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Nafamostat mesilate (NM) is a serine protease inhibitor with anticoagulant and anti-inflammatory
effects. NM has been used in Asia for anticoagulation during extracorporeal circulation in patients
undergoing continuous renal replacement therapy and extra corporeal membrane oxygenation.
Oxidative stress is an independent risk factor for atherosclerotic vascular disease and is associated
with vascular endothelial function. We investigated whether NM could inhibit endothelial dysfunction
induced by tumor necrosis factor-@ (TNF-« ). Human umbilical vein endothelial cells (HUVECs) were
treated with TNF-e¢ for 24 h. The effects of NM on monocyte adhesion, vascular cell adhesion
molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1) protein expression, p38 mitogen-
activated protein kinase (MAPK) activation, and intracellular superoxide production were then
examined. NM (0.01~100 yx g/mL) did not affect HUVEC viability; however, it inhibited the increases
in reactive oxygen species (ROS) production and p66shc expression elicited by TNF-e¢ (3 ng/mL), and
it dose dependently prevented the TNF- ¢« -induced upregulation of endothelial VCAM-1 and ICAM-1.
In addition, it mitigated TNF-e -induced p38 MAPK phosphorylation and the adhesion of U937 mo-
nocytes. These data suggest that NM mitigates TNF-« -induced monocyte adhesion and the expression
of endothelial cell adhesion molecules, and that the anti-adhesive effect of NM is mediated through

the inhibition of p66shc, ROS production, and p38 MAPK activation.
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INTRODUCTION

Healthy vascular endothelial cells have distinct and
unique regulatory functions affecting vascular tone, blood
clotting, angiogenesis, and vascular inflammation [1]. How-
ever, if endothelial cells lose their function (endothelial dys-
function), atherosclerosis occurs. Vascular endothelial cells
begin to express various adhesion molecules on their sur-
face, including vascular cell adhesion molecule-1 (VCAM-1),
intracellular adhesion molecules-1 (ICAM-1), and E-selec-
tin, which play important roles in blood monocyte recruit-
ment to the arterial intima during the early stage of athero-
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sclerosis [2]. Reactive oxygen species (ROS) are a major risk
factor for endothelial dysfunction because they control a
number of signaling pathways relevant to atherosclerosis.
P66shc, a protein that belongs to the shcA family of adap-
tor proteins, has three isoforms with molecular masses of
46, 52, and 66 kDa (p46shc, p52she, and p66she, respec-
tively). P66shc plays a key role in endothelial oxidative
stress leading to endothelial dysfunction and is associated
with pathophysiological conditions such as atherosclerosis.
Cells lacking p66shc are resistant to apoptosis induced by
H:03, and mice deficient in p66shc show increased resist-
ance to ROS and a 30% increase in life span [3,4]. The dele-
tion of p66shc protects against age-associated endothelial
dysfunction [4] and prevents hyperglycemia-induced endo-
thelial dysfunction [5]. In addition, p66shc stimulates
atherogenesis. Mice deficient in p66shc and fed a high-fat
diet show reduced vascular cell apoptosis and early athero-
genesis [6]. Similarly, p66shc mediates homocysteine-sti-
mulated ICAM-1 expression and monocyte adhesion [7], as
well as low-density lipoprotein-induced ICAM-1 expression
and monocyte adhesion to endothelial cells [8].
Nafamostat mesilate (NM), a serine protease inhibitor,

ABBREVIATIONS: VCAM-1, vascular cell adhesion molecule-1;
ICAM-1, intracellular adhesion molecules-1; ROS, reactive oxygen
species; NM, nafamostat mesilate; NF-kB, nuclear factor kappa-B.
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is used in patients with disseminative blood vessel coagu-
lation, hemorrhagic lesions, and hemorrhagic tendencies.
NM improves acute pancreatitis and prevents blood clot for-
mation during extracorporeal circulation [9,10]. It also has
an anti-inflammatory effect. Further, it inhibits lip-
opolysaccharide-induced nitric oxide production, apoptosis,
and interleukin (IL)-6 and IL-8 levels in cultured human
trophoblasts [11]. NM also prevents nuclear factor kappa-B
(NF-kB) activation, induces caspase-8-mediated apoptosis
in pancreatic cancer cells [12], and inhibits ICAM-1, vas-
cular endothelial growth factor, and matrix metallopro-
teinase-9 activity as well as cell adhesion and invasion by
inhibiting NF-kB during the peritoneal dissemination of
pancreatic cancer [13]. However, the anti-inflammatory ef-
fects of NM on vascular endothelial cells have not been elu-
cidated fully. Therefore, in the present study, we inves-
tigated the protective effects of NM on inflammation in vas-
cular endothelial cells.

METHODS
Cell culture and cell viability assay

Human umbilical vein endothelial cells (HUVECs) were
purchased from Clonetics (San Diego, CA, USA) and cultu-
red in endothelial growth medium (EGM-2). Sub-confluent,
proliferating HUVECs at passages 2~8 were used. U937
cells were purchased from the American Type Culture Co-
llection (Manassas, VA, USA) and cultured in DMEM sup-
plemented with 10% fetal bovine serum and antibiotics. The
effects of NM on HUVEC viability were examined using an
ADAM-MC automatic cell counter (Digital Bio, Seoul,
South Korea), which assesses propidium iodide (PI) stain-
ing [14].

Antibodies and immunoblotting

Anti-VCAM-1, anti-ICAM-1, and anti- £ -actin antibodies
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); anti-shcA antibodies were purchased from
Becton Dickinson (Fullerton, CA, USA). Anti-phospho-p38
and anti-p38 antibodies were obtained from Cell Signaling
Technology, Inc. (Beverly, MA, USA). Whole cell lysates (50
1 g) were boiled in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel loading buffer, sub-
jected to SDS-PAGE, transferred to a nitrocellulose mem-
brane, and probed with appropriate primary and perox-
idase-conjugated secondary antibodies (Santa Cruz Biotech-
nology). Chemiluminescent signaling was developed using
Super Signal West Pico or Femto substrate (Pierce, Rock-
ford, IL, USA). The blots were imaged and band densities
were quantified with a Gel Doc 2000 Chemi Doc system
and Quantity One software (Bio-Rad, Hercules, CA, USA).
Values were normalized to those of §-actin as the loading
control.

Real-time polymerase chain reaction (PCR)

Total RNA from cells was isolated using the acid guanidi-
nium thiocyanate-phenol-chloroform method. Complemen-
tary DNA was prepared from total RNA using the MAXIME
RT Premix Kit (iNtRON Biotechnology Inc., Seongnam,
South Korea). Real-time PCR was performed using the
Prism 7000 Sequence Detection System (Applied Biosys-

tems, Foster City, CA, USA) and the Super Script III
Platinum SYBR Green One-Step qRT-PCR Kit (Invitrogen,
Carlsbad, CA, USA). The primers used for human VCAM-1
were as follows: (sense) 5'-CAT GGA ATT CGA ACC CAA
ACA-3' and (antisense) 5'-GGC TGA CCA AGA CGG TTG
TATC-3'. The primers used for human ICAM1 were as fol-
lows: (sense) 5'-GCC CTT TCT CGT CAT TTA GAT CTC-3'
and (antisense) 5'-CT ATG TTA ATA TGA GCT TTG ACA
AAA-3'. The primers used for human GAPDH were as fol-
lows: (sense) 5'-ATG GCA TCA AGA AGG TGG TG-3' and
(antisense) 5'-CAT ACC AGG AAA ATG AGC TTG-3'. Di-
ssociation curves were monitored to check for aberrant for-
mation of primer dimers. The results were interpreted by
the relative quantity method (4 4Ct).

Monocyte-endothelial cell adhesion assay

HUVECs were seeded in 24-well plates until they rea-
ched a confluent monolayer and were incubated with NM
(10 z#g/mL) (Sigma, St. Louis, MO, USA) for 24 h in EGM-2
medium. Human recombinant tumor necrosis factor- @
(TNF-a) was added to the appropriate wells (10 ng/mL)
for 18 h before adding monocytes. Monocyte adhesion was
quantified by counting the cells. Wells containing HUVECs
without U937 cells were used as blanks.

Dihydroethidine (DHE) staining

Intracellular superoxide was detected using the super-
oxide-sensitive fluorophore DHE. Cells were grown in
chamber slides (2x10” cells/well) (Nalgene Nunc Internatio-
nal, Penfield, NY, USA). Cells were rinsed three times with
3 mL of Krebs-HEPES buffer and then incubated in 10 «M
DHE for 20 min at 37°C in the buffer. The DHE was wash-
ed from the cells to avoid the absorption of any extracellular
oxyethidium formed by auto-oxidation, and the fluorescence
intensity of DHE in the cells was imaged and measured
using a confocal microscope.

Hydrogen peroxide measurements

Hydrogen peroxide produced by live cells was measured
in HUVEC-conditioned medium using an Amplex Red
Hydrogen Peroxide Assay Kit (Molecular Probes, Sunny-
vale, CA, USA) as recommended by the manufacturer.

Statistical analysis

All experiments were performed at least three times. All
data are expressed as meanststandard deviations. Statisti-
cal analysis was performed using Sigma Stat (Systat
Software, La Jolla, CA, USA). Data in which two conditions
were compared were evaluated using one-way analysis of
variance followed by Tukey’s post-hoc test; p-values <0.05
were considered significant.

RESULTS
Effect of NM on endothelial cell viability

It is not known whether NM can induce vascular endo-
thelial cell death. Therefore, we first investigated the effect
of NM on endothelial cell viability. Fig. 1A shows the struc-
ture of NM. Endothelial cells were exposed to various con-
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centrations of NM (0.01~100 xg/mL) for 24 h and then
tested for viability using PI staining. As shown in Fig. 1B,
NM did not affect endothelial cell viability.

NM inhibits TNF- z-induced VCAM-1 and ICAM-1
expression in HUVECs

Next, we investigated whether NM affected VCAM-1 and
ICAM-1 expression in endothelial cells in response to TNF-
a . Endothelial cells were incubated with NM for 30 min
before treatment with TNF-« (3 ng/mL). After treatment
with TNF-a for 8 h, the endothelial cells were harvested
for Western blot analysis and real-time PCR. VCAM-1 and
ICAM-1 protein expression was not detected in un-stimu-
lated endothelial cells, but treatment with TNF-a resulted
in a marked increase in VCAM-1 and ICAM-1 protein ex-
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pression. Pretreatment with NM at 0.3~3 1« g/mL inhibited
TNF- ¢ -induced VCAM-1 and ICAM-1 protein expression
dose-dependently in HUVECs (Fig. 2A and 2B). Similarly,
VCAM-1 and ICAM-1 mRNA expression was induced by
treatment with TNF- ¢, but the effect was decreased sig-
nificantly by NM (Fig. 2C and 2D). These results suggest
that NM acts as an inhibitor of TNF- @ -induced VCAM-1
and ICAM-1 expression in endothelial cells.

NM reduces TNF- @-induced ROS production in HUVECs

Vascular oxidative stress is a mechanism through which
TNF- @ induces vascular inflammation [15]. Therefore, we
investigated whether NM would suppress intracellular
ROS production induced by TNF-¢a in cultured human en-
dothelial cells. ROS production was assessed using DHE

100

Fig. 1. Effect of nafamostat mesilate
(NM) on endothelial cell viability.
(A) Structure of NM. (B) Cell viability
was assessed via propidium iodide stai-
ning. Cells were treated with various
concentrations (0.01~100 s g/ml) of
NM for 24 h. Bars represent means+
standard error (n=4).
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Fig. 2. NM inhibits intracellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) expression induced by
tumor necrosis factor-a (TNF-«). Cells were pretreated with various concentrations (0.3~3 sz g/mL) of NM for 30 min and then with
3 ng/mL; TNF-a for 8 h in the presence of NM. (A, B) NM inhibits TNF- ¢ -induced ICAM-1 and VCAM-1 protein expression in human
umbilical vein endothelial cells (HUVECs). The cells were harvested for Western blot analysis of ICAM-1 and VCAM-1 expression (upper
panels of A and B). B-actin was included as a loading control. The levels of ICAM-1 and VCAM-1 were quantified by densitometric analyses
(lower panels of A and B). (C, D) NM inhibits TNF- ¢ -induced ICAM-1 and VCAM-1 mRNA expression in HUVECs. All Western blots
are representative of three independent experiments. The data are presented as the means+tSEM of three independent experiments. *p<0.05

compared with control cells.
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Fig. 3. Effect of NM on the TNF- « -induced production of reactive oxygen species (ROS) in HUVECs. Cells were treated with 1 ng/mL
TNF-a in the presence or absence of 3 1g/mL NM for 8 h. (A) ROS production was measured by dihydroethidine (DHE) staining. Cells
were imaged on a fluorescence microscope (upper panel). Quantitative data for TNF- @ -induced DHE fluorescence in HUVECs (lower panel)
(n=4). *p<0.05 compared to control cells. (B) Hydrogen peroxide levels were measured by Amplex-Red. (n=3). *p<0.05 compared with
control cells. (C) The cells were harvested for an analysis of p66shc and p66shc phosphorylation by Western blotting. 5 -actin was included
as a loading control (upper panel). The level of p66shc phosphorylation was examined by densitometric analysis (lower panel) (n=3). *p<0.05

compared with control cells.
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Fig. 4. NM reduced the levels of p38 mitogen-activated protein
kinase (MAPK) induced by TNF-«. Cells were pretreated with 3
1g/mL NM for 30 min and then with 3 ng/mL TNF-« for various
times. After pretreatment, TNF-a (15 ng/mlL) was added for
various times and the effect of NM on p38 phosphorylation was
analyzed by Western blot analysis. The level of p66shc phos-
phorylation was obtained by densitometric analysis (n=3). *p<0.05
compared with control cells.
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Fig. 5. NM inhibits U937 monocyte adhesion to HUVECs treated
with TNF-«. HUVECs treated with TNF-a@ in the presence or
absence of 3 xg/mL NM for 8 h were incubated with U937
monocytes for 30 min. Representative photomicrographs of U937
cells adherent to HUVECs (upper panel) and quantification of the
adherent cells (lower panel) are shown (n=3). *p<0.05 compared
with untreated cells.
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staining and an Amplex Red Hydrogen Peroxide Assay Kit.
TNF- @ increased the ROS level significantly in endothelial
cells; however, the increase in ROS production induced by
TNF-a was suppressed by NM (Fig. 3A and 3B). These
results suggest that NM acts as an antioxidant to limit
TNF- @ -induced ROS production. P66shc is a key protein
in the regulation of intracellular ROS levels. It was pre-
viously shown that TNF-« increases ROS production by
activating p66shc [16]. Thus, we next examined the rela-
tionship between TNF-« and p66shc activation, and the
role of NM in TNF- @ -induced p66shc activation in endothe-
lial cells. We measured the p66shc expression level in endo-
thelial cells following TNF- ¢ treatment (Fig. 3C). Our re-
sults indicate that the TNF- @ -stimulated increase in p66shc
expression was significantly blunted in HUVECs treated
with NM. These findings show that the antioxidant proper-
ties of NM in HUVECs may be due to the inhibition of
p66shc activation.

NM suppresses TNF- «-stimulated p38 MAPK phos-
phorylation in HUVECs

Next, we examined whether NM inhibits p38 MAPK
phosphorylation stimulated by TNF- @ in endothelial cells.
As shown in Fig. 4, TNF- @ induced p38 MAPK phosphor-
ylation in HUVECs. However, this increase was markedly
inhibited by NM.

NM suppresses monocyte adhesion in TNF- a-stimu-
lated HUVECs

Adhesion molecules on endothelial cells induce monocyte
adhesion to the vessel as well as vascular inflammation.
Therefore, we were interested in whether NM regulates
TNF- @ -stimulated monocyte adhesion in endothelial cells.
We examined the adhesion of U937 cells to TNF- « -stimu-
lated HUVECs. As shown in Fig. 5, TNF- @ stimulated the
adhesion of U937 cells to HUVECs, whereas the TNF-«
-stimulated adhesion of U937 cells was significantly dimin-
ished in HUVECs treated with NM.

DISCUSSION

In the present study, we investigated the effect of NM
on vascular endothelial cell dysfunction induced by TNF- «
and found that NM inhibited TNF- @ -induced monocyte ad-
hesion and the expression of endothelial cell adhesion mole-
cules such as VCAM-1 and ICAM-1. We also found that the
anti-adhesive effect of NM on endothelial cells was medi-
ated through the inhibition of p66shc, ROS production, and
p38 MAPK activation. This observation suggests that NM
exerts protective effects against endothelial cell dysfunc-
tion.

NM inhibits the zymosan-stimulated production of super-
oxide, hydrogen peroxide, and hydroxyl radicals in human
polymorphonuclear leukocytes [17]. Previously, we showed
that the vasodilation of peripheral vessels and the endothe-
lium protect against vascular endothelial cell apoptosis
caused by NM [18]. This may be related closely to the func-
tion of NM in oxidative stress. In the present study, NM
reduced TNF-«a-induced ROS production in endothelial
cells in vitro (Fig. 3A and 3B). These results suggest that
NM acts as an antioxidant in TNF- ¢ -induced ROS pro-
duction.

Previous studies have demonstrated the important role
that p66shc plays in ROS production in vascular endothe-
lial cells and its involvement in endothelial dysfunction un-
der pathophysiological conditions such as atherosclerosis
[3,4]. In addition, p66shc acts as a key mediator of the TNF-
a pathway, inducing endothelial cell dysfunction [16]; more-
over, the production of ROS in osteoblasts in response to
TNF-a exposure requires PCK 8 /p66shc signaling [19].
The upregulation of p66shc was strongly associated with
the expression of adhesion molecules, such as VCAM-1 and
ICAM-1, and monocyte adhesion to endothelial cells. The
stimulation of endothelial cells with TNF-« increased
VCAM-1 and ICAM-1 expression, which was blocked mark-
edly by the pretreatment of cells with NM (Fig. 1).
Interestingly, NM abrogated the TNF- ¢ -induced upregula-
tion of p66shc and ROS production in endothelial cells (Fig.
3). Thus, our data suggest that p66shc is an important, but
not the sole, mediator of endothelial cell dysfunction in-
duced by TNF-«a@ and that the antioxidant properties of NM
in endothelial cells may be due to the inhibition of p66shc
activation.

Not only p66sch but also p38 MAPK has an important
role in vascular inflammation. The expression of p38 MAPK
increases during the early stage of vascular inflammation
and induces the upregulation of ICAM-1 expression in vas-
cular endothelial cells [20]. This upregulation enhances the
recruitment of leukocytes such as monocytes or basophils,
which attack the vascular endothelium and create an athe-
roma and atherosclerotic changes in vessels. The upregula-
tion of p38 MAPK in vascular endothelium mediates endo-
thelial cell apoptosis through the phosphoinositide 3-kin-
ase-Akt-Bcl-2 pathway [21]. Our data demonstrate that
TNF- @ -induced p38 MAPK phosphorylation in endothelial
cells was inhibited markedly by NM, suggesting that it has
multiple anti-inflammatory effects on the vascular endothe-
lium.

ROS and inflammatory cytokines induce p66sch and p38
MAPK upregulation in vascular endothelial cells and en-
hance VCAM-1 and ICAM-1 expression in vascular endo-
thelial cell membranes. VCAM-1 and ICAM-1 play an im-
portant role in blood monocyte recruitment to the arterial
intima during the early stages of atherosclerosis. In addi-
tion, previous studies have demonstrated the upregulation
of VCAM-1 and ICAM-1 in experimental models of athero-
sclerosis [22]. In the present study, NM inhibited monocyte
adhesion in TNF- @ -stimulated endothelial cells (Fig. 5),
suggesting that NM is a potent drug that can prevent mon-
ocyte recruitment and the development of atherosclerotic
lesions.

In conclusion, our findings show that the inhibitory ef-
fects of NM on TNF- ¢ -induced monocyte adhesion to endo-
thelial cells are likely to have relevance for inhibiting not
only VCAM-1 and ICAM-1 expression but also ROS pro-
duction through decreased p66shc expression, which im-
proves vascular endothelial cell function and prevents endo-
thelial dysfunction related to vascular inflammation. NM
may therefore represent a new pharmacological approach
for the prevention and treatment of atherosclerosis.
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