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Failure of the vascular endothelial cell is first step of the crisis of multiple organ dysfunction syn-
drome (MODS), and cell injury by oxidative stress is deeply concerned in this mechanism. For the
purpose of this study is clarifying the mechanism of cytoprotective effect for cell injury of protease
inhibitor by assuming that the apoptosis relation protein is concerned in this cell injury. Hydrogen
peroxide was given in the vascular endothelial cell, and the expression of Bax and Bcl-2 were meas-
ured using monoclonal antibody in flow cytometer. And, the stress was similarly given in the inde-
pendent culture group and protease inhibitor cocultivation group, and the change of the expression
of Bcl-2 and Bax were measured. The expression of Bcl-2 of the stimulus group showed the decrease
in comparison with the control population, and the Bax/Bcl-2 ratio showed the tendency in the stress
which increased concentration-dependent. In addition, Bax and Bcl-2 expression were compared in
the protease inhibitor cocultivation and independent culture group, in the cocultivation group, the de-
crease in the expression of Bcl-2 was suppressed in comparison with the independent culture group,
and the increase tendency of the Bax/Bcl-2 ratio was also suppressed. And the form of DNA was
kept in the measurement by the PI dyeing. The result indicate in which Bcl-2 family who is the apop-
tosis relation protein from them in the injury of the vascular endothelial cell was concerned, and the
protease inhibitor caught that the cytoprotective effect may be shown by the action of normalizing
the change of Bax/Bcl-2 ratio by the oxidative stimulation as a phenomenon.

Introduction

There are a number of aggressive insult situ-
ations that suddenly develop in patients who are
brought in an emergency, including those of ex-
ternal causes, such as injuries, burns, hemor-
rhage, intoxication, and infections; and those of in-
trinsic nature, such as dehydration, pain, and tu-
mors. Various test procedures, as well as surgery

and chemotherapy act as added stresses to hu-
man bodies. Experimental studies of these ag-
gressive insults have undoubtedly contributed to
the progress in clinical emergency care, improve
the safety of extensive surgical procedures, and
ultimately improved the outcome of treatment
for those patients with poor risks. Dramatic pro-
gress has recently been shown in the results of
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studies on aggressive insults. In the field of emer-
gency medicine, there reported a great number
of studies on the significance of a host invasion
and multiple organ dysfunction syndrome
(MODS)"?, which indicated rapid progress in
clarifying the defense and control mechanism of
the host against aggressive insults.

A patient subjected to an overwhelming ag-
gressive insult often succumbs to multiple organ
failure that develops as a consequence of this ag-
gressive insult, rather than as a direct result of
the aggressive insult itself. The prognosis of a pa-
tient with multiple organ failure is extremely
poor and the condition is usually refractory to
any treatments.

Cytokines are significantly involved in the de-
velopment of multiple organ failure. It has been
reported that under a stress condition, the stimu-
lation by mediators, such as cytokines produces
excessive quantities of active oxygen as a result
of changes in the blood flow in tissues and organs,
which in turn, triggers tissue damage”. It has also
been reported that the activated oxygen induced
stress protein in cells”, acted as a factor to cause
cell proliferation, and induced and promoted
apoptosis”. It is known that many of the afore-
mentioned mediators have direct or indirect ef-
fects on the function of vascular endothelial cells.
These cells not only play an important role in the
host under stress: but also are injured by the ac-
tion of activated oxygen, which initiates the proc-
ess by which major organs start malfunctioning.

The mechanism for the development of organ
failure following stress can be described as fol-
lows: when stimulated, the immune responsive
cells secrete chemical mediators, such as cytoki-
nes, and the aggressive cells that receive the cy-
tokine signals generate aggression factors, such
as free radicals and proteases, through the intra-
cellular transduction system®. Ultimately, cellular
functions become deranged, tissues are de-

stroyed, and organ failure ensues”. In addition,
through the uptake of oxygen by the host, vari-
ous types of activated oxygen are produced;
molecules, such as activated oxygen species and
free radicals, seek electrons to form pairs and ex-
ist in highly unstable and reactive states. Under a
stress condition, changes in the blood flow in or-
gans and stimulation by mediators such as cytoki-
nes result in excessive generation of activated
oxygen. This condition also enhances the genera-
tion of activated neutrophils, mediators of inflam-
mation, and IL-8, a neutrophil migration factor,
from vascular endothelial cells; and it causes ad-
hesion of neutrophils to vascular endothelial
cells”. This represents one possible mechanism
through which tissue damage evolves. Activated
oxygen also aids in the transformation of xan-
thine dehydrogenase to xanthine oxidase. The
excess quantity of activated oxygen that has
been produced inactivates enzymes, such as o-1
antiprotease and it becomes impossible to sup-
press elastase activity.

The present study is intended to examine the
signal transduction mechanism that may trigger
in vivo responses to stresses through some artifi-
cial experiments in vitro, with a special emphasis
on injuries to the vascular endothelial cells. It was
presumed that apoptosis participates in the
mechanism through which vascular endothelial
cells are injured under the stress. By investigat-
ing the possibility that Bel-2 associated X protein
(Bax) and the B cell lymphomal leukemia-2 (Bcl-
2) system, apoptosis-related proteins, are in-
volved in this mechanism, the process in which
vascular endothelial cells are damaged under the
stress may be elucidated. Some new discoveries
in the present study were also made on the cell
protective actions of protease inhibitors against
this damaging mechanism, the details of which
are reported below. In prior studies on aggres-
sive insult, reports have been made in each spe-

—670—



cific area without any correlationship. The tech-
niques employed in the present study are based
on a new approach and the application of a sys-
tematic methodology, to obtain basic and scien-
tific information on sequential changes resulting
from an aggressive insult.
Materials and Methods

Materials

Human umbilical vein endothelial cells (HU-
VEC; Bio Whitaker Inc, Walkersville, MD,
USA) were used as the material. The cells were
placed in a CO; incubator that was adjusted to a
temperature of 37 C and CO; concentration of 5.0
%. A culture medium was used for HUVECs
(EGM-2; containing 20 ml/L FBS, 4 ml/L hFGF-B,
1 ml/L VEGF, 1 ml/L R3-IGF-1, 1 ml/L heparin, 1
ml/L hEGF, GA-1000, and antibiotics; Clonetics
Co, San Diego, CA, USA). HUVECs of a single
strain were serially cultured for the material.

Experimental protocol

HUVEC that had been cultured singly under
the conditions given above and HUVEC that
were raised with a purified human urinary tryp-
sin inhibitor (UTI, by Mochida Pharmaceutical
Co, Tokyo, Japan) used as a protease inhibitor at
a final concentration of 1 mM to 1 nM (1uM = 200
U/ml: computed with the relative activity of a
pure product as 3000 U/mg and apparent mo-
lecular weight of the solution as 66000) were em-
ployed. For a stress donor, hydrogen peroxide
(H:0::0.25 mM to 1 mM) was allowed to act on
both HUVECs for 24 hours after primary culture
for 4 or 5 days of second or third generation and
the expression of apoptosis-related proteins that
were induced by oxidative stress on both HU-
VECs was analyzed by using a digital flow cy-
tometer (Epics XL-MCL System I Beckman
Coulter Co, Tokyo). The frequencies of expres-
sion were described as the percentage of the
number of HUVECs with positive expression to
the total number of HUVECs.

Analysis of Bax and Bel-2 expression

Apoptosis-related proteins of vascular endothe-
lial cells that have been subjected to oxidative
stress were allowed to react immunochemically
with the FITC-labelled anti-Bax monoclonal anti-
body (CellProbe: Beckman Coulter Co, Tokyo)
and FITC-labelled anti-Bcl-2 monoclonal antibody
(CellProbe: Beckman Coulter Co, Tokyo). The in-
duction of their expression was determined by
using a digital flow.

DNA fragmentation

A propidium iodide solution (PI solution: 50ug/
ml propidium iodide, 0.1 M sodium citrate, 0.1 M
triton X-100) was added to 1 x 10° of vascular en-
dothelial cells that had been subjected to oxida-
tive stress. The cells were incubated at 4 C in
darkness. After 30 minutes, DNA fragmentation
was determined by using a digital flow cytome-
ter.

For analytical software, named Flow Centre
System (Expo 2; Beckman Coulter Co, Tokyo)
was used.

Results

When the singly cultured vascular endothelial
cells were exposed to a stress donor (H:0::1 mM
to 1 nM) for 24 hours and the frequency of ex-
pression of Bax, an apoptosis-enhancing protein,
was determined by using a flow cytometer, it was
confirmed that the Bax expression frequency of
the stressed cells had significantly increased in
comparison with the control without stress (Fig.
1). Similarly, the frequencies of the expression of
Bcl-2, another apoptosis-inhibiting protein, were
compared between the cells exposed to the stress
donor and the non-stressed control cell; this time
it was confirmed that, when compared to the con-
trol, the frequency of expression was significantly
reduced in those cells that had been exposed to
the stress donor (Fig. 2).

When these changes were examined in relation
to the concentration of the stress donor, Bax
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Control of Bax=15.2%

Cell count (%)

Control

Expression of Bax=18.2%

Cell count (%)

H,0, stimulation

Fig.1 Bax antigen expression
Expression of Bax in the H,O,stimulated HUVECs
(H,0.: 05 mM), in comparison with the control: A
slight increase is noted after H,O. stimulation (indi-
cated by using a monoclonal antibody).

showed no prominent changes with a rise in the
concentration of the stress donor, while the fre-
quency of Bcl-2 expression showed a tendency to
be reduced, depending on the concentration of
the stress donor (Fig. 3). When the ratio of the ex-
pression frequencies, Bax/Bcl-2, was computed, it
was found that the ratio increased dependent on
the concentration of the stress donor (Fig. 4).
Next, singly cultured vascular endothelial cells
and those cells that had been cultured with UTI
were compared in terms of the change in the fre-
quency of Bax and Bcl-2 expression in respbnse
to exposure to the stress donor. There were no

Control of Bel—-2=15.2%

Cell count (%)

Control

A .'if] Expression of Bcl—-2=6.8%

Cell count (%)

10° 10! 10°
H,0, stimulation

EFSC

Fig.2 Bcl-2 antigen expression
The frequency of Bcl-2 expression in cultured HU-
VECs after H:O.-stimulate (H:0.:0.5 mM) in cnotrok
A decline is evident in the former.

prominent changes in the frequency of Bax ex-
pression in response to stress in the two groups
of cells; but Bcl-2 expression was eminently re-
duced in the singly cultured cells. In those cells
co-cultured with UTI, the reduction in Bcl-2 ex-
pression was markedly suppressed (Fig. 5).
When Bax and Bcl-2 expressions were examined
in relation to the concentration of the stress do-
nor, the changes in these expressions in the sin-
gly cultured cells described above were absent in
the UTI co-cultured cells (Fig. 6). Similarly, the
Bax/Bcl2 ratio did not show prominent in-
creases, as seen in the singly cultured cells (Fig.
7).
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Fig.3 Relation between Bax and Bel-2
It is dependent on H.O. concentration, when the rela-
tion between H.O. concentration and Bax and Bcl-2
was measured, and Bcl-2 manifestation frequency de-
creased.

Stress and the actual DNA fragmentation were
examined by propidium iodide (PI) staining. As
expected, DNA was markedly damaged by stress
stimulation in the singly cultured cells, while in
the UTI-co-cultured cells, DNA was relatively
well-protected, with minimal damage (Fig.8).

Discussion

The disruption of the host defense mechanism
under aggressive insult still constitutes a serious
problem in emergency medicine and intensive
care. Vascular endothelial cells are one of the tar-
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Fig.4 Bax/Bcl-2 ratio
The Bax/Bcl-2 ratio in the cultured HUVECs and its
dependancy on the H,O. concentration: the ratio in-
creases depending on the inhibitor dose.

gets where stress inflicts serious damage®”. As
stated in the introduction, these cells suffer from
the direct or indirect effects of stress, which trig-
ger dysfunctioning of major organs. A number of
studies have recently been introduced to show
the relationship between damage to the vascular
endothelial cells and apoptosis'®' ; but there has
not been any conclusive evidence and the mecha-
nism governing the relationship has not been elu-
cidated.

The present study was based on the premise
that apoptosis would be related to the damage
that occurred in vascular endothelial cells; and
Bax and Bcl-2, apoptosis-related proteins, would
be related to the mechanism. When vascular en-
dothelial cells were stimulated by hydrogen per-
oxide, a stress donor, the expression of Bax and
Bcl-2 showed evident changes. H.O. causes apop-
tosis in various types of cells”? and Bel-2 has been
known as a protein that inhibits this apoptotic
process'”. This Bcl-2, an apoptosis-inhibiting pro-
tein, exists in intracellular nuclear membrane, mi-
tochondrial outer membrane, and vesicular mem-
brane. It has been understood that apoptosis was
suppressed through an anti-oxidant action again-
st active oxygen', such as hydrogen peroxide
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Fig.5 Bax and Bcl-2 antigen expression
Bax and Bcl-2 expression after H.O»stimulated HUVECs that were co-cultured with
UTL a prominent change in the cells without UTI is not recognized in those co-

cultured with UTL

that produced in these membranes. The results
of the present study corroborated this theory by
showing a marked reduction of the Bcl-2 expres-
sion of vascular endothelial cells where apoptosis
had been induced by hydrogen peroxide. Bax, on
the other hand, is an apoptosis-enhancing protein
that co-precipitates with Bcl-2 protein during
immuno-precipitation. Bax that has been ex-
pressed in excess competes against the cell death
inhibiting activities of Bcl-2. It is postulated that
Bax has a domain highly homologous to Bcl-2 and
forms a homodimer (Bax/Bax) or heterodimer
(Bax/Bcl-2) in cells; and their quantitative bal-
ance serves to make adjustments between cell
death and cell survival (with Bax forming a com-
plex with Bcl-2 to suppress the function of the lat-
ter). Thus apoptosis occurs in the cells that were

forced to express Bax". In the present study, the
change in the Bax expression was slight in com-
parison with Bcl-2 expression; but prominent
changes were noted in the Bax/Bcl-2 ratio in the
vascular endothelial cells where apoptosis might
be induced by hydrogen peroxide. These findings
possibly suggest that apoptosis induction in vas-
cular endothelial cells stimulated by hydrogen
peroxide is governed by a quantitative balance
between Bax and Bcl-2. It was also suggested
that the reduction in the Bcl-2 content, rather
than an increase in the Bax level, is more respon-
sible for the disruption of this balance.

Protease is a general term for enzymes that hy-
drolyze proteins: they participate not only in di-
gestion and absorption of proteins and peptides
but are involved in almost all events that are di-
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Fig.6 Relation between Bax and Bcl-2
Comparison of the relation between H,O, concentra-
tion and Bax and Bel-2 with the independent culture
group, the decrease in Bcl-2 manifestation frequency

was suppressed of the UTI cocultivation group.

rectly related to life itself, such as the adjustment
of metabolism and signal transmission'”. The hu-
man body also possesses a potent anti-protease
system, with known anti-proteases being a-1-
protease inhibitor (¢1-PI) , inter-o-protease inhibi-
tor (oTI), and urinary trypsin inhibitor (UTI).
Among them, o.1-PI performs the most functions.
oTTis a protease inhibitor that ranks next to o1-
Plin its serum content: it is partially decomposed
by neutrophil elastase and becomes ulinastatin
(UTI) with even more potent inhibitory activity.
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Fig.7 Bax/Bcl-2 ratio
Comparison of the Bax/Bcl-2 ratio in HUVECs be-
tween the UTI cocultivation group and the independ-
ent culture group.

ThereA are many reports on the relationship be-
tween these protease inhibitors and apoptosis'®
and the importance of proteases in apoptosis is
beginning to be elucidated. Based on a prelimi-
nary result that a Bax and Bcl-2 regulating action
would be involved in the vascular endothelial
cells in which apoptosis was induced by hydro-
gen peroxide, the present study was conducted
on the premise that protease inhibitors would be
also involved in the same regulating action. Sub-
sequently, it was found that stimulation of the
cells that had been cultured without a protease
inhibitor results in a high incidence of apoptosis
of vascular endothelial cells, with an associated
reduction in the Bcl-2 content. When those cells
co-cultured with a protease inhibitor were stimu-
lated, the result was a reduction in the Bcl-2 con-
tent that was less prominent than that seen in
cells cultured without the inhibitor. Compared
with singly cultured cells, those cells co-cultured
with a protease inhibitor failed to show promi-
nent changes in the ratio of Bax/Bcl-2 expression.
This experimental finding illustrated apoptosis
suppression. This suggested a possibility of in-
hibitory effect of protease inhibitors on apoptosis
regulated by Bax and Bcl-2 and that an apoptosis
inhibitory action exists.
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Fig.8 Propidium iodide staining
The DNA damage shown by PI staining: oxidative stress caused DNA in the cells cul-
tured without UTI, while in those co-cultured with UTI, DNA is relatively well pro-

tected.

The mechanism involved in the development
of organ failure under stressful insult is gradually
being elucidated through research. It has been
said that one of the mediators directly responsi-
ble for organ dysfunction in inflammatory reac-
tions would be proteases produced and released

7 Protease in-

by neutrophils and active oxygen
hibitors are known to suppress excessive host re-
sponses”® and prevent the development of organ
failure (cytoprotective action) ™. Currently, ther-
apy using protease inhibitors is actively prac-
ticed”. UTI, a protease inhibitor selected as the
agents for this study, is used widely. Further in-
vestigation on host responses and the role and

mechanism of apoptosis (such as in this study)

will lead to the development of new therapeutic
modalities.
Conclusion

1. A study was conducted on the relationship
between oxidative insult and damage to the vas-
cular endothelial cells, in connection with apopto-
sis. A possibility that apoptosis would be involved
in the mechanism through which vascular endo-
thelial cells were injured at the induction of oxi-
dative stress was indicated.

2. It was suggested that Bax and Bcl-2,
apoptosis-related proteins, participated in this
mechanism and that the changes in this mecha-
nism were regulated by variations in the Bax/
Bcl-2 ratio through suppression of Bcl-2 expres-
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sion.

3. The test results showed an interesting phe-

nomenon: protease inhibitors suppressed apopto-

sis induction in vascular endothelial cells by inhib-

iting a reduction in Bcl-2 expression, thus acting

as cytoprotective agents.

Acknowledgement

Authors are grateful gratitude to Prof. Takao
NAKAGAWA for his help at the time of editing
this manuscpipt.

A summary of this study was presented at the
11th Biomedical Forum (held in Tokyo in 2000).

1)

References

Yaguchi A, Ishikawa M, Suzuki T et al: Rela-
tionship between angiogenesis and prognosis of
Multiple Organ Dysfunction Syndrome. J To-
kyo Wom Med Univ 68: 249-257, 1998 (in Japa-
nese)

Yoshioka T, Ohhashi N, Shibutani M et al:
Multiple organ failure following multiple injury
and thermal injury. Saishin Igaku 39: 2557-2561,
1984 (in Japanese)

Bokoch G: Chemoattractant signaling and leu-
kocyte activation. Blood 86: 1649-1660, 1995
Schreck R, Rieber P, Baeuerle PA: Reactive
oxygen intermediates as apparently widely
used messengers in the activation of the NF-
kappa B transcription factor and HIV-1. EMBO
J 10: 2247-2258, 1991

Jacobson MD: Reactive oxygen species and
programmed cell death. Trends Biochem Sci 21:
83-86, 1996

Matsuo N, Takeyama N, Tanaka T: Mecha-
nisms of multiple organ failure. Jpn J Acute
Med 22: 1928-1933, 1998 (in Japanese)

Gasic AC, McGuire G, Krater S et al: Hydro-
gen peroxide pretreatment of perfused canine
vessels induces ICAM-1 and CD-18-dependent
neutrophil adherence. Circulation 84: 2154-2166,
1991

Murata A: Cytokine modulation in emergency
and critical care medicine. J Jpn Assoc Acute
Med 10: 265-278, 1999 (in Japanese)

—677—

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

ACCP/SCCM Consensus Conference Com-
mitee: Definitions for sepsis and organ failure
and guidelines for the use of innovative thera-
pies in sepsis. Intens Crit Care Med 20: 864-874,
1992

Buttke PA, Henkel T: Function and activation
of NF-kB in the immune system. Annu Rev Im-
munol 12: 141-179, 1994

Suhara T, Fukuo K, Nakahashi T et al: Hy-
drogen peroxide induces up-regulation of Fas in
human endothelial cells. J Immunol 160: 4042
4047, 1998

Ogawa M: Neutrophils function and organ de-
rangement. Intens Crit Care Med 3: 605—612,
1991 (in Japanese)

Bargou RC, Bommert K, Weinmann P et al:
Induction of Bax-alfa preceeds apoptosis in a hu-
man B lymphoma cell line: protein role of the
bcl-2 gene family in surface IgM-mediated apop-
tosis. Eur ] Immunol 25: 770-775, 1995

Isabelle G, Carole S, Sebastien G et al: Bcl-2
and Hsp27 act at different levels to suppress
programmed cell death. Oncogene 15: 347-360,
1997

Ohmi S: Cell death and proteases. Protein, Nu-
cleic acid, and Enzyme 42: 23172324, 1997 (in
Japanese)

Nagata S, Goldstein P: The Fas death factor.
Science 267: 1449-1459, 1995

Ogawa M: Mechanisms of the development of
organ failure following surgical insult: the sec-
ond attack theory. Clin Intensive Care 7: 34-38,
1996

Ogawa M: Organ derangement and vital reac-
tion for invasiveness. The control by a protease
inhibitor. Mod Physician 16: 1565-1566, 1996 (in
Japanese)

Guo I, Yamaguchi Y, Ikei S et al: Neutrophil
elastase inhibitor (Ono-5046) prevents lung hem-
orrhage induced by lipopolysaccaride in rat
model of cerulein pancreatitis. Dig Dis Sci 40:
2177-2183, 1995

Murata N, Odaka A, Idezuki Y: Protease in-
hibitor therapy. Jpn ] Acute Med 22: 1889-1895,
1998 (in Japanese)



10

mMEARRMEBREEICHTZITOF7—tEA 2 bER—(LLBHa b7OF7 2 a3 MR

R TFERARE EEHR REBEFE (EF HKA DE8D)
HOFEEREY (ORI
i BR - B0 BT -0 BT -BA &

M8 PR DR RERR S 12, AR XN BRI X SN LR ESDRED first
step TH 5. TOWPITIIBLA PLRAIZX HAMRBEEMECEGTHEEINRTVAS, LI, 20O
MR EICT R b= ABEEANES T HEL, BELMENEMBE AT, ZONEM
RBEED X = X L% T 5 L 3i2, BE, BRISASATWwR7ur7—Ef ey — (7))
FAYF V) PHREEICTLTCED L) IEHT 20 % LEHRE L7, MENEMBICA I LVARN
F—%252, 7RIV AMEEHTH S Bax BL O Bel2 0 ERBE, T/ 7 ar—LikzHu
T flow cytometer THIE L72& 25, xJHEEE & I U CRIBRE OREZANEMIIE, 78— X
EHTH 5D Bel2 DRBVSHEIZHALTHY, Bax/Bel-2 lbid A b L ZAD HO, BRI B3
HEMERTHEREZE. COKRZETIZ, Tur7—¥A ve ¥y —Fmaz OIS L s
PRI & B 28 L 72 A4S PUR IR D W T, Bax B £ U Bel2 ORI & Ll U 7z, Bk
WZHARTHEEREEROMN R MIIEE TlE, B2 OEROBMAHEH 2, Bax/Bel-2 lLO3EME R b #7
flEhTni, ISP SMENEHMBOBEICE7 RNV AEEEZEHTH S B2 77 3 =2
M54 ATEEIREEIN. F7-, 7077 —E( v ¥y — 3B X b5 & $h 5 Bax
/Bel2 )eOBAL R IEHALT A2 LI2X D, MIRENICERT 2 TRENE 2 5.

—678—



