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Abstract—Nicotine has been known to play a pathogenic
role in various cardiovascular disorders. However, the
definite mechanism of nicotine-mediated endothelial dys-
function in vivo remains unclear because hemodynamic factor
in most of in vitro studies was excluded. In this study, we
investigated how nicotine affects human umbilical vein
endothelial cells (HUVECs), from views of inflammatory
and hemostatic responses of the cells, under a hemodynamic
environment as occurred in vivo. Our results showed that
both inflammation, reflected by production of reactive
oxygen species and efficacy of monocytes adhesion, and
hemostatic expression of HUVECs were abnormally en-
hanced after treated with 10�4 M nicotine and 12 dynes cm�2

laminar shear stress (LSS) simultaneously for 24 h, and that
the protein expression levels of VCAM-1, ICAM-1, and PAI-
1 were significantly enhanced 1.3-, 2- and 2-fold (p< 0.05 for
each), respectively, as compared to the group with nicotine
alone; 2.2-, 3- and 4.2-fold (p< 0.05 for each), respectively,
as compared to the group with LSS alone. We reasoned that
those irregular expressions were resulted from the reduction
of endothelial nitric oxide synthase that was initially caused
by nicotine exposure and exacerbated due to LSS treatment.
Furthermore, all the impaired responses can be alleviated by
use of 1 lg mL�1 recombinant tissue plasminogen activator,
implicating that the irregular inflammation may be due to
thrombosis.

Keywords—Nicotine, Laminar shear stress, Inflammation,

Hemostasis, Atherothrombosis, Endothelial cell, Nitric oxide

synthase.

INTRODUCTION

Nicotine is the major component among more than
4700 chemical constituents of cigarette smoking and
has been recognized as a leading pathogenic factor for
various cardiovascular diseases such as atherosclero-
sis,19 hypertension,26 thrombosis,10,20 and cardiomy-
opathy.42 Although the biological effects of nicotine
have been extensively investigated in the past decades,
the precise mechanisms of nicotine-induced endothelial
dysfunction still remain uncertain in clinics because
most of prior in vitro studies excluded hemodynamic
factors that led to the experiments far from the real
environment in vessels.

Knowingly vascular endothelial cells in vivo are
continually subjected to hemodynamic forces particu-
larly laminar shear stress (LSS) because they directly
contact with flowing blood. LSS is a biomechanical
force and its magnitude is determined by blood flow
rate, vessel geometry and fluid viscosity. Since it en-
ables to modulate endothelial structure and functions
through the activities of local mechanotransduction
mechanisms, LSS has long been recognized as a crucial
regulator for the endothelial physiology and that the
mostly known function is to provide endothelial pro-
tection such as anti-atherosclerosis.32 In general,
atherosclerotic lesions usually initiate at bifurcations
and/or sharp curves where the blood flow is inter-
rupted and the mean LSS magnitude is low (<4 dynes
cm�2).23,34 However, quite a few clinical studies
showed that smoking-mediated atherosclerotic devel-
opment does not follow this pattern. Instead, there is a
strong association between smoking and large (proxi-
mal) vessel (e.g., aorta, artery) disease1,14,31 where the
intensity of LSS is certainly higher than 4 dynes
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cm�2.28 In addition, it has been recognized that
smoking is one of the major risk factors for peripheral
arterial disease (PAD), and such smoking-mediated
PAD is predominantly occurred at proximal arteries,
especially aorta and iliac arteries.7,30 These substantial
correlations lead to our hypothesis that high LSS may
play a role in vascular injury while the endothelial cells
are exposed to nicotine.

Inflammation is a protective response mediated by
innate immune system following exposure to a range of
harmful stimuli. Although inflammation is an essential
mechanism in response to impairments such as tissue
injury and/or microbial invasion, inappropriate or
excessive inflammatory response may cause physio-
logical disorder or even mortality for humans. Cur-
rently there is ongoing debate that whether nicotine
functions as an inducer or inhibitor of endothelial
inflammation under static condition. Although most
studies point towards a more pro-inflammatory
response, some efforts presented an opposite result
(i.e., anti-inflammatory effect).15,33,41 This controversy
may be explained by different modals or analytical
methods used for the investigations. In terms of the
correlation between LSS and endothelial inflamma-
tion, on the other hand, it has been widely demon-
strated that LSS enables to reduce inflammatory
response of endothelium through promoting the anti-
inflammatory molecules such as shear stress responsive
promoter elements (SSREs)25 and peroxisome prolif-
erator-activated receptor gamma (PPARc)-response
elements,21 or reducing the cytokine stimulation.27

Recent studies have further showed that the LSS-me-
diated anti-inflammation may be contributed by reg-
ulation of MicroRNAs based on their effectiveness on
the vascular homeostasis.3 Nonetheless, to the best of
our knowledge, very little information is referred to the
scenario of endothelial inflammation where the cells
were treated with nicotine and LSS simultaneously.

Previously we have demonstrated that combined
treatments of nicotine and LSS enabled to induce
cytoskeleton collapse and exacerbate apoptosis in
endothelial cells while those abnormal responses were
not appeared in the group with either nicotine or LSS
alone.18 In this study, we aimed to study how syner-
gistic impact of nicotine and LSS leads to endothelial
dysfunction, from views of inflammation and
hemostasis, to further understand the influence of ni-
cotine in vivo. Since the oxidative excess is often linked
to a pro-inflammatory state of the endothelium,12 we
first measured the degrees of oxidative stress suffered
by the HUVECs with nicotine and/or LSS treatment
through measurements of ROS expression, followed by
detecting the levels of inflammatory and hemostatic
responses in each group to evaluate the synergistic

effect of nicotine and LSS on the endothelium as oc-
curred in the vessels. Furthermore, the mechanism of
abnormal cellular responses obtained and the efficacy
of recombinant tissue plasminogen activator (rtPA), a
protein responsible for clot breakdown, on alleviating
the endothelial impairment were comprehensively
investigated.

MATERIALS AND METHODS

Cell Culture and Reagents

Human umbilical vein endothelial cells (HUVECs;
Lonza, Walkersville, MD) were cultured by using
Medium 199 supplemented with 20% fetal bovine
serum (FBS; Biological Industries, Kibbutz Beit Hae-
mek, Israel), endothelial cell growth supplement
(ECGS; Millipore, Billerica, MA), 0.1% heparin so-
dium, 1% L-glutamine, and 1% penicillin/streptomycin
(Biological Industries) and commonly maintained in
tissue culture flasks at 37 �C with 5% CO2. HUVECs
were transferred onto sterilized gelatin-coated glass
slides 24 h prior to the experiment. THP-1 cells (hu-
man acute monocytic leukemia cell line) were culti-
vated using RPMI-1640 Medium supplemented with
0.05 mM of 2-mercaptoethanol, 1% penicillin/strep-
tomycin, and 10% FBS (Biological Industries) in tissue
culture flasks at 37 �C with 5% CO2. In this study,
nicotine ((-)-nicotine; Sigma, St. Louis, MO) was used
at concentration of 10�4 M to imitate physiologically
relevant nicotine concentration in heavy/habitual
smokers.39 rtPA (Cell Sciences, Canton, MA) was used
at concentration of 1 lg mL�1. All reagents were used
as received.

LSS Setup

To provide LSS on the cell surface, a laminar
shearing system was established by which HUVECs
were seeded on the glass slides and sheared in the
parallel plate flow chamber as illustrated in Fig. 1. In
this study, intensity of 12 dynes cm�2 of LSS (s) was
employed in all the shearing experiments to simulate
the level of LSS in the proximal arteries,40 which can
be obtained by setting appropriate flow rate of the
medium (Q) according to Navier–Stokes equation:

s ¼ 6lQ
bh2

ð1Þ

where l is the viscosity of the flowing solution (i.e., cell
culture medium) with and without nicotine and/or
rtPA (~0.01 dynes-s cm�2); b and h represent the width
and height, respectively, of the space above the cell
monolayer. Cells in the shearing experiments were
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stimulated by LSS, nicotine, and rtPA (if it was used)
simultaneously.

Dichlorofluorescin Oxidation Assay

Twenty four hour prior to the experiment, HU-
VECs at passage 3–5 were seeded onto 16 gelatin-
coated glass slides with 5 9 105 cells per each. For the
shearing groups (six of 16 slides), cells were treated
with 12 dynes cm�2 of LSS by using culture medium
with and without 10�4 M nicotine for 6, 12, and 24 h.
Cells in four of 16 slides were first sheared with 12
dynes cm�2 of LSS by using normal (two of four slides)
and 10�4 M nicotine (two of four slides) medium for
24 h, followed by statically maintained in their shear-
ing medium for additional 12 and 24 h. After washed
twice with PBS, cells were recovered in 5 mL of culture
medium containing 200 lM of 2¢,7¢ dichlorofluorescin
diacetate (DCFH-DA; Sigma) for 40 min, followed by
washing with PBS for three times. For the static groups
(six of ten slides), cells were treated with 10�4 M ni-
cotine for 0 (without nicotine), 6, 12, 24, 36, and 48 h,

followed by addition of DCFH-DA as described
above. The fluorescent images of DCFH-DA-treated
HUVECs were first photographed by fluorescent mi-
croscopy. Afterward all of the cells on each slide were
collected by trypsinization and the level of fluorescence
expression of each group was detected using a spec-
trofluorometer with excitation wavelength of 485 nm
and emission wavelength of 525 nm. In this study, the
intensity of fluorescence was quantitatively represented
by relative fluorescence units (RFUs) and the cell
numbers of all groups were equalized before conduc-
tion of spectrofluorometry.

Monocyte Adhesion Assay

Twenty four hour prior to the experiment, HU-
VECs at passage 3–5 were inoculated onto 16 gelatin-
coated glass slides with 5 9 105 cells per each. For the
shearing groups (six of 16 slides), cells were treated
with 12 dynes cm�2 of LSS by using culture medium
with and without 10�4 M nicotine for 6, 12, and 24 h.
Cells in four of 16 slides were first sheared with 12

FIGURE 1. Schematic diagram of the LSS shearing system and photographs of components of the parallel plate flow chamber.
This LSS shearing system was partly consisted of a co-cylindrical medium tank, peristaltic pump, pulse damper, and a parallel
plate flow chamber in a closed container where the environmental temperature was maintained at 37 �C by using a temperature
sensor, a temperature controller, and a heater. The flushing medium in the co-cylindrical tank was injected with 5% CO2 mixture
gas and maintained at 37 �C by water perfusion method as indicated by green and blue lines, respectively. The parallel plate flow
chamber was composed of a plastic flow-leading block (B), rubber frame (C), glass slide (D), and rubber slice (E). All parts were
encapsulated in a stainless steel cast (A and F) after sterilization. The HUVECs were seeded on the gelatin-coated glass slide and
sheared with 12 dynes cm22 for defined times. Red arrows indicate the flow direction.
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dynes cm�2 of LSS by using normal (two of four slides)
and 10�4 M nicotine (two of four slides) medium for
24 h, followed by statically maintained in their shear-
ing medium for additional 12 and 24 h. After washed
twice with PBS, 1 9 106 2¢,7¢-bis-(2-carboxyethyl)-5-
(and-6)-carboxyfluorescein, acetoxymethyl ester

(BCECF-AM; Sigma)-stained THP-1 cells were added
to each group and co-cultured with the HUVECs at
37 �C for 40 min, followed by washing with PBS for
three times. For the static groups (six of ten slides),
cells were treated with 10�4 M nicotine for 0 (without
nicotine), 6, 12, 24, 36, and 48 h, followed by the

FIGURE 2. Analyzes of ROS productions in HUVECs after different treatments. (I) The upper panel of cell images (A–F) represent
photomicrographic images of DCFH-DA-stained HUVECs after stimulated with 1024 M nicotine for 0 (A; without nicotine), 6 (B), 12
(C), 24 (D), 36 (E) and 48 (F) h in static. The bottom panel of cell images G–L represent photomicrographic images of DCFH-DA-
stained HUVECs sheared with 12 dynes cm22 LSS for 6 (G and J), 12 (H and K), and 24 (I and L) h using normal (G–I) or 1024 M
nicotine (J–L) medium. The bottom panel of cell images X1–X4 represent photomicrographic images of DCFH-DA-stained HUVECs
first sheared with 12 dynes cm22 LSS for 24 h using normal (X1 and X2) or 1024 M nicotine (X3 and X4) medium following incubated
in the normal (X1 and X2) or 1024 M nicotine (X3 and X4) medium in static for additional 12 (X1 and X3) and 24 (X2 and X4) h. Arrows
denote the flow direction. All images were photographed by fluorescent microscopy at 2003 magnification. Scale bar 100 lm. (II)
Quantitative analyzes of ROS levels of the HUVECs under different treatments within 48 h by using spectrofluorometry with
excitation wavelength of 485 nm and emission wavelength of 525 nm. The RFU values were presented after normalized to the
background signal. Values are mean 6 SE (n = 3). *p< 0.05. �p< 0.05 as compared to the blank control.
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procedures of BCECF-AM-stained THP-1 adhesion as
described above. After additional 1-h incubation at
37 �C post PBS wash, image of each group containing
HUVECs and attached THP-1 cells were pho-
tographed by both phase-contrast and fluorescent
microscopies. The fluorescence intensity of each group

expressed from the adhered BCECF-AM-stained
THP-1 cells was measured using a spectrofluorometer
with excitation wavelength of 485 nm and emission
wavelength of 525 nm, and quantified by RFU sub-
sequently. The level of monocyte adhesion for each
group was quantitatively represented by an R value

LEE et al.470



which is the ratio of the detected fluorescence intensity
to total HUVEC number counted by hemocytometry.

Immunocytochemistry and Western Blot

HUVECs post nicotine and/or LSS treatment were
fixed and immunostained with monoclonal antibody
(mAb) against intercellular adhesion molecule 1
(ICAM-1; 84H10, 10 lg mL�1; Cell signaling, Dan-
vers, MA) followed by staining with fluorescently la-
beled secondary antibodies (10 lg mL�1) as described
previously.35 Immunoblotting and preparation of so-
dium dodecyl sulfate polyacrylamide gels (SDS-
PAGE) were performed as previously described.38

Briefly, 30-lg whole protein extract of each sample was
resolved by SDS-PAGE and transferred to 0.45-lm
polyvinylidene fluoride membranes afterward. The
membrane was then treated by blocking buffer (5% w/
v skim dry milk in PBS-Tween-20 (0.05% v/v; PBS-T))
for 90 min at room temperature. The primary anti-
bodies used in this study including ICAM-1, vascular
cell adhesion molecule 1 (VCAM-1; Cell Signaling),
plasminogen activator inhibitor1 (PAI-1; Cell Signal-
ing), endothelial nitric oxide synthase (eNOS; Cell
Signaling), and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; Cell Signaling) were first diluted
1:1000 in blocking buffer, followed by incubation with
membranes at 4 �C for 12 h. Membranes were then
washed three times with PBS-T and incubated with
HRP-conjugated goat anti-mouse/rabbit IgG sec-

ondary antibodies for 90 min at room temperature.
After washed with PBS-T, the membranes were treated
with chemiluminescent substrates and the level of each
molecular band was analyzed by using the ChemiDoc-
It 810 imaging system (UVP, Upland, CA). GAPDH
was employed as the reference gene in all western blot
analyzes.

Statistical Analysis

All data were obtained from triplicate experiments
and presented as mean ± standard error (SE). Statis-
tical analyzes were conducted by using MedCalc soft-
ware in which comparisons for one condition between
two groups were performed by Student’s t test fol-
lowed by Dunnett’s post hoc test at a significance level
of p< 0.05 throughout the study.

RESULTS AND DISCUSSION

Synergistic Effect of Nicotine and LSS Enhanced ROS
Production of HUVECs

Figure 2I exhibits photomicrographic images of
DCFH-DA-stained HUVECs under various treat-
ments in which the levels of green fluorescence repre-
sent the magnitudes of ROS produced from the cells.
As compared to the group with neither nicotine nor
LSS treatment (Fig. 2I(A); blank control), the ROS
level in the 10�4 M nicotine-treated cells without LSS
increased with time (Fig. 2I(B–F)) and was signifi-
cantly enhanced 2.6 folds (p< 0.05) after 48 h
(Fig. 2II). In terms of the shearing groups, the cells
without nicotine exhibited mild ROS expression
throughout the time course (Fig. 2I(G–I, X1, X2)),
while that in the nicotine-treated group remarkably
enhanced during the first 24-h shearing (Fig. 2I(J–L))
and reduced after turned to static incubation at 37 �C
for 24 h (Fig. 2I(X4)). Based on the RFU analyzes
(Fig. 2II), the ROS level in the cells with and without
nicotine increased 4 folds (p< 0.05) and decreased 1.2
folds, respectively, after sheared with 12 dynes cm�2

LSS for 24 h, then reduced 28% and increase 15%,
respectively, after incubated at 37 �C for additional
24 h in static.

Synergistic Impact of Nicotine and LSS Enhanced
Efficacy of Monocyte Adhesion to HUVECS

Figure 3 exhibits the results of monocyte adhesion
for the statically cultured (Fig. 3I) and 12 dynes cm�2

LSS-treated HUVECs using normal (Fig. 3II) or 10�4

M nicotine (Fig. 3III) medium for 48 h. For the static
settings, our data showed that the number of adherent

FIGURE 3. Analyzes of monocyte adhesion efficacies of
HUVECs after different treatments. (I) Micrographic images of
HUVECs adhered with BCECF-AM-stained THP-1 cells after
treated with 1024 M nicotine for 0 (without nicotine stimula-
tion; A/a), 6 (B/b), 12 (C/c), 24 (D/d), 36 (E/e), and 48 (F/f) h in
static using phase-contrast (A–F) and fluorescent (a–f)
microscopies. All images were photographed at 2003 mag-
nification. Scale bar 100 lm. (II and III) Micrographic images of
HUVECs adhered with BCECF-AM-stained THP-1 cells after
sheared with 12 dynes cm22 LSS by normal (II) or 1024 M
nicotine (III) medium for 6 (A/a), 12 (B/b), and 24 (C/c) h. (D/d
and E/e) Micrographic images of HUVECs adhered with
BCECF-AM-stained THP-1 cells that first sheared with 12
dynes cm22 LSS for 24 h by normal (II) or 1024 M nicotine (III)
medium following statically maintained in the normal (II) or
1024 M nicotine (III) medium for additional 12 (D/d) and 24 (E/e)
h. Images were photographed by phase-contrast (A–E) and
fluorescent (a–e) microscopies. All images were pho-
tographed at 2003 magnification. Scale bar 100 lm. Arrows
denote the flow direction. The inset images in (I–III) represent
the expression levels of ICAM-1 on the cell surface of each
sample which were photographed by fluorescent microscopy
at 4003 magnification. (IV) Quantitative analyzes of the
monocyte adhesion levels of HUVECs under different treat-
ments within 48 h by using spectrofluorometry with excitation
wavelength of 485 nm and emission wavelength of 525 nm. R
the fluorescence intensity detected/total HUVEC number. Va-
lues are mean 6 SE (n = 3). *p< 0.05. �p< 0.05 as compared to
the blank control.

b
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THP-1 cells increased with nicotine exposure time
(Fig. 3I(a–f)) that the R value (normalized fluorescence
intensity) significantly enhanced 2.8 folds (p< 0.05)
after 48 h (Fig. 3IV). In terms of the shearing groups, it
can be observed that the number of THP-1 cells on the
HUVECs without nicotine slightly decreased in the first
24-h shearing (Fig. 3II(a–c)) and increased after main-
tained at 37 �C in static (Fig. 3II(d, e)), showing a 25%
decrease and a 32% increase of R value in the first and
second 24-h period, respectively (Fig. 3IV). Conversely,
the amount of adherent THP-1 cells on the HUVECs
with both nicotine and LSS treatments dramatically
increased with shearing time (Fig. 3III(a–c)) and

decreased after the LSS was terminated (Fig. 3III(d, e)),
showing a 3.5-fold enhancement (p< 0.05) and a 20%
decrease of R value in the first and second 24-h period,
respectively (Fig. 3IV).Moreover, the efficacy ofTHP-1
adhesion on the cells was positively correlated with the
expression level of surface ICAM-1 molecules of the
HUVECs as illustrated in Fig. 3 (I–III; inset images in
A–E).

Through the DCFH-DA-staining (Fig. 2) and THP-
1 adhesion (Fig. 3) analyzes, we found that the level of
endothelial inflammation can be reduced by shearing
with 12 dynes cm�2 LSS or enhanced by 10�4 M ni-
cotine exposure for 24 h that represented an anti- and

FIGURE 4. Analyzes of inflammation- and hemostasis-related protein expressions in HUVECs under various treatments. (a)
Western blots of VCAM-1, ICAM-1, PAI-1 and GAPDH proteins in (I) statically cultured and (II) 12 dynes cm22 LSS-sheared HUVECs
with and without 1024 M nicotine (N) and/or 1 lg mL21 rtPA for 0, 6, 12, and 24 h. The condition of each lane is indicated on the top
of the blotting picture. The setting in static culture with neither nicotine nor rtPA was employed as the control. (b–d) Quantitative
analyzes of the protein expressions of VCAM-1 (b), ICAM-1 (c), and PAI-1 (d) for the groups shown at left side of the dotted lines in
the blot image. Each bar represents the level of relative optical intensity of the protein after normalized to GAPDH. Solid black:
blank control group with neither nicotine nor LSS treatment; solid red: static group with nicotine; black stripe: shearing group
without nicotine; red stripe: shearing group with nicotine. Values are mean 6 SE (n = 3). *p< 0.05. �p< 0.05 as compared to the
blank control. The quantitative analyzes of the protein expressions obtained from the groups with nicotine, LSS, and rtPA (subjects
at right side of dotted line in blot image II) were presented in Fig. 7, whereas the blots images of the static groups with nicotine and
rtPA (subjects at right side of dotted line in blot image I) were merely provided as references in this study.
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pro-inflammatory effect for each stimulus as reported
previously.2,5 However, what is of interest is that the
inflammatory response of the sheared HUVECs can be
reversely enhanced while they were concurrently trea-
ted with nicotine, and the magnitude of induced
inflammation was even higher than that obtained from
the cells with nicotine alone. Moreover, such overex-
pressed inflammatory responses can be reduced after
statically cultured in 37 �C for an additional 24 h
(p = NS, Figs. 2II and 3IV), demonstrating that the
irregular inflammation were mainly due to chronic
shearing exposure. Overall these findings clearly
showed that LSS played a promotive role in nicotine-
induced endothelial inflammation.

Synergistic Impact of Nicotine and LSS on Protein
Expressions of VCAM-1, ICAM-1, and PAI-1

To fully address the expression levels of adhesion
molecules in the HUVECs with different treatments,
the total protein levels of VCAM-1 and ICAM-1 genes

in all samples were further examined in addition to the
surface ICAM-1 test as described above. Furthermore,
in order to investigate how the excessive inflammatory
response correlated with atherothrombosis in the vas-
culature, the levels of PAI-1, a protein which is en-
coded by serpin peptidase inhibitor clade E member 1
(SERPINE1) gene, in all settings were measured in
parallel. Since the influence of LSS on the endothelial
inflammation has been identified in the previous tests,
the groups with set of turn-off-LSS were excluded in
the following experiments. Figure 4a exhibits the
western blot results of VCAM-1, ICAM-1, and PAI-1
molecules in the HUVECs under various conditions.
After normalizing the intensity of each blot to
GAPDH, we found that the expression levels of all
three genes were up- and down-regulated in the groups
with nicotine alone and LSS alone, respectively, within
24 h (Figs. 4b–4d), while those in the nicotine-treated
cells can be further enhanced by 12 dynes cm�2 LSS
that the levels of VCAM-1, ICAM-1, and PAI-1 sig-
nificantly enhanced 1.3, 2, and 2 folds, respectively
(Figs. 4b–4d; p< 0.05 for each), after 24 h.

FIGURE 5. Analyzes of eNOS expressions in HUVECs treated by various conditions. Expressions of eNOS and GAPDH proteins in
statically cultured (I) and 12 dynes cm22 LSS-sheared (II) HUVECs treated with and without 1024 M nicotine (N) and/or 1 lg mL21

rtPA for 0, 6, 12, and 24 h were examined by western blot. The condition of each lane is indicated on the top of the blot image. The
setting in static culture with neither nicotine nor rtPA was employed as the control. (III) Quantitative analyzes of the eNOS protein
expressions for the groups without rtPA (subjects at left side of the dotted line in the blot image I and II). Each bar represents the
level of relative optical intensity of the protein after normalized to GAPDH. Values are mean 6 SE (n = 3). �p< 0.05 as compared to
the blank control. *p< 0.05 as compared to the shearing group without nicotine under the same operation time. �p<0.05 as
compared to the static group with nicotine under the same operation time. The quantitative analyzes of the protein expressions for
the groups with nicotine, LSS, and rtPA (subjects at right side of dotted line in the blot image II) were presented in Fig. 6, whereas
the blot images of the static groups with nicotine and rtPA (subjects at right side of dotted line in the blot image I) were merely
provided as references in this study.
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Based on the western blot analysis, the outcomes of
total protein expressions of adhesion molecules
(VCAM-1 and ICAM-1) were consistent with the re-
sults of monocyte adhesion assay and expressions of
surface ICAM-1 as shown in Fig. 3. Similarly, the
expression level of PAI-1 in the HUVECs can be en-
hanced by nicotine treatment as reported previ-
ously,29,43 and such increased level can be further
promoted by LSS as shown in Figs. 4a–4d. Since ele-
vation of PAI-1 expression has been recognized as a
risk factor for atherothrombosis36 and tumor invasion
(i.e., cancer metastasis)8 due to its inhibitory effects on
tissue/urokinase-type plasminogen activators and ma-
trix metalloproteinases, our data implicated that the
LSS may play an adverse role in nicotine-mediated
vascular dysfunction and such impairment was likely
induced through PAI-1 activation. Taken all together,
these findings may potentially interpret the clinical
consequence that nicotine (or cigarette smoking) is
highly associated with proximal vessel disease since
where the intensity of LSS is relatively high (‡12 dynes
cm�2)28,40 and that may play a detrimental role in the
lesion development.

Synergistic Impact of Nicotine and LSS Reduced eNOS
Expression in the HUVECs

To investigate how the excessive inflammatory
response and elevated atherothrombotic risk occurred
in the cells with both nicotine and LSS stimulations,

the expression levels of eNOS in the cells with different
treatments were examined since NO has long been
known as one of the inflammatory and hemostatic
modulators.9 As shown in Fig. 5, the protein levels of
eNOS in the cells with 10�4 M nicotine alone (Fig. 5I)
and 12 dynes cm�2 LSS alone (Fig. 5II) significantly
decreased 1.7-fold (p< 0.05; Fig. 5III) and increased
1.6-fold (p< 0.05; Fig. 5III), respectively, after 24-h
treatment. In terms of the group treated with both
nicotine and LSS, the expression level of eNOS
decreased with operation time (Fig. 5II) and exhibited
a 2.7-fold reduction (p< 0.05; Fig. 5III) after 24 h.

Based on the results of eNOS expression analyzes,
we reasoned that the irregular inflammatory and
hemostatic responses were likely resulted from de-
crease of NO production in the cells. According to the
previous study, synergistic impact of nicotine and LSS
enabled to induce severe cytoskeleton collapse (inter-
ruption of mechanostasis) and thus triggered ROS
production.18 These ROS may consequently generate
peroxynitrite to degrade eNOS co-factor tetrahydro-
biopterin and lead to eNOS dysfunction and NO
reduction accordingly.17,24 However, NO is one of the
central mediators in vascular physiology and has been
known to regulate VCAM-1 and ICAM-1 expressions
through activation of nuclear factor kappa B (NF-
jB)16 and cytosolic phospholipase A2a (cPLA2a),

13

respectively. Therefore, attenuation of NO production
may contribute to endothelial inflammation/dysfunc-
tion and hence induce cardiovascular lesions such as
atherosclerotic plaque formation.22 Similar with the
adhesion molecules, the expression levels of PAI-1 in
the cells with dual stimulations (Fig. 4d) were inversely
correlated with eNOS (Fig. 5III), implicating that
PAI-1 level may be regulated by eNOS activity/NO
productivity. In fact, it has been reported that eNOS
enables to protect the ischemic stroke in the clinic4 and
that is explainable by this outcome. Overall, these ef-
forts provided a rational interpretation for the corre-
lation between smoking and thrombosis where the LSS
was taken into the consideration.

rtPA Retrieved eNOS Expression in the HUVECs
Treated with Nicotine and LSS Simultaneously

To circumvent the irregular inflammatory and
hemostatic responses due to synergistic impact of ni-
cotine and LSS, the efficacy of using rtPA, the most
commonly used thrombolytic agent in the clinic, to
retrieve the eNOS reduction was first explored. In this
study, the rtPA was selected because it enables to
alleviate the promoted fibrosis due to PAI-1 upregu-
lation11 and which was occurred in the cells with both
nicotine and LSS treatments. Through the analyzes of
western blot results as shown in Fig. 5II (subjects at

FIGURE 6. Efficacy of using rtPA to recover the impaired
eNOS expressions of HUVECs caused by synergistic impact
of nicotine and LSS. Protein expressions of eNOS in the
samples sheared by 12 dynes cm22 of LSS for 6, 12, and 24 h
using normal or 1024 M nicotine medium in the presence and
absence of 1 lg mL21 of rtPA were examined. The group with
neither nicotine nor LSS treatment was employed as the blank
control. The blot images of eNOS and GAPDH proteins in each
group were presented in Fig. 5II (subjects at right side of the
dotted line). The eNOS expression level of each setting was
presented after normalized to GAPDH. Values are mean 6 SE
(n = 3). *p< 0.05. �p< 0.05 as compared to the blank control.
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right side of the dotted line), our data showed that 1 lg
mL�1 rtPA enabled to retrieve the expression level of
eNOS in the cells with both nicotine and LSS treat-
ments within 24 h and a level which was similar with
that in the blank control (p = NS) can be obtained
after ‡12 h rtPA administration (Fig. 6).

rtPA Reversed Irregular Expressions of Adhesion and
Hemostasis Molecules in the HUVECs Treated by

Nicotine and LSS

We subsequently examined how rtPA affected the
protein expressions of VCAM-1, ICAM-1, and PAI-1
molecules while the cells were treated with both 10�4

M nicotine and 12 dynes cm�2 LSS simultaneously.
Through the analyzes of western blot results as shown
in Fig. 4a(II) (subjects at right side of the dotted line),
our data showed that the overexpressions of all three
genes in the cells with dual stimulations can be miti-
gated in the presence of 1 lg mL�1 rtPA, in which the
levels of VCAM-1, ICAM-1 and PAI-1 after 24-h rtPA
treatment significantly reduced 1.2 (Fig. 7a; p< 0.05),
2.2 (Fig. 7b; p< 0.05), and 2 (Fig. 7c; p< 0.05) folds,
respectively, as compared to the values gained from the

cells with identical treatments except no rtPA. Con-
sidering the correlations between eNOS and each of
VCAM-1, ICAM-1, and PAI-1, as well as the effects of
rtPA on recovering the expression levels of above four
genes (Figs. 6 and 7), we reasoned that rtPA alleviated
endothelial inflammation and atherothrombotic risk
through upregulating eNOS level, and the excessive
inflammatory response was likely resulted from the
induced hemostasis. However, more experiments are
definitely needed to ascertain these hypotheses.
Nonetheless, these results have prompted a clinical
interest since the rtPA administration may be helpful
to mitigate cigarette smoking-induced vascular lesion.

In this study, we have demonstrated that, for the first
time, the synergistic impact of nicotine and LSS may
further enhance the nicotine-induced inflammatory and
hemostatic responses in the endothelial cells. All the
experiments were carried out in the parallel plate flow
system that brought the study closer to an in vivo con-
dition (i.e., hemodynamic environment). Of particular
interesting is that we surprisingly found the LSS, which
is usually thought to play a protective role in endothelial
physiology, may conversely play a detrimental role in
vasculature to exacerbate the endothelial injury while

FIGURE 7. Efficacy of using rtPA to reduce the enhanced expressions of adhesion and hemostatic molecules in HUVECs caused
by synergistic impact of nicotine and LSS. Protein expressions of VCAM-1 (a), ICAM-1 (b), and PAI-1 (c) in samples sheared by 12
dynes cm22 LSS for 6, 12, and 24 h using normal or 1024 M nicotine medium in the presence and absence of rtPA (1 lg mL21) were
examined. The group with neither nicotine nor LSS treatment was employed as the blank control. The western blot images of
VACM-1, ICAM-1, PAI-1, and GAPDH proteins in each setting were exhibited in Fig. 4a(I) (subjects at right side of the dotted line),
and the expression level of each protein was presented after normalized to GAPDH. Values are mean 6 SE (n = 3). *p< 0.05.
�p< 0.05 as compared to the blank control.
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the cells are concurrently exposed to nicotine. Since the
excessive inflammation and hemostasis are contributing
factors for development of many cardiovascular dis-
eases,6,37 the efforts presented in this study may provide
an explanation for strong correlation between smoking
and proximal vessel diseases in the clinic. Furthermore,
the efficacies of rtPA on alleviating the impaired
inflammatory and hemostatic responses were demon-
strated in this study. To fully address the effectiveness of
rtPA identified, further investigation is certainly
required and efforts are currently in progress.
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