IL-6 production by LPS-

s‘lhnuh!nd mm'lu macrophages.

M m treated with or without sivelestat {100 pg/ml) were

sumlned \ml.h L.PS (100ng/ml) for the indicated durations, Squares

represent LPS treatment without sivelestat and circles represent LPS
with sivel Su were collected and TNF-a(A)

Fig. 3. Effect of sivelestat on serum nitrite levels after LPS stimula-

tion of murine macrophages.

Murine macrophages treated with or without sivelestat (100 pg/ml) were

stimulated with LPS (100ng/ml) for the indicated durations. Squares

represent LPS treatment without sivelestat and circles represent LPS

treatment with sivelestat. Supernatants were collected and nitrite con-
ions were d ined by a modification of the Griess assay. Re-

and IL-6 (B) levels were determined by ELISA. Results are exp
as the mean = SD. * denotes a significant difference compared to cells
treated with only LPS (p<0.05).

sulu are expressed as the mean + SD. *denotes a significant difference
compared with cells treated only with LPS (p<0.05).

- 420 -



Vol. 58, 2009 Sivelestat inhibits inflammatory mediators 201
Figure 4A " s
- i
i m
INOS W v g— i; -
»
i 3 , )
; “
betnactin " S 31 .
-»
. W e
LPS(100ng/'ml) - . ¢ + + LPS(100ng'ml) . + . + +
Sivelestat(100 » g'ml) - . y . + Sivelestat(100 4 g/ml) - . * . *
Time(h) 0 6 6 4 4 Time(h) 0 | I 2 2
Figure 4B Fig. 5. Effect of sivelestat on the LPS-induced increase of pS0/p65

L]
LPS(100ng/mi) . ¢ - ‘
Sivelestat(100 g g/'ml) - . = -
Time(h) 0 6 6 24 24

Fig. 4. Changes in iNOS protein expression after LPS stimulation of
murine macrophages.

(A) Murine macrophages treated with or without sivelestat (100 pg/ml)
were stimulated with LPS (100 ng/ml) for the indicated durations. The
expression of INOS after the treatment of cells with LPS, with or with-
out sivelestat, was detected by western blot. The blots were also probed
with an antibody against f-actin as a loading control. (B) The signal
intensities for the density based on an immunoblot analysis of INOS
protein. iNOS was quantified using an image analyzer. The density of
the signal intensities was lower for the cells treated with both LPS and
sivelestat compared to cells treated only with LPS. Results are expressed
as the mean = SD. * denotes a significant difference compared with the
LPS-only group at 6h (p<0.05). # denotes a significant difference com-
pared with the LPS-only group at 24 h (p<0.05).

Previous studies demonstrated that treatment of ALL/
ARDS with sivelestat led to reduced cytokine production
and improved lung function [6, 7]. One of the proposed
mechanisms was NE inhibition by sivelestat [2]. However,
other potential mechanisms were not elaborated upon. We
demonstrate that sivelestat reduced production of various in-
flammation mediators through NF-kB inhibition. Therefore,
sivelestat inhibits NE production and may also have anti-in-
flammatory properties.

Cytokines are important mediators of inflammation in
various discase states [22]. Previous studies demonstrated
the mutual relationship between HMGBI1 and cytokines [13]
and the proinflammatory properties of HMGB1 [23]. There-
fore, cytokines and HMGBI are thought to play a crucial role
in regulating inflammation. We observed that the cytokine
and HMGBI levels were significantly decreased in response
to sivelestat treatment (Figures 1, 2). These results indicate
that in addition to inhibiting cytokine production, sivelestat

DNA binding activity.

The DNA binding activity assay showed a marked decrease in p50/p65
DNA binding activity in nuclear fractions from RAW264.7 cells treated
with LPS and sivelestat compared to cells treated only with LPS. Results
are expressed as the mean + 5D. * denotes a significant difference com-
pared with the LPS-only group at 1h (p<0.05). # denotes a significant
difference compared with the LPS-only group at 2h (p<0.05).

inhibits HMGB1 during LPS stimulation of murine macro-
phages. Therefore, sivelestat may be useful for regulating the
inflammatory response.

Inducible nitric oxide synthase (iNOS) and nitrite levels
were significantly inhibited by sivelestat treatment (Figure 3,
4). iNOS is typically activated under systemic inflammatory
conditions including septic shock [24] and its increased ex-
pression promotes nitric oxide (NO) release, leading to organ
damage. NO plays a key role in inflammation and has been
implicated in a wide variety of disease processes [24]. Further-
more, TNF-a stimulates iNOS activity [25]. These results sug-
gest that the anti-inflammatory actions of sivelestat in response
to LPS administration may occur by inhibiting cytokines and
iNOS. iNOS inhibition may be related to TNF-a inhibition.

NF-xB coordinates the induction of several genes lead-
ing to the production and secretion of pro-inflammatory cy-
tokines when NF-kB is freed from an inhibitory action of
IxB [26]. Moreover, iNOS activity in macrophages is first
regulated and modulated by cellular receptor molecules via
NF-xB pathway activation [27]. In addition, NF-kB activa-
tion contributes to HMGBI1 secretion after LPS administra-
tion [28]. We demonstrate that sivelestat inhibited LPS-in-
duced NF-xB activation (Figure 5). This may. in turn, inhibit
the activation of macrophages and the amounts of various
inflammatory mediators secreted.

NF-xB associates with inhibitory IkB proteins which
sequester NF-kB in the cytoplasm. Phosphorylation of IkB
by IkB kinases (IKKs) is required to release NF-kB from
this inhibition [29]. Indeed, LPS stimulation of murine mac-
rophages activates several intracellular signaling pathways,
including the IxB kinase (IKK)/NF-kB pathway [30]. Our
results suggest that sivelestat impinges on the IKK pathway
to dampen the inflammatory response by repressing IxB
phosphorylation and subsequent NF-kB activation (Figure
5). Accordingly, the inhibition of IkB phosphorylation by
sivelestat during LPS-induced inflammation may limit NF-
KB activation.
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Fig. 6. Effect of sivelestat on LPS-induced IxB phosphorylation.
(A) Murine macrophages treated with or without sivelestat (100 pg/ml)
were stimulated with LPS (100ng/ml) for the indicated durations. The
cytoplasmic levels of phosphorylated IxB were determined by western
blot analysis using antibodies specific for 1) phosphorylated IxB « (p-
IxB, upper); 2) total IxB a (IxB, middle); and 3) f-actin as a loading
control (lower). (B) The signal intensities for the density were based on
an immunoblot analysis of p-IkB protein. p-IkB was quantified using
an image analyzer. The density of the signal intensities was lower for
cells treated with both LPS and sivelestat, compared to cells treated only
with LPS. Results are expressed as the mean + SD. * denotes a signifi-
cant difference compared with the LPS-only group at 1h (p<0.05). #
denotes a significant difference compared with the LPS-only group at
2h (p<0.05). (C) The signal intensities for the density were based on
an immunoblot analysis of IxB protein. IxB was quantificd using an
image analyzer. The density of the signal intensities was higher for the
cells treated with both LPS and sivelestat compared to cells treated only
with LPS. Results are expressed as the mean = SD. * denotes a signifi-
cant difference compared with the LPS-only group at 1h (p<0.05). #
denotes a significant difference compared with the LPS-only group at
2h (p<0.05).

S. Hagiwaractal  Inflamm. res.

In conclusion, our results suggest that sivelestat may ex-
ert an anti-inflammatory effect due o its ability to inhibit the
production and secretion of cytokines and HMGBI, as well
as NO secretion. These might be related to the inhibition of
NF-kB in sivelestat-treated cells. One important caveat of
this study is the high concentration of sivelestat used. Such
high concentrations may non-specifically affect intracellular
proteases (such as the proteasome) and thereby inhibit NF-
kB activation. Further studies will be required to elucidate
the mechanisms by which sivelestat regulates inflammation.
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Effects of an angiotensin-converting enzyme inhibitor on the
inflammatory response in in vivo and in vitro models*

Satoshi Hagiwara, MD, PhD; Hideo Iwasaka, MD, PhD; Shigekiyo Matumoto, MD; Seigo Hidaka, MD;

Takayuki Noguchi, MD, PhD

Objective: Sepsis remains a major health threat in intensive
care medicine. The renin-angiotensin system (ACE) affects in-
flammatory responses. In addition, angiotensin-converting en-
zyme inhibitors act to ameliorate lung injury. To investigate
whether the widely used ACE inhibitor enalapril, used to treat
hypertension, could inhibit secretion of cytokines and high-mo-
bility group box 1 (HMGB1) protein, thus reducing lung damage in
a rat model of lipopolysaccharide (LPS)-induced sepsis.

Design: Randomized, prospective animal study.

Setting: University medical center research laboratory.

Subjects: Male Wistar rats.

Interventions: LPS was administered intravenously to rats,
with or without intraperitoneal pretreatment with enalapril. In
addition, mouse macrophage RAW264.7 cells were stimulated
with LPS, with and without simultaneous enalapril treatment.

Measurements and Main Resuits: Histologic examination
showed marked reduction of interstitial congestion, edema, in-
flammation, and hemorrhage in lung tissue harvested 12 hours

after treatment with both agents compared with LPS administra-
tion alone. Plasma concentration of angiotensin Il was strongly
induced by LPS; this induction was inhibited by the enalapril
pretreatment. Likewise, LPS-induced secretion of proinflamma-
tory cytokines and HMGB1 protein was inhibited by enalapril. The
presence of HMGB1 protein in the lung was examined directly by
immunohistochemistry; the number of stained cells was signifi-
cantly lower in LPS-treated animals that also received enalapril.
In the in vitro studies, enalapril administration inhibited the phos-
phorylation of IkappaB.

Conclusions: The ACE inhibitor enalapril blocked the LPS-induced
inflammatory response and protected against the acute lung injury
normally associated with endotoxemia in this rat sepsis model. Given
these results, enalapril is a strong candidate as a therapeutic agent
for sepsis. (Crit Care Med 2009; 37:626-633)

Key Worps: lipopolysaccharides; acute lung injury; high-mobil-
ity group box 1; enalapril

epsis remains a significant

cause of morbidity and mortality

throughout the world. (Accom-

panying complications, such as
disseminated intravascular coagulation and
acute respiratory distress syndrome, re-
main refractory to therapy (1-3).) Over the
past several decades, various strategies for
suppressing the inflammatory response have
been tested in clinical trials for the treatment
of sepsis. Depending on the ability of the im-
mune system to respond to the infection,
however, an anti-inflammatory strategy may
not be helpful and could even be harmiul. As
a result, these clinical trials in sepsis have
thus far been unsuccessful (4).

*See also p. 776.
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High-mobility group box 1 (HMGBI)
protein plays a key role as a late-phase me-
diator in the pathogenesis of sepsis (5).
HMGBI is an intranuclear protein that was
originally identified as an important factor
in the regulation of genetic information
(6). It is released from necrotic cells or
secreted by cells such as activated mono-
cytes/macrophages after cytokine stimula-
tion (7). Secreted HMGBI then binds to the
receptor for advanced glycation end-
products, initiating a signal cascade that
results in further downstream cytokine re-
lease and contributes to lethality associated
with endotoxemia (8).

One class of renin-angiotensin system
(RAS)-blocking agents is the angiotensin-
converting enzyme (ACE) inhibitors. The
RAS is essential for maintaining blood pres-
sure homeostasis. A large body of recent
studies, both experimental and clinical, has
unequivocally shown that pharmacologic
blockade of the RAS has a protective effect
on several organs, notably the heart and
kidneys (9-11). In addition, the involve-
ment of the RAS in the pathogenesis and
evolution of inflammatory responses has
received attention. On the basis of various
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experimental studies, the RAS is considered
to be a key mediator of inflammation (12).
More recent studies suggest a role of the
RAS in pulmonary disease. Levels of ACE
are elevated in bronchoalveolar lavage fluid
from subjects with acute respiratory dis-
tress syndrome (13), and mortality from
acute respiratory distress syndrome is pos-
itively correlated with genetic polymor-
phism of ACE (14). The ACE homolog
ACE2 can serve to balance the activity of
ACE by decreasing levels of angdiotensin I
(ANG 1I), and thus providing some protec-
tion from acute lung injury (15). These
observations suggest that ACE activity may
regulate the acute inflammatory response
in the lung. ANG I, the product of the
proteolytic cleavage of ANG I by ACE, is the
main peptide of the RAS and is important
for the control of blood pressure and vol-
ume in the cardiovascular system. ANG II
also produces an inflammatory response by
binding to type-1 ANG II receptors (ATI
receptors), thus activating an intracellular
signaling cascade that up-regulates several
proinflammatory genes (12). ANG Il may
therefore be an important modulator of in-
flammation in acute lung disease.

Crit Care Med 2009 Vol. 37, No. 2



Figure 1. Effects of enalapril on lung injury in lipopolysaccharide (LPS)-treated rats. Rats were treated
with saline (control group), LPS (7.5 mg/kg, intravenously; LPS group), LPS and ENA (LPS: 7.5 mg/kg,
intravencusly and ENA: 50 mg/kg, intraperitoneally; ENA+LPS group), and ENA (50 mg/kg, intra-
peritoneally; ENA group). Shown are representative lung specimens obtained from the control (4: <40
magnification), LPS (8: X40 magnification), ENA+LPS (C: %40 magnification), and ENA (D: x40
magnification) groups, respectively (hematoxylin and eosin staining).

i

Congestion  Edema

Inflammation Hemorrhage

Figure 2. Changes in lung histology score. The identified histologic changes included congestion, edema,
inflammation, and hemorrhage 12 hours after the administration of lipopolysaccharide (LPS): control
(black bars), LPS (white bars), ENA+LPS (hatched bars), and ENA (gray bars). The data are expressed as
the mean = sp, #Denotes a significant difference compared with the control group (p < 0.05). *Denotes

a significant difference relative to the administration of LPS (p < 0.05).

The mechanisms behind RAS activation
in sepsis, and the concomitant lung injury,
are unknown. Enalapril is an ACE inhibitor
that is widely used in clinical medicine for
the treatment of hypertension. In this
study, we tested the effects of enalapril on
lung injury in a lipopolysaccharide (LPS)-
dependent model of systemic inflammation
in rats. We hypothesized that pretreatment
with enalapril can down-regulate ANG 11
and suppress cytokine and HMGB1 levels in
serum, thus preventing acute lung disease.
In addition, we used a mouse macrophage
cell culture system to elucidate the mech-

Crit Care Med 2009 Vol. 37, No. 2

anism underlying the potential anti-
inflammatory effect of enalapril,

METHODS

In Vivo Study

Animals. All protocols conformed to Na-
tional Institutes of Health guidelines and an-
imal care was in compliance with the Princi-
pals of Laboratory Animal Care, The study was
approved by the Ethical Committee of Animal
Research at the College of Medicine, Dita Uni-
versity, Oita, Japan, Male Wistar rats weighing
250-300 g (Kyudou, Saga, Japan) were used in
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all experiments. Animals had access to food
and water ad fibitum.

Drugs. The LPS (0127:B8; Sigma, St
Louis, MO) used in this study was derived
from Escherichia coli (0127) endotoxin, and it
was dissolved in sterile saline. Enalapril (do-
nated by Merck, Darmstadt, Germany) was dis-
solved in sterile saline for injections. Dosage
information is described below.

Experimental Protocols. The animals were
randomly assigned to one of the following four
groups (n = 18 for each group): 1) Control
group: rats received intraperitoneal administra-
tion of 0.9% NaCl solution 30 minutes before
injection into the tail vein of 0.9% NaCl solution;
2) enalapril (ENA)+LPS group: enalapril was
administered intraperitoneally (50 mgkg) 30
minutes before intravenous injection of LPS (7.5
mg/kg) into the tail vein; 3) LPS group: rats
received intraperitoneal administration of 0.9%
NaCl solution 30 minutes before intravenous
injection of LPS (7.5 mg/kg); and 4) ENA group:
enalapril was administered intraperitoneally (50
mg/kg) 30 minutes before intravenous injection
of 0.9% NaCl solution into the tail vein. Serum
samples of venous blood were obtained from the
left external jugular vein at the following time
points: pre, 3, 6,9, 12, and 24 hours. All animals
were breathing spontaneously during the exper-
imental protocol.

Histologic Analysis. Animals (n = 6 for
each group) under sevofluran anesthesia were
killed 12 hours after LPS administration; left
lungs were quickly removed and processed as
indicated below. The lung tissues were stained
with hematoxylin and eosin. A pathologist
blind to treatment assignment evaluated the
extent of lung injury according to Murakami's
technigue (16). Briefly, 24 areas of lung pa-
renchyma were graded on a scale of 0-4 (0,
absent and appears normal; 1, light; 2, mod-
erate; 3, strong; 4, intense) for congestion,
edema, inflammation, and hemorrhage. A
mean score for each of the parameters was
then calculated.

Wet-to-Dry Weight Ratio. Animals (n = 6
for each group) under sevofluran anesthesia
were killed 12 hours after LPS administration.
The lungs were removed, weighed, and then
dried in an oven at 80°C for 48 hours to obtain
pulmonary wet-to-dry weight ratios.

Myeloperoxidase Assay. Animals (n = 6 for
each group) under sevofluran anesthesia were
killed 12 hours after LPS administration. My-
eloperoxidase (MPO) activity was assayed us-
ing a previously described method adapted for
a microplate format (17). Frozen tissue sam-
ples were thawed and homogenized. Samples
were then centrifuged. To each well, we added
20 plL of supernatant and 120 L of reaction
buffer containing 530 nM o-dianisidine and
150 nM H,0, (added immediately before use)
in 50 mM potassium phosphate, pH 6.0. Light
absorbance at 490 nm was then read.

Measurement of Secreted Cylokines,
HMGBI, and ANG II. Interleukin (IL)-6, tu-
mor necrosis factor (TNF)-alpha, HMGB1, and
ANG 11 secretion was assayed by the enzyme-
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Figure 3, Effects of enalapril on wet-to-dry weight ratio of lipopolysaccharide (LPS)-treated rats. The
wet-to-dry weight ratio in lungs was determined 12 hours after LPS treatment for each group (n = 6
for each group): control (black bar), LPS (white bar), ENA+LPS (hatched bar), and ENA (gray bar).
The data are expressed as the mean * sp. #Denotes a significant difference compared with the control
group (p < 0.05). *Denotes a significant difference compared with the LPS group (p < 0.05).
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Figure 4. Effects of enalapril on my

(MPO) activity in lipopolysaccharide (LPS)-treated

rats. Myeloperoxidase activity in whole lungs was determined 12 hours after LPS treatment for each
group (n = 6 for each group): control (black bar), LPS (white bar), ENA+LPS (hatched bar), and ENA
|gray bar). The data are expressed as the mean + so. #Denotes a significant difference compared with
the control group (p < 0.05). *Denotes a significant difference compared with the LPS group (p <

0.05).

linked immunosorbent assay (ELISA) sandwich
method, Ninety-six well plates were precoated
with monoclonal antibody specific to rat IL-6
(R&D Systems, Minneapolis, MN), TNF-alpha
(R&D Systerns), HMGB1 (Shino-Test Corpora-
tion, Tokyo, Japan), and ANG 11 (Phoenix
Pharmaceuticals, Burlingame, CA). The se-
creted factors were detected according to
the procedures described in the suppliers’
protocols. A450 values were read by an
ELISA reader.

Im: histoch Lungs
were obtained from animals before and 12
hours after LPS administration. Tissue sam-
ples were fixed immediately in 4% paraformal-
dehyde, embedded in optimal cutting temper-
ature Compound (Sakura Finetechnical,
Tokyo, Japan), and sectioned. Blocked sections
were incubated with anti-HMGB1 (Shino-Test

istry Analy
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Corporation) polyclonal antibody (1:1000 di-
lution). The sections were incubated with per-
oxidase-conjugated anti-mouse IgG. The slides
were stained using an LSAB2 kit (Daco, Via
Real Carpinteria, CA) as the biotin avidin per-
oxidase complex system. After development,
slides were counterstained with Mayer's hema-
toxylin and mounted.

Western Blot. Animals under sevofluran
anesthesia were killed 12 hours after LPS ad-
ministration. The lung tissue specimens were
homogenized with T-PER (Pierce Biotechnol-
ogy, Rockford, IL). Proteins were subjected to
sodium dodecyl sulfate polyacrylamide gel
electrophoresis in a 12% gel and transferred
onto polyvinylidene difluoride sheets (Milli-
pore, Bedford, MA). The membranes were in-
cubated with primary antibodies (HMGBI
[Shino-Test Corporation]; and beta-actin [Ab-
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cam, Cambridge, UK]) at 171000 in phosphate
buffered saline-tween 20. Peroxidase-labeled
secondary antibodies (ZYMED, South San
Francisco, CA) were then added at 1/1000 in
PBS-T and incubated. The blots were devel-
oped using ECL (Amersham, Buckingham-
shire, UK) and were exposed to Hyperfilm ECL
(Amersham),

In Vitro Study

Cells. The murine macrophage cell line
RAW?264.7 was maintained in RPMI 1640 me-
dium containing 5% heat-inactivated fetal bo-
vine serum and antibiotics at 37°C under 5%
CO, In experiments designed to measure
HMGBI1 in conditioned medium, we used
Opti-MEM (Sigma). The following treatments
were applied: control group, no drug treat-
ment; LPS group, stimulated with LPS (100
ng/mL) only; ENA+LPS group, simulta-
neously treated with enalapril (50 pM) and
LPS (100 ng/mL); and ENA group, treated
with enalapril (50 pM) only. Samples of cul-
ture supernatant were obtained at the follow-
ing time points: 0, 1, 3, 6, 9, 12, and 20 hours.
“0" refers to a time point immediately before
LPS administration.

Nuclear Factor Kappa B Binding Assay.
Murine RAW264.7 cells were harvested by
scraping the adherent cell population from
tissue culture flasks. The cells were collected
using the NE-PER (Pierce Biotechnology).
The DNA binding activity of Nuclear Factor
Kappa B (NF-xB) (p5(V/p65) was determined
using an ELISA-based nonradicactive NF-xB
p50/p65 transcription factor assay kit (Chemi-
con, Temecula, CA). The secreted factors were
detected according to the procedures de-
scribed in the supplier's protocols. A450 val-
ues were read by an ELISA reader (Bio-Rad
Laboratories, Hercules, CA).

Preparation of Tissue and Cell Culture
Protein. Lung tissue homogenates were boiled
(5 minutes) followed by the addition of dithio-
threitol. In tissue culture studies, murine
RAW264.7 cells were harvested by scraping
the adherent cell population from tissue cul-
ture flasks. The cells were collected using M-
PER (Pierce Biotechnology). The homoge-
nates were boiled (5 minutes) followed by the
addition of dithiothreitol,

Measurement of Secreted Cytokines and
HMGEL. IL-6, TNF-u, and HMGB1 secretion
was assayed by the ELISA sandwich method.
Ninety-six well plates were precoated with
monoclonal antibody specific to rat IL-6 (R&D
Systems), TNF-a (R&D Systems), and HMGB1
(Shino-Test Corporation). The secreted factors
were detected according to the procedures de-
scribed in the suppliers’ protocols. A450 val-
ues were read by an ELISA reader.

Western Blot

Proteins were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis in a
12% gel and transferred onto polyvinylidene

Crit Care Med 2009 Vol. 37, No. 2
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Figure 5. Temporal changes in angiotensin I1, interleukin (/L)-6, tumor necrosis factor (TNF)-a, and high-mobility group box 1 (HMGEI) serum
concentration after lipopolysaccharide (LPS) administration in rats. Concentrations of the proinflaimmatory factors were determined in serum taken from
animals in the control, LPS, and ENA+LPS groups (n = 6 for each group) at the time points indicated. We analyzed angiotensin Il, IL-6, TNF-a, and
HMGBI by enzyme-linked immunosorbent assay Squares rep t the values ed for the LPS group; circles represent the values for the
ENA+LPS group; triangles represent the values for the control group; “pre” refers to a time point immediately before LPS administration, All data are
expressed as means = sp, #Denotes a significant difference compared with the control group (p < 0.05), *Denotes a significant difference relative to

4.

administration of LPS alone (p < 0.05). (A) Angiotensin 1I; (8) IL-6; (C) TNF-a; and (D) HMGB1.

difluoride sheets (Millipore). The membranes
were incubated with primary antibodies (phos-
phorylated IKB a [p-1kB «f, 1kB « [Cell Sig-
naling Technology, Beverly, MAJ; and beta-
actin [Abcam]) at 171000 in PBS-T.
Peroxidase-labeled secondary antibodies
(ZYMED) were then added at 1/1000 in PBS-T
and incubated, The blots were developed using
ECL (Amersham) and were exposed to Hyper-
film ECL (Amersham).

Statistical Analysis. All data are presented
as mean * 5o, Data were analyzed by Mann-
Whitney I/ test for comparisons between two
independent groups. A level of p < 0.05 was
accepted as statistically significant.

RESULTS

In Vivo Study

The Effect of Enalapril on Lung Tissue
After LPS Administration. Lung tissue

Crit Care Med 2008 Vol. 37, No. 2

specimens were obtained 12 hours after
LPS administration, with or without pre-
treatment with enalapril. Whereas no his-
tologic alterations were observed in the
control (untreated) group (Fig. 14),
marked interstitial edera and inflamma-
tory cell infiltration were seen in the LPS
group (Fig. 1B). Interstitial edema and
inflammatory cell infiltration were mark-
edly reduced in the ENA+LPS group in
comparison to the LPS group (Fig. 1C).
Enalapril alone caused no histologic
changes (Fig. 1D). Likewise, the histology
scores were all significantly higher in the
LPS group than in the control group; the
scores were intermediate in the ENA+LPS
group (Fig. 2). The wet-to-dry ratios of
the lungs in the LPS group were signifi-
cantly elevated relative to those of the
control animals (Fig. 3). The wet-to-dry
ratios of the lungs in the ENA+LPS
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group were significantly lower than those
in the LPS group, i.e., more similar to the
values of control and ENA animals. MPO
activity was induced after LPS injection,
whereas MPO activity was significantly
decreased in animals receiving an
ENA+LPS injection (Fig. 4).

Effects of Enalapril on the Serum Lev-
els of ANG Il After the Administration of
LPS. ANG 11 levels in the serum of con-
trol group animals were detectable at
baseline (Fig. 54). The serum levels of
ANG II in the LPS group increased at 3
hours after LPS administration and
peaked at 6 hours (Fig. 54). In contrast,
pretreatment with enalapril significantly
suppressed the LPS effect at all time
points (compare ENA+LPS group to LPS
group in Fig. 54).

Effects of Enalapril on the Serum Lev-
els of IL-6, TNF-«, and HMGRI. The se-
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Figure 6. Changes in high-mobility group box 1 (HMGBI) protein expression in lung tissue specimens
after lipopolysaccharide (LPS) administration in rats. Immunohistochemical analysis was used to
detect HMGBI in lung sections obtained 12 hours after LPS administration, All photographs are at
* 400 magnification. Representative specimens from the control group (4), LPS group (B), and
ENA+LPS group (C) are presented. The arrows in (B) indicate cells staining positive for HMGBI1. (D)
The expression of HMGBI protein in the lung 12 hours after administration of LPS in control, LPS,
and ENA+ LPS groups was detected by Western blot analysis.
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Figure 7. Effect of enalapril on high-mobility group box 1 (HMGB1) release by lipopolysaccharide
(LPS)-stimulated murine macrophages. LPS-stimulated (100 ng/mL) murine macrophages were
cotreated with enalapril (50 pM) for 20 hours (n = 8 for each group). HMGBI levels were measured
in supernatants by enzyme-linked immunosorbent assay; LPS (white bar) and ENA+LPS (hatched
bar) (n = 8 for each group). All data are expressed as means + sp. *Denotes a significant difference
compared with LPS group (p < 0.05).

rum levels of IL-6, TNF-«, and HMGB1
were undetectable in control group ani-
mals (Fig. 5, B-D). After LPS administra-
tion, with or without pretreatment with
enalapril, serum was sampled at various
time points over the course of 24 hours.
IL-6 levels were elevated at all time
points, peaking at 3 hours after LPS ad-
ministration in both the LPS and the
ENA+LPS groups. However, the induc-
tion was significantly diminished in the
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ENA+LPS group (Fig. 58). Likewise, in-
duction of TNF-a« peaked 3 hours after
LPS administration in both the LPS and
the ENA+LPS groups, with enalapril
again exerting a suppressive effect on the
induction, especially at the 3-hour time
point (Fig. 5C). Serum levels of HMGB1
increased steadily over time after LPS ad-
ministration in both the LPS and the
ENA +LPS groups, not reaching peak lev-
els until 12 hours after treatment. Again,
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pretreatment with enalapril resulted in
significantly reduced levels of HMGBI;
the largest difference was observed at the
12-hour time point (Fig. 5D). Serum lev-
els of IL-6, TNF-a, and HMGB1 in the
ENA group were undetectable and
thereby similar to the control group (data
not shown).

Effect of Enalapril on HMGBI Levels
in the Lung. Immunochistochemical anal-
ysis revealed that the number of cells
expressing HMGB1 increased after LPS
administration alone (compare Fig. 6, A
and B). In contrast, the number of cells
expressing HMGB1 was dramatically re-
duced in the enalapril-treated group (Fig.
6C). We also determined levels of HMGB1
protein in the lung tissue by western
analysis and found that HMGBI increased
after LPS administration (Fig. 60). Con-
sistent with the immunohistochemical
analysis, this increase was less pro-
nounced among rats pretreated with ena-
lapril (ENA+LPS).

In Vitro Study

Effect of Enalapril on Secreted Levels
of HMGBI1. HMGBI levels in the control
supernatants were undetectable. Secreted
HMGBI levels were elevated in culture at
20 hours after the administration of LPS,
but were inhibited by cotreatment with
enalapril (Fig. 7). HMGBI levels in the
supernatants from the ENA group were
undetectable (data not shown),

Effect of Enalapril on Secreted Cyto-
kines. Cultured macrophages secreted el-
evated levels of IL-6 after LPS adminis-
tration; this induction was significantly
inhibited by enalapril cotreatment (Fig.
84). Likewise, levels of TNF-a in the su-
pernatant increased at 3 hours after the
administration of LPS. Cotreatment with
enalapril significantly inhibited the secre-
tion of TNF-a in the same manner as IL-6
(Fig. 88). The cytokine levels in the su-
pernatants of control and ENA groups
were undetectable (data not shown).

Enalapril Inhibits kB kinase Path-
ways and Modulates NF-kB. Levels of the
transcription factor NF-kB (p50/p65) in
the nucleus of RAW264.7 cells increased
by 1 hour after LPS stimulation, as mea-
sured by DNA binding activity. However,
cotreatment with enalapril partially sup-
pressed this increase (Fig. 9).

Administration with LPS resulted in
the degradation of IkB-a, which was in-
hibited by enalapril (Fig. 10). In addition,
the level of phosphorylated IkB-a in
RAW264.7 cells increased after LPS ad-

Crit Care Med 2009 Vol. 37, No. 2
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Figure B. Effect of enalapril on interleukin ([L)-6 and tumor necrosis factor (TNF)-a production by
lipopolysaccharide (LPS)-stimulated murine macrophages. Murine macrophages were stimulated with
LPS, with or without enalapril treatment (50 M) for the indicated times. Supermnatants were collected
and interleukin-6 (4) and TNF-a (B) levels were determined by enzyme-linked immunosorbent assay
(n = 8 for each group): LPS (squares) and ENA + LPS (circles). All data are expressed as the means +
s0. *Denotes a significant difference compared with LPS-treated cells (p < 0.05).
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Figure 9. Effect of enalapril on the lipopolysaccharide (LPS)-induced increase in p50/p65 binding to
DNA. The DNA binding activity assay showed a marked decrease in the p5(/p65 binding activity in
nuclear fractions from RAW264.7 cells when enalapril at 50 uM was used to cotreat LPS-stimulated
cells: control (black bar), LPS (white bar), and ENA+LPS (hatched bar). All data are expressed as the
mean * 50, #Denotes a significant difference compared with the control cells (p < 0,05). *Denotes a
significant difference compared with LPS treatment alone at 1 hour {p < 0.05). $Denotes a significant
difference compared with LPS treatment alone at 2 hours (p < 0.05).
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Figure 10. Effect of enalapril on the lipopolysac-
charide (LPS)-induced phosphorylation of fkB.
RAW264.7 murine macrophages were stimulated
with lipopolysaccharide, with or without cotreat-
ment with enalapril at 50 uM. Cells were har-
vested 1 hour after treatment and the cytoplas-
mic levels of phosphorylated IkB were
determined by Western blot analysis using anti-
bodies specific for IkB-a (IkB), phosphorylated
IkB-a (p-fkB), and beta-actin as a control,

ministration; cotreatment with enala-
pril suppressed this induction (Fig. 10).

DISCUSSION

In this study, we demonstrated that
pretreatment with enalapril significantly
improved LPS-induced acute lung injury
and was associated with a reduction in
MPO activity and decreased cytokine and
HMGBI levels. Our results also suggest
that the inhibition of cytokine and
HMGBI1 secretion were the result of an
inhibition of NF-xB activity.

The activity of the RAS is reflected by
levels of ANG I1, which exerts proinflam-
matory effects by inducing the expression
of cytokines, chemokines, adhesion mol-
ecules, growth factors, and reactive oxy-
gen species. These effects of ANG Il are
mediated via the AT1 receptors (12),
which were recently shown to be involved
in lung permeability in acute lung injury
(18). In this study, we showed that a
marked increase in serum levels of ANG
Il accompany LPS-induced lung injury,
suggesting that RAS activation plays a
role in the pathology of sepsis. Although
this study only measured systemic ANG 11
levels, local production of RAS compo-
nents may also be important in the
pathophysiology. Pretreatment with ena-
lapril led to significantly decreased
NF-xB activation and secretion of cyto-
kines by macrophages. Macrophages are
one of the main sources of pro- and anti-
inflammatory cytokines, and their activa-
tion is a critical factor in the development
of sepsis and acute lung injury (19). Con-
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versely, ANG II exerts immunomodula-
tory effects that may contribute to vari-
ous injuries and to the progression of
disease (20). ANG II promotes inflamma-
tion through NF-xB-mediated induction
of proinflammatory genes (20, 21). In ad-
dition, blockade of AT1 and AT2 receptors
results in a decreased response to inflam-
matory (monocyte/macrophage) cells
(22). These results suggest that the RAS
system may be involved in macrophage-
mediated inflammatory processes that
lead to acute lung injury.

Lung levels of ACE are increased in
various shock models (23). ANG Il is a
key effector peptide of the RAS that in-
duces vasoconstriction and exerts multi-
ple biological functions. Specifically, in-
flammation and apoptosis in lung injury
are due to ACE-mediated ANG Il produc-
tion (24). In this study, we demonstrated
that significantly increased serum levels
of ANG II accompany LPS-induced sys-
temic inflammation. However, we did not
measure ANG II levels in lung tissue or
bronchoalveolar lavage fluid, nor did we
directly address whether ACE activity is
up-regulated in bronchoalveolar lavage
fluid during the response. Additional
studies will be required to further under-
stand the role of ACE. Recent studies
have implicated ACE in the pathology of
acute lung injury (15) and have demon-
strated that various types of lung injuries
are related to ACE and ANG II levels (24—
26). We show that pretreatment with the
ACE inhibitor enalapril prevents the de-
velopment of LPS-induced lung injury. In
addition, the administration of enalapril
suppressed serum levels of ANG II. By
blocking ANG II signaling, enalapril
seems to suppress the inflammation
caused by various inflammatory cells via
key cytokines such as TNF-a and the late-
phase mediator HMGB1.

ANG 1T is known to play a role in
apoptosis (27), and is also involved in
activation protein-1 (AP-1) (28) and bra-
dykinin function (29). Studying the effect
that enalapril has on these factors may
provide further insight into the pathology
of systemic inflammation, given that
these factors are important in the devel-
opment of sepsis (30-32),

The transcription factor NF-xB regu-
lates the expression of many inflamma-
tory genes including TNF-a and IL-6
(33), and aberrant activation of NF-xB is
associated with septic shock (34). Sup-
pression of the NF-xB pathway by some
drugs may be essential to prevent or treat
septic shock (35). We have now shown
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that enalapril is one such drug that can
block NF-xB activation, providing a po-
tential mechanism by which enalapril ex-
erts its anti-inflammatory effect and ame-
liorates LPS-induced lung injury. In
addition, we demonstrated that HMGBI
levels were reduced in our in vivo and in
vitro models, HMGBI induces acute in-
flammation in animal models of lung in-
jury and endotoxemia. One mechanism
by which this occurs is through NF-xB
activation (36). Therefore, the inhibition
of NF-xB activation may explain the de-
creased HMGBI levels,

LPS is recognized by monocytes and
macrophages of the innate immune sys-
tem. On binding to LPS-binding protein
in the plasma, it is delivered to the cell
surface receptor CD14 and subsequently
transferred to the transmembrane signal-
ing receptor toll-like receptor 4 (37). LPS
stimulation of murine macrophages acti-
vates several intracellular signaling path-
ways, including the IxB kinase (IKK)-
NF-xB pathway (38). The key step in
NF-xB activation is the rapid degradation
of IkB, which requires kB phosphorylation
through elevated levels of IKK activity (39).
Enalapril seems to suppress NF-xB activa-
tion by preventing phosphorylation of the
main driver of the IKK pathway, TkB.

Cytokines such as TNF-a and IL-6 are
secreted in the early phase of the inflam-
matory response and play an important
role in the development of acute respira-
tory distress syndrome (40). TNF-« is a
primary mediator of inflammation, coor-
dinating the inflammatory response and
activating other cytokines (41). Levels of
IL-6 positively correlate with mortality in
experimental models of sepsis. It has
been proposed that measuring IL-6 levels
in at-risk patients can accurately predict
individuals who are at significant risk of
death as a result of sepsis (42). In our rat
model of LPS-induced systemic inflam-
mation, we examined serum levels of
TNF-a and IL-6 because cytokines are
strongly induced by LPS exposure. We
found that pretreatment with enalapril
significantly suppressed this induction,
suggesting that enalapril reduced the in-
flammatory response in this sepsis
model. The clinical relevance of LPS-
induced acute lung injury led us to inves-
tigate the effect of enalapril specifically in
this tissue. Indeed, the histologic changes
observed after LPS administration, in-
cluding interstitial and intra-alveolar in-
flammation, edema, congestion, and
hemorrhage, were ameliorated in ani-
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mals that received enalapril before LPS
administration.

Another molecule of interest in the
development of sepsis is HMGBI1, a late-
phase mediator of the inflammatory re-
sponse. HMGBI causes acute lung inflam-
mation when administered intratracheally
(43) and plays a critical role in the devel-
opment of LPS-induced lung injury (44,
45). In this study, we demonstrated that
enalapril pretreatment dramatically re-
duces serum and lung tissue levels of
HMGBI1 in a LPS-induced septic shock
model. The observation that treatment
with enalapril also ameliorated LPS-
induced acute lung injury suggests a di-
rect relation between lung injury and
HMGBI levels.

In conclusion, enalapril protects
against the acute lung injury associated
with LPS-induced sepsis in rats. In addi-
tion, this ACE inhibitor prevents the
HMGBI induction normally seen after
LPS exposure. These effects are related to
inhibition of the IKK system. These find-
ings contribute significantly to our un-
derstanding of the pathophysiology of
acute lung injury in sepsis. Pharmaco-
logic blockade of the actions of ANG Il in
other conditions, such as congestive
heart failure and glomerular diseases, has
dramatically improved survival in many
individuals. Although this study did not
examine the effects of enalapril adminis-
tered after the onset of disease caused by
exposure to live bacteria, yet our results
point to the RAS being an important new
therapeutic target for the treatment of
sepsis-related acute lung injury.
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LANDIOLOL, AN ULTRASHORT-ACTING p1-ADRENOCEPTOR
ANTAGONIST, HAS PROTECTIVE EFFECTS IN AN LPS-INDUCED
SYSTEMIC INFLAMMATION MODEL
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ABSTRACT—Previous studies suggest that the blockade of p-adrenoceptors augments the release of inflammatory
regulators in response to proinflammatory stimull. High-mobility group box 1 (HMGB-1) is a key mediator in the
development of sepsis. We investigated whether landiolol, a short-acting selective fi1-adrenoceptor-blocking agent, can
attenuate acute lung injury and cardiac dysfunction in a rat model of endotoxin-induced sepsis. We administered LPS i.v.
lo rats, with or without smultnnenus treatment with landiolol (0.1 mg'kg per min). After the induction of sepsis by LPS

i, we d cy e and HMGB-1 levels in the serum and lung tissue. In addition, we performed
histopathology, determined wet!o{lry weight ratios, and measured cardiac function and cell signaling in the lung.
Cotreatment with landiolol was associated with significantly less severe disease, as assessed by lung histopathology and
cardiac function metrics. Serum and lung HMGB-1 levels were lower over time among landiolol-treated animals.
Furthermore, nuclear factor-«B activity was inhibited by the administration of landiolol. Cotreatment with the selective f1-
adrenoceptor-blocking agent landiolol protects against acute lung injury and cardiac dysfunction in a rat model of LPS-
induced systemic inflammation. Treatment was associated with a significant reduction in serum levels of the inflammation

mediator HMGB-1 and histological lung damage.

KEYWORDS—Inflammation, sepsis, high-mobility group box 1, p-adrenoceptor-blocking agent, LPS

INTRODUCTION

Severe sepsis accounts for approximately 3% of admissions
to hospitals and 10% of admissions to the intensive care unit
(ICU), and it is the 10th leading cause of death in the ICU (1).
Despite decades of intense therapeutic investigation, the mor-
tality from severe sepsis and septic shock remains between
30% and 60% (2, 3). The high fatality rate of sepsis is caused
by the protean complications it can cause throughout the
major organ systems.

Abnormalities of cardiac function are clearly associated with
many cases of septic shock in humans (4). Acute respiratory
distress syndrome and acute lung injury are well defined and
readily recognized clinical disorders caused by sepsis in the
lung or predisposition to lung injury. These conditions are
common in ICUs (5). Septic shock can elicit, to a wide range of
intensity, stress-induced activation of the sympathetic nervous
system as well as humoral responses to stress (6). The auto-
nomic nervous system, which serves as a link between the
nervous and immune systems, plays a role in the pathogenesis
of septic shock (7).

The ultrashort-acting -blocker, landiolol (ONO-1101; (-)-
[(8)-2,2-dimethyl-1,3-dioxolan-4-yl] methyl 3-[4-[(S)-2-
hydroxy-3-(2-morpholino carbonylamino) ethyl-amino]
propoxy] phenylpropionate monohydrochloride), was devel-
oped in Japan for emergency treatment of tachyarrhythmias
in animals (8, 9). Landiolol hydrochloride is a highly devel-
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oped cardioselective [i-blocker with a potency ratio (By/pa)
of 255 compared with 33 for esmolol and 0.68 for propran-
olol (8). In addition, landiolol has a short duration of activity (a
half-life of 4 min), enabling quick recovery after cessation of
administration, through rapid hydrolysis of its ester linkage
(8). The drug has already been approved as an emergency
treatment of supraventricular tachyarrhythmia in patients in
Japan.

p-Adrenoceptors play a role in the signaling cascade lead-
ing to an inflammatory response and are also involved in pre-
conditioning; P-blockers in tum work by attenuating these
signaling pathways (10,11). Indeed, the blockade of f-
adrenoceptors has been shown to augment the release of in-
flammatory regulators in response to proinflammatory stimuli
(11). The blockade of B-adrenoceptors might therefore be
useful in the treatment of septic shock.

High-mobility group box 1 (HMGB-1) protein enhances
the inflammatory response, mediating cell-cell interactions
through its binding to multiple Toll-like receptors (12,13). It
contributes to the pathology and mortality of sepsis, presum-
ably as a late-phase inflammatory mediator (14). Plasma con-
centrations of HMGB-1 are elevated in patients with sepsis,
and circulating levels of HMGB-1 increase over the hours
after LPS administration in experimental models (15). These
observations reinforce the putative role of HMGB-1 in con-
tributing to the development of sepsis-induced organ dysfunc-
tion. We previously reported that HMGB-1 exerted a negative
inotropic effect in the septic rat heart (16).

The release of HMGB-1 from cells was first demonstrated
in an LPS-dependent model of sepsis (15, 17). LPS exerts its
proinflammatory effects by interacting with Toll-like receptor
4 and inducing a signaling cascade (18). In macrophages, the
transcription factor nuclear factor-xB (NF-xB) is a critical

Copyright © 2009 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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Fia. 1. Dose-response curves of hemodynamic parameters after the administration of each indicated concentration of landiolol. A, Hear rate. B,

Blood pressure. Black squares represent
mean + SD. *Significant difference compared with pretreatment (P < 0.05).

mediator of this signaling cascade, regulating the expression
of many inflammatory genes including IL-6 and TNF-a (19),
which in turn stimulates release of HMGB-1 (20, 21). Ab-
errant activation of NF-kB is associated with systemic inflam-
mation, such as septic shock (22).

We hypothesized that landiolol could inhibit serum and
tissue expression of HMGB-1, thus preventing the acute lung
injury and cardiac dysfunction associated with sepsis. We
therefore investigated the effect of landiolol administration on
serum and lung levels of HMGB-1, as well as on lung histo-
pathology, in an LPS-dependent model of systemic inflam-
mation in rats. To further elucidate the mechanism of landiolol
activity, we measured the activity of NF-xB in the lung tissue
of these animals.

METHODS

Animals
mmymwedbymmnCommmothnuRmhu
the College of Medicine, Oita University, Qita, Japan. Male Wistar rats
manzsomMg(KnMSm.!mn]memlumm
All d 1o the National Institutes of Health guidelines, and
mennimuumeivadlwnmurehmmplmwhdnhmpluof
1 Care. All Is were housed with access to food and

wuundﬂbmm_

Landiolol was donated by Ono Pharma Co Litd (Osaka, Japan), LPS was
purchased from Sigma Co (St Louis, Mo). Antibodies to the following antigens
were purchased: HMGB-1 (Shino-Test Corporation, Tokyo, Japan) and i-actin
{Abcam, Cambridge, United Kingdom).

Protocol 1
Surgical procedures—Anesthesia was induced and maintained by 3%
sevollurane. The right femoral artery was cannulated for blood pressure

systolic blood pressure, and black circles represent diastolic blood pressure (n = 10). The data are expressed as the

recording. The right external jn:uhr wm was cannulated for drug
administration (Jandiolol, 0.1 mg kg ' min ', iv.). Body temperature was
mmusmtﬂstm:mmuymmmmubb
We monitored heart rate and blood thr the

Remﬂﬂuq’meﬂdpuwzmdmm—'i‘nmudm?m
the arterial catheter was connected to a pressure transducer (SCK-676, Becton,
Dickinson and Company, Franklin Lakes, NJ) attached to a bridge amplifier
(BSM-3201, Nihon Kohden Corporation, Shinjuku-ku, Tokyo, Japan). Blood
pressure and heart rate were recorded continuously.

Protocol 2

T protocol—A ia was induced by 3% sevoflurane. Animals
were randomly assigned to one of three groups: (a) LPS group: rats were
treated i.v. with LPS (7.5 mg/kg) and received continuous i.v, administration
of 0.9% NaCl solution (1.0 mL/h); (b) LPS + landiolol group: rats were
treated i.v, with LPS (7.5 and received continuous i.v. administration
of landiolol (0.! mg kg™' min'); and (c) control group: rats received
continuous i.v, administration of 0.9% NaCl solution (1.0 mL/h). Before and
after surgery, animals had unlimited access to food and water.

Wm-aywum
thesia were sacrificed 12 b after LPS

mmtnmim mmnmmd weighed, and then dried in an oven
at B0°C for 48 h 1w obtain pulmonary wet-to-dry weight ratios.

Histological analysis
anmﬂnmmnmmdwnmm:mnmﬂm A pathologist
blinded to d the and d ined the extent

Y™ B 1 L
o L

ErOUp assigr
ml’hnainjwy di (23). Briefly, 24 areas in
hmgwuchymmyﬁedmlmleuwloﬂn.mwm
normal; 1, light; 2, moderate; 3, strong; 4, intense) for congestion, edema,
infiltration of inflammatory cells, and hemorrhaging. The mean score for each
of the parameters was then used for analytic purposes.

Measurements of cytokine and HMGB-1 secretion
High-mobility group box 1, IL-6, and TNF-a levels were determined using

commercial enzyme-linked immunosorbent assay (ELISA) kits (HMGB-1:

Shino-Test Corporation; IL-6 and TNF-o: R&D Systems Inc, Minneapolis,

Fao. 2. Mdhﬂlﬂlmmmhml‘l mmmmmmnwmumw

LPS group (B, original
changes (D) were scored based on findings of congestion, edema,

magnification x40), or LPS + landiolol group (C, original magnification x40) were stained with hematoxylin and eosin.
edema, inflammation, and

w
and hemomhage 12 h after LPS administration. Black bars represent the

control group, white bars represent the LPS group, and the slashed bars represent the LPS + landiolo! group. The data are expressed as the mean = SD.

*Significant difference compared with the LPS group (P < 0.05).
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Wet-to-dry weight ratio

]
LPS -
|andinlol - .

Fia. 3. Eﬂmdmﬁmmmmmhwdm
treated rats. Wet-to-dry weight ratios were determined for each treatmant
group 12 h after LPS agministration. Black bar represents the control group,
white bar represents the LPS group, and the slashed bar represents the LPS +
landiolol group. The data are expressed as the mean + SD. *Significant
difference compared with the LPS group (P < 0.05).

Minn). The absorbance at 450 nm was determined using an ELISA reader
(Bio-Rad Laboratories, Hercules, Calif).

Immunohistochemical analysis
Lungnnu:nmphwmﬁudupm in 4% paraformaldehyde at
4C i ,wmpa-fumcdmblmkingarﬂos

enous p:mndn: activity. Sections were incubated with anti— HMGB 1 pul)r
clonal mﬂmdy{ll.mndduuon)md isualized with h di
jugate and diami
Western blotting
Pml:ms were mlmd by sodium dodu::rl sulfate-polyacrylamide gel
and i o polyvinylid diflvoride membranes
(Mﬁllpm Bedford, Mass). The membranes were incubated with antibodies
0 HMGB-1 or B-actin (1:1,000 d:luuon] for 1 h at room temperature followed
by hor fish peroxid J secondary antibody (1:1,000 dilution,
Invitrogen, Carlsbad, Calif) fur l h at room temperature, Blots were sub-
wquemly devcloped u.lhlg an enhanced chemiluminescence detection kit
g hire, United Kingdom) and exposed on Hyperfilm
i { Amersham).

Isolated heart perfusion and the assessment of
cardiac function

Animal hearts were i l!hmd‘Mhnttu-LPSadmmmwm Curdlac
function was determined by a modified i I ff
us previously described (24-26). Cardine function was repcsmled in terms of
left ventricular developed pressure (LVDP), left ventricular end-diastolic
pressure (LVEDP), and increased lefi ventricular pressure development during
isovolumetric contraction (dP/dt,.,) and relaxation (dP/dt,,). Heans were
rapidly excised while still beating into oxygenated Krebs-Henseleit perfusion
solution i 11 mM glucose, 2.0 mM CaCl,, 4.3 mM KCl, 25 mM
NaHCO,, 118 mM NaCl, 1.2 mM Mg50,, and 1.2 mM KH,;PO,.
Normothermic retrograde perfusion was performed with the same solution
in an isovolumetric and nonrecirculating mode. The perfusion buffer was

p

Lanooow Invisrs HMGB-1 - 517
saturated with a gas mixture of 95% Oy and 3% CO, m pl-! T4, Pa'fusm
pressure was maintained at 75 mmHg. A latex balloon was

the left atrium into the left ventricle, and the balloon was filled with wuu
(0.18-0.28 mL). The LVDP, LVEDP, +dP/dty,,, and -dPfdig,, were
continuously recorded using a computerized pressure amplifier-digitizer,

NF=«B binding assay

We prepared nuclear extracts from lung tissue. Nuclear protein was
extracted by Nuclear and Cytoplasmic Extraction Reagents according to the
manufacturer’s instructions (Pierce Biotechnology, Rockford, 11). The DNA-
hinding activity of NF-xB (p50/p65) was determined using an ELISA-based
nonradioactive NF-xB p50/p65 transcription factor assay kit (Chemicon,
Temecula, Calif), The absorbance at 450 nm was determined using an ELISA
reader (Bio-Rad Laboratories).

Statistical analysis

All data are presented as the mean * SD. Blood pressure and heart rate data
were analyzed using repeated measures foll ‘hyposfhocl.enmg the data
were analyzed by Mann-Whitney U test for comparison between two
independent groups. A value of P < (.05 was considered to be statistically
significant.

RESULTS

Effects of landiolol administration on blood pressure and
heart rate

Treatment of rats with landiolol alone resulted in small
decreases in heart rate. The effect was dose dependent, with the
decrease being minimal at a concentration of 0.01 mg kg '
min" ', significant (P < 0.05) at a concentration of 0.1 mg
kg ™' min~"', and maximal at 0.2 mg kg ' min"~" (Fig. 1A). In
contrast, systolic and diastolic blood pressures remained
unchanged by the administration of landiolol (Fig. 1B). Based
on these results, we chose the concentration of 0.1 mg kg '
min ' landiolol for subsequent studies.

Effects of landiolol on the lung in the LPS-induced septic
shock model

In the control group, no pulmonary histological alterations
were observed (Fig. 2A). Lung tissue obtained 12 h after the
administration of LPS showed edema formation, interstitial
infiltration by neutrophils, and reduced alveolar spaces
(Fig. 2B). In contrast, we observed reduced interstitial edema
and inflammatory cell infiltration in the lung tissue of the LPS +
landiolol group compared with the LPS group (Fig. 2C).
Histology scores, based on the number of areas with
congestion, edema, inflammatory cells, and hemorrhaging,
were all significantly higher in the LPS group than in the
control group. All scores were significantly lower in the LPS +
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Fia. 4. Temporal changes in serum TNF-u, IL-6, and HMGB-1 concentrations after LPS treatment. Sera were obtained from LPS (squares) and LPS +
landiolol (circles) group animals (n = 10 per group) at the indicated time points after LPS administration; cylokine levels wera measured by ELISA. A, TNF-a. B,
IL-6. C, HMGB-1. All data are expressed as the maan + SD. *Significant difference compared with the LPS group (P < 0.05).
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Fic. 5. Changes in HMGB-1 protein
LPS + landiolol group rats 12 h after LPS
eosin, original
was used as a control for loading.

landiolol group compared with the LPS-only group (Fig. 2D).
The wet-to-dry weight ratios obtained from the lungs of the
LPS group animals were significantly elevated compared with
those from control group animals (Fig. 3). Wet-to-dry weight
ratios obtained from the LPS + landiolol group were
comparable to the control group ratios, that is, significantly
lower than those from LPS group animals.

Effects of landiolol on serum levels of TNF, IL-6,
and HMGB-1

The cytokines IL-6 and TNF-a both showed marked peaks
of expression in serum 3 h after LPS administration. Levels of
both TNF-a and IL-6 were significantly lower in the LPS +
landiolol group compared with LPS group, with the most
marked effect seen at the 3-h time point (Fig. 4, A and B).
Similarly, serum levels of HMGB-1 increased after the admin-
istration of LPS; however, the peak in expression did not occur
until 12 h after treatment. This peak was significantly less
prominent in LPS + landiolol group rats (Fig. 4C). Serum levels
of IL-6, TNF-a, and HMGB-1 remained unchanged at all time
points in the control group (data not shown).

Effects of landiolol on lung tissue

Immunohistochemical analysis revealed that the number of
cells expressing HMGB-1 increased after LPS treatment alone
(Fig. 5B). This increase was dramatically suppressed by
landiolol cotreatment (Fig. 5C). Western blot analysis of lung
tissue also showed the increase in HMGB-1 expression
resulting from LPS treatment. This increase was less pro-
nounced among LPS + landiolol group rats compared with the
LPS group (Fig. 5D). We next examined NF-«B signaling in
lung tissue by determining the extent of DNA binding activity
by the NF-xB transcription factor p50/p65. Administration of
LPS led to a robust increase in the DNA binding activity.
However, cotreatment with landiolol significantly suppressed
this increase (Fig. 6).

Effect of landiolol treatment on myocardial function in the
LPS-induced systemic inflammation model

The administration of LPS was associated with a marked
increase in LVEDP compared with values from control group
animals, This increase was significantly suppressed in LPS +
landiolol group animals (Fig. 7A). In contrast, the LPS +
landiolol group showed markedly increased LVDP (Fig. 7B),
LV +dP/dt,,. (Fig. 7C), and LV -dP/dty, (Fig. 7D) relative to
the LPS group. Of particular note was the 12-h time point, at

mmlmmlmnmmhndl?smm mmwmmm LPS, and
administration. The HMGB-1 expression was analyzed by immunohistochemistry (hematoxylin-
magnification »400): control group (A). LPS group (B), and landiolol group (C). Westem biot analysis (D) of HMGB-1 expression in lungs. -Actin

in the three groups

which all indicated parameters were significantly improved by
the cotreatment with landiolol.

DISCUSSION

In this study, we demonstrated that landiolol provided pro-
tection against lung injury and reduced the wet-to-dry weight
ratio in the lung in a rat model of LPS-induced sepsis. Acute
lung injury in acute respiratory distress syndrome is consid-
ered an acute inflammatory condition by many clinicians. Al-
though the pathology of this syndrome is poorly defined, Zhang
etal. (27) reported that f-adrenoceptor activation can attenuate
the acute inflammatory response induced in the lung by LPS.
In addition, p-blockers reduce lung injury (28). These results
suggest a critical role for [-adrenoceptors in acute lung injury.

The inflammatory response leading to lung and cardiac
dysfunction and failure continues to be the major problem after
injury in many clinical conditions such as sepsis (29, 30). Our
findings showed that serum levels of cytokines and HMGB-1
were significantly inhibited by the administration of landiolol.
This is the first report of a landiolol-dependent suppression of
HMGB-1 expression in the septic rat model. The results
presented here build on the growing body of evidence
suggesting that several cytokines, including TNF-a and IL-6,
are released during the early phase of systemic inflammatory
response syndrome (29, 30). TNF-a and IL-6 mediate cardiac
inflammation and contractile dysfunction after sepsis (31, 32).
In addition, Ueno et al. (14) reported that HMGB-1 is im-
portant in the initiation of acute lung injury.
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Fia. 6. Effect of landiolol on the LPS-induced increase of specific
binding of p50/p65 to DNA. Lung tissue cells were obtained from LPS and
LPS + landiolol group rats € h after LPS administration. Nuclear fractions
were prepared and subjected lo a DNA binding activity assay specific for the
NF—nB(pﬁG’pﬁs)hmcﬂphunfunr All data are expressed as the mean =
SD. "Significant diflerence compared with LPS group (P < 0.05).
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Fia. 7. Effects of landiolol treatment on heart function in rats from LPS-induced systemic inflammation model. Myocardial function in rats from the

control (black bars), LPS (white bars), and LPS + landiolol (slashed bars) groups (n = 10 per group) was determined at the time points indicated. A, LVEDP. B,

LVDP. C, +dP/dtygy. D, -dP/dl.,. Data are presented as the mean + SD. *Significant difference compared with LPS group at 12 h (P < 0.05). *Significant

difference compared with LPS group at 24 h (P < 0.05).

In this study, we analyzed the levels of HMGB-1 in serum
and lung tissue in the rat model of LPS-induced lung injury.

TNF-a is thought to mediate LPS-induced HMGB-1 release

(21); a number of different pathways have been implicated in

the inhibition of HMGB-1 secretion, The selective blockade

of Bl-adrenoceptors has been shown to inhibit cytokine re-
lease in septic animals (33). We found that serum levels of
TNF-a and IL-6 were significantly lower in animals cotreated
with the B-blocker landiolol compared with levels found in

rats treated with LPS alone.

In this study, we demonstrated that the release of in-
flammatory mediators can be inhibited by administration of
the Pl-adrenoceptor blocker landiolol. On the other hand,
previous studies indicated that B-adrenoceptor agonists in-
hibit the secretion of various cytokines in the LPS-induced
inflammatory response (34, 35). Likewise, f2-adrenoceptor
stimulation reduces cytokine release and organ damage
(36, 37). These results suggest that pl- and p2-adrenoceptors
might play different roles in inflammation. Further studies
will be required to elucidate the mechanisms of pl- and p2-
adrenoceptor function in the regulation of inflammation.

Many signaling events lead to cytokine synthesis and release
after LPS exposure. One such key event involves the tran-
scription factor NF-kB. Nuclear factor-xB signaling controls

tissue regeneration and early events in inflammation (38), and

is a central regulator of septic shock (22). In addition, NF-xB
is markedly activated in peripheral mononuclear cells from
patients with sepsis, and its activity is significantly higher in
nonsurviving patients than in surviving patients (39, 40).
Furthermore, numerous NF-xB target genes are implicated in
the pathogenesis of sepsis (22, 41). In this study, we

demonstrated that NF-xB activation is inhibited by admin-

istration of landiolol in the LPS-induced systemic inflamma-
tion model. The improvement of LPS-induced systemic

inflammation might be attributed to the inhibition of NF-xB
activation. However, the mechanism by which landiolol
administration inhibits NF-kB remains unclear. One possibil-

ity involves free-radical scavenging. Further studies on the

anti-inflammatory effects of landiolol are needed to elucidate

the basis of its activity in this context.
Previous studies have demonstrated that f-blockers inhibit
the activation of NF-kB (42). We showed here that landiolol

exerts such an effect in a rat model of LPS-induced lung

injury. Nuclear factor-«B is a major driver in the induction of
several proinflammatory cytokine genes (22) as well as the

secretion of HMGB-1 after LPS administration (43). Our

results here indicate that one mechanism by which landiolol
administration suppresses cytokine and HMGB-1 secretion
may be through the inhibition of NF-xB, suggesting a critical
role for pl-adrenoceptor in NF-kB activity in the LPS-
induced shock model.

In our rat model of LPS-induced septic shock, cotreatment
with landiolol prevented acute lung injury and improved
cardiac function, In conclusion, our results suggest that land-
iolol may bring therapeutic benefit to patients with sepsis
through its ability to inhibit the inflammatory response,
especially by suppressing HMGB-1 expression, while improv-
ing lung injury and cardiac function. Further studies are needed
to determine whether treatment with landiolol after the onset of
sepsis is similarly efficacious. Additional studies are also
required to better understand the mechanism of disease; our
results point to the P-adrenoceptors being important new
therapeutic targets for the treatment of LPS-induced acute
lung injury.
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