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Abstract
Aim—Despite its increasing popularity, little is known about the health effects of waterpipe
smoking (WPS), particularly on the cardiovascular system. To investigate the role of WPS as a
risk factor for vascular disease, we evaluated its effect on endothelial cell function, which is an
early event in vascular disease pathogenesis. We assessed the changes in cell viability, ROS
generation, inflammatory and vasodilatory markers and in vitro angiogenesis of human aortic
endothelial cells in response to waterpipe smoke condensate exposure.

Methods and results—Mainstream waterpipe smoke condensate (WSC) was generated using a
standard laboratory machine protocol. Compared to control, WSC induced cell cycle arrest,
apoptosis, and oxidative stress in human primary endothelial cells. In addition, we assayed for
impaired endothelium-dependent vasodilation and induced inflammation by studying the effect of
WPS on the content and activity of AMPK, eNOS proteins and NF-κB p65 ser536
phosphorylation, respectively. WSC inhibited AMPK/eNOS phosphorylation and induced
phosphorylation of p65. Moreover, we evaluated endothelial cells repair mechanism related
properties that include migration/invasion and in vitro tube formation upon treatment with WSC.
WSC reduced the motility and inhibited angiogenic potential of HAEC cells.

Conclusions—WPS induced endothelial cell dysfunction as evident by exerting oxidative stress,
inflammation, and impaired endothelial vasodilatory function and repair mechanisms. All together
these data provide evidence for the potential contribution of WPS to endothelial dysfunction and
thus to vascular disease.
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1. Introduction
Waterpipe tobacco smoking (WPS) is increasing in popularity and prevalence worldwide
(Maziak, 2011; Taha et al., 2010). Little is known, however, about its health implications
and there is a perception that it is less dangerous than cigarette smoking (Smith-Simone et
al., 2008). This perception is being challenged by converging lines of evidence; waterpipe
smoke analysis, toxicant content, and health effects research have hinted at the dangers of
WPS (AKl et al., 2010; Eissenberg and Shihadeh, 2009; Khabour et al., 2012; Schubert et
al., 2011).

Studies on the chemistry of waterpipe smoke demonstrate that tobacco smoke content and
toxicant exposure associated with waterpipe is at least comparable to that of cigarettes
(Eissenberg and Shihadeh, 2009; Schubert et al., 2011). Comparing the mainstream
waterpipe smoke generated using a popular type of ma’ssel tobacco mixture with that of a
single cigarette, Shihadeh showed that waterpipe smokers are exposed to substantial
amounts of nicotine, CO, tar, polycyclic aromatic hydrocarbons and heavy metals such as
arsenic, cobalt, chromium, and lead (Al Rashidi et al., 2008; Shihadeh and Saleh, 2005). The
data suggest that, relative to a single cigarette, a single waterpipe smoking session is
associated with 1.7 times the nicotine, 6.5 times the CO, and 46.4 times the tar (Djordjevic
et al., 2000; Shihadeh and Saleh, 2005). These results indicate that waterpipe smoke
condensate (WSC) contains alarming levels of toxicants know as causal factors in the
initiation and elevated incidence of cardiovascular disease (CVD) in cigarette smokers
(Ambrose and Barua, 2004). Since the adverse effects of cigarette smoke have been
thoroughly documented in relation to CVD and because many toxic constituents of WSC
overlap with or exceed that of cigarette smoke, therefore, more research is needed to clarify
waterpipe-induced risk of tobacco-caused diseases, particularly CVD.

A few studies (AKl et al., 2010; Neergaard et al., 2007) addressing the adverse health
consequences of WPS show an association with a variety of health risks similar to those
associated with cigarette smoking. Of particular interest is the finding that WPS is as
important risk factor as cigarette smoking for CVD with WPS associated with increased risk
of atherosclerosis (Israel et al., 2003) and coronary heart disease (Jabbour et al., 2003).
Recent studies by Wolfram et al. also demonstrated that WPS exerts a significant pro-
oxidant atherogenic stimulus (Wolfram et al., 2003). By measuring 8-epi-PGF2a levels, a
marker for in vivo oxidation injury, Wolfram et al. showed significant increase in 8-epi-
PGF2a levels in waterpipe smokers that was also elevated in cigarette smokers.
Furthermore, two studies assessing the acute effects of WPS on some parameters of the
cardio-respiratory system detected acute biologic changes that might result in health
problems (Hakim et al., 2011; Shaikh et al., 2008). Recent studies on human subjects
demonstrated significant elevation of blood pressure and heart rate observed among
waterpipe smokers (Al-Kubati et al., 2006; Al-Safi, 2005; Shafagoj and Mohammed, 2002).

The endothelium is the second site to encounter the products of tobacco combustion (Blann
and McCollum, 1993) and its dysfunction is an early feature of atherogenesis in vitro
(Celermajer et al., 1996). The endothelium is an active, dynamic tissue that controls many
important functions. It plays a vital role in vascular homeostasis, vascular tone regulation,
thrombosis, angiogenesis, and inflammation (Félétou, 2011). In response to various stimuli,
endothelial cells produce and release a large number of vasoactive substances, growth
modulators and other factors that mediate these functions. However, cardiovascular risk
factors, like smoking, alter many of the normal endothelial functions which precede the
development of pathological changes and subsequent clinical complications (Reriani et al.,
2010).
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In this study, we investigate the effect of mainstream WSC on endothelial cell function in
vitro and discuss the implication of these cellular responses in the pathophysiology of
vascular disease.

2. Materials and methods
2.1. Smoking machine protocol and WSC preparation

A standard smoking protocol (Beirut Method) was used as described by Shihadeh and Saleh
(2005), which consists of a total of 171 puffs of 0.53 l volume, a puff duration of 2.6 s, and
an inter puff interval of 17 s. The waterpipe was prepared by filling the head with 10 g of
“Nakhla” brand tobacco mixture known as “Two Apples”, covering it with aluminum foil
and perforating the foil to allow air passage. A charcoal, “Three Kings” brand quick-light
briquette was ignited and placed on the top of the head at the beginning of the smoking
session. Another half charcoal briquette was added at puff number 105. Water in the water
bowl was changed at the beginning of every smoking session. The condensate was collected
using Pall Type A/E glass fiber filters as described by Shihadeh and Saleh (2005). Filters
were stored in airtight containers and at −20 °C. WSC preparation was performed as
described by Rammah et al. Briefly, cell culture media was added to each filter to yield a
concentration of 40 mg/ml, the filter was then pressed in a syringe to ensure recovery of
media added. All recovered media was then mixed together and sterilized using 0.22 μm
filters (Costar, USA) (Rammah et al., 2012).

2.2. Cell culture and proliferation assays
Human aortic endothelial cells (HAEC) were grown in Endothelial Cell Basal Medium
(EBM) supplemented with FBS, BBE, hEGF, and GA-1000 (EGM BulletKit, Lonza,
Belgium, CC-3121 and CC-4133). Cells were seeded at a density of 104 cells/cm2.
Treatment started 24 h post-seeding. For the proliferation assay, the cells were treated with a
final concentration of 4 mg/ml. This treatment was either repeated daily for 3 consecutive
days (Repeated Exposure, RE), or was performed only once and was replaced with fresh
complete media 24 h later (Single Exposure, SE). Cell viability was assessed every 24 h
using cell counting of live and dead cells with trypan blue staining.

2.3. Cytotoxicity assay by real-time cell impedance analysis
Real-Time Cell Analyzer (RTCA) xCELLigence System (Roche Applied Science,
Mannheim, Germany) was used to dynamically monitor cell proliferation rates upon
different doses of WSC. The RTCA system monitors cellular events at set intervals via
measuring electrical impedance across microelectrodes on the bottom of tissue culture E-
plates®. The impedance measurement provides information about cell number, viability,
morphology and adhesion. The impedance was expressed as cell index (CI), an arbitrary
unit. The RTCA Software supplied by the manufacturer analyzes these measurements and
calculates the doubling time of the cells based on cell index. The experiments were
performed as described by Rammah et al. The results are presented as plotted by the RTCA
software. Standard deviations of duplicates of wells with different treatments were
calculated with the RTCA software.

2.4. Cell cycle analysis
Analysis of the cell cycle was carried out as described previously by Rammah et al. (2012).
Briefly cells were plated at a density of 104 cells/cm2 and either treated once or repeatedly
for 3 consecutive days. DNA content was conducted using propidium iodide stain and
analyzed by flow cytometry (Beckton Dickensson, USA, FacSort). Data acquisition was
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performed using Cell Quest. Data analysis and percentage of cells in phases of the cell cycle
were determined using Flow Jo, applying the Watson Pragmatic Model for fit analysis.

2.5. Annexin V/PI staining by flow cytometric analysis
Detection of early apoptotic cells was performed with the Annexin V-FITC/PI staining as
described by Rammah et al. (2012). Briefly, cells were plated at a density of 104 cells/cm2

and were either treated once or repeatedly for 3 consecutive days. Treated and untreated
cells were then assayed for Annexin V-FITC and PI staining. Data analysis was performed
using Flow Jo software. Samples stained with Annexin V-FITC and PI, are represented by
dot plots of PI versus Annexin V intensity.

2.6. Western blot analysis
Expression of proteins regulating some of the endothelial cell functions was analyzed by
western blot as previously described by our group (Rammah et al., 2012). Primary
antibodies against actin (Sigma, Germany), phospho-eNOS (Ser 1177) (cell signaling,
USA), eNOS (cell signaling, USA), phospho-AMPK (Thr 172) (cell signaling, USA),
AMPKa (cell signaling, USA) and Phospho-NF-kB p65 (Ser 536) antibody (cell signaling,
USA) were used with HRP conjugated secondary antibodies. Films, exposed in the linear
range, were then analyzed using Image J®. Protein bands were normalized using actin as
reference.

2.7. Measurement of intracellular ROS
Intracellular ROS generation was assessed by using the probe 5-(and-6)-chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Molecular Probes, USA)
according to the manufacturer’s protocol.

Cells adhering to confocal dishes (Matek®, USA) at 80% confluence were washed with PBS
and then incubated with 5 μM H2DCFDA at 37 °C for 15 min. Cell were then washed with
PBS and incubated with phenol-free media. Immediately, cells were live imaged using a
laser scanning confocal microscope (LSM710 Confocal Microscope Carl Zeiss, Germany)
equipped for live-cell imaging. Fluorescence intensity was assessed, after 10 min WSC was
added to the cells, in clusters of cells identified as regions of interest, and background as an
area without cells or with minimal cellular fluorescence. Intensity values are reported before
and after adding the WSC along with the background intensity.

2.8. RTCA migration and invasion assays
Invasion or migration assays were measured using xCELLigence RTCA instrument
according to the manufacturer’s protocol. Cells were seeded on a cellular invasion/migration
plate (CIM-plate 16®). As cells migrate or invade (when coated with Matrigel) from the
upper chamber into the bottom chamber, they interact and adhere to the electronic sensors,
thus causing an increase in electrical impedance. Changes in the impedance correlate with
number of migrated or invaded cells, therefore allowing automatic and continuous
measurement of migration. Studies have shown that data generated using the RTCA system
is in agreement with data collected using conventional techniques (Jurmeister et al., 2012).

For invasion assays, the upper surface of the membrane was pre-coated with 30 μl of growth
factor-reduced Matrigel (Becton Dickinson, San Jose, CA) diluted in serum-free medium at
a ratio of 1:20, incubated at 37 °C/5% CO2 for 4 h, then washed with PBS. For all migration
and invasion assays, 160 μl of EBM Full growth medium was added to the lower chamber of
each well (used as a chemo-attractant) and 30 μl to the upper chamber and the plate pre-
incubated for 1 h at 37 °C/5% CO2. HAEC cells were seeded at a density of 20,000 cells/
well into the upper chambers with an additional 120 μl in serum-free medium. Migration
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and invasion was monitored by recording cell impedance every 15 min for a minimum of 18
h.

2.9. Matrigel-induced capillary tube formation
The Matrigel®-based assay has been widely used as an in vitro measure of angiogenic
potential and was performed as described by El-Sabban et al. (2002). Briefly, a 24-well plate
was coated with 200 μl/well growth factor-reduced Matrigel (Becton Dickinson, San Jose,
CA). HAEC cells (4 × 104 cells/well) were then seeded into each well. After 30 min of
incubation, the cells were treated with WSC. Induction of tube formation was assessed after
incubation with VEGF (20 ng/ml; R&D system, Minneapolis, MN, USA) at 37 °C for 48 h.
The capillary-like network formation was observed using an inverted phase contrast
microscope (Carl Zeiss, Germany) and images were captured at 24 h at 40× magnification
with a digital output camera (Axiocam HRc Zeiss, Germany) attached to the microscope.

3. Results
3.1. WSC induced endothelial cells growth inhibition

Using a Real-Time Cell Analyzer (RTCA) based assay, we tested the cytotoxicity of WSC
on HAEC cells. This technique allows us to dynamically monitor changes in the properties
of HAEC cells after addition of different concentrations of WSC. Concentrations of 6–8 mg/
ml were acutely cytotoxic with cell death occurred within 1 h of exposure with no recovery
as the normalized cell index was below zero (data not shown). Concentration of 4 mg/ml
was cytostatic, with rapid inhibition of cell growth 24 h post-exposure, however, the cells
sustained their viability as indicated by the constancy of cell index (4 mg/ml increase the
doubling time by 2-fold) (Fig. 1A). Based on these results, a 4 mg/ml dose (cytostatic dose)
was used for further studies of the effect of WSC on HAECs. WSC at concentrations
ranging from 0.5 to 2 mg/ml resulted in an increase of doubling time (0.5, 1 and 2 mg/ml
increased the doubling time by 10% ± 0.5, 26% ± 0.2 and 67% ± 0.2, respectively).

We then investigated the effect of 4 mg/ml of WSC on HAEC cell proliferation for 24, 48
and 72 h as described in a previous section. At each time point, cells were compared to the
control set at 100%. WSC at the dose of 4 mg/ml interfered with the growth of HAEC cells.
When treated repeatedly (RE), the increase in cell number was significantly lower than the
control. WSC induced a decrease in cell proliferation by 40% ± 0.75, 70% ± 0.5 and 80% ±
1 after 24, 48 and 72 h of treatment, respectively. The decrease in cells number was not due
to an increase in cell death, as evident by the ability of the cells to exclude the cell-
membrane impermeable trypan blue dye (data not shown). Moreover, when treated only
once (SE), the cells regained their proliferative capacity after treatment cessation (Fig. 1B).

3.2. WSC induced endothelial cells apoptosis and cell cycle arrest
Whether WSC-induced inhibition of cell proliferation was due to an actual inhibition of cell
cycle or to an increase of cellular apoptosis was assessed. Apoptosis was analyzed by
Annexin V-FITC binding after 24, 48 and 72 h of exposure to WSC. An increase in
fluorescent Annexin V binding to cells indicates early apoptosis induction. Following WSC-
treatment, apoptosis was undetectable at 24 h, while early apoptotic populations were
observed at 48 and 72 h of treatment (lower right quadrant, where 22% and 16.5% of HAEC
were Annexin V positive cells after 48 and 72 h of treatment, respectively). Relative to the
basal level of apoptosis (the percentage of the untreated cells that are positive for apoptosis),
HAEC cells, upon single exposure or repeated exposure, have a high percentage of apoptotic
cells (Fig. 2A).
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Furthermore, we studied the effect of WSC on HAEC cell cycle distribution. WSC resulted
in the accumulation of the cells in G0/G1 and a decrease in the percentage of cells in the S
phase, suggesting therefore a cell cycle arrest at G0/G1 (Fig. 2B). This effect was sustained
as long as the treatment continued. WSC repeated treatment resulted in an increase of the S
phase cell population by 20%, 50% and 30% upon 24, 48 and 72 h of treatment, respectively
(Fig. 2B, upper panel). This effect was abolished upon removal of the treatment and
replacement with fresh complete media as evident by the increase in the percentage of cells
in the S phase (Fig. 2B, lower panel).

3.3. WSC increased reactive oxygen species (ROS) production in HAEC cells
Generation of high levels of intracellular ROS plays an important role in stress-induced
signaling and has been shown to stimulate related processes like apoptosis, cell cycle arrest
and inflammation (Kregel and Zhang, 2007). We considered a potential role for ROS in
stimulating cellular apoptosis and inducing endothelial cell injury. To test for and quantify
the WSC-induced intracellular oxidative stress, we determined the potential of WSC to
oxidize the oxidation-sensitive plasma membrane-permeable dye carboxy-H2DCF-DA (Fig.
3). WSC induced an increase in the fluorescent intensity by 4-fold relative to the basal levels
of fluorescence (Fig. 3B). Thus, ROS production was significantly increased in WSC-treated
cells compared to the basal level of ROS produced. Furthermore, ROS production was
significantly increased when the cells were treated with additional dose of WSC suggesting
that WSC ROS generation is re-inducible in HAEC. These data showed that WSC has a
considerably high potential to induce intracellular oxidative stress in endothelial cells.

3.4. WSC impaired AMPK-induced eNOS activation and impaired AMPK-suppressed
inflammation in HAEC cells

Oxidative stress results in endothelial cell dysfunction through modulating adenosine
monophosphate-activated protein kinase (AMPK) or AMPK-dependent pathways (Xu and
Zou, 2009). AMPK is known to be a sensor of cellular energy and cellular redox status. In
addition, it is essential for maintaining endothelial homeostasis by increasing NO bioactivity
and mitochondrial biogenesis and by suppressing inflammation and the production of ROS
in endothelial cells (Colombo and Moncada, 2009; Wang et al., 2009). Due to the various
stated functions of AMPK in endothelial cell function, the effect of WSC on AMPK protein
expression level and AMPK phosphorylation was assessed in HAECs.

Our data showed that after 48 h of WSC treatment, AMPK protein levels were not affected.
However, AMPK phosphorylation was significantly decreased in WSC-treated cells
compared to the control (Fig. 3C). These data revealed that WSC induced AMPK Thr 172
dephosphorylation, thereby inactivating the AMPK enzyme.

Moreover, there is abundant data showing the critical role of AMPK in endothelium-
dependent vasodilatory function through modulating endothelial cell nitric oxide synthase
(eNOS) activation and thus nitric oxide (NO) bioactivity (Schulz et al., 2005). AMPK and
eNOS are essential mediators of NO-induced endothelial function and thus the effect of
WSC on eNOS protein levels in HAEC cells was determined. Incubation of HAEC with
WSC for 48 h caused a decrease in eNOS protein content and phosphorylation of eNOS was
completely abolished upon WSC treatment. Moreover, as with eNOS phosphorylation, the
decrease in eNOS protein content was not reversed after culturing HAEC in control media
for 24 h (Fig. 3C). These results suggest that WSC-impaired eNOS activation and decreased
expression might contribute to a decline in NO availability. NO is primarily responsible for
the vasodilatory function of the endothelium. Hence, a specific defect in the endothelium-
derived NO system might be responsible for the impairment of endothelial vasodilatory
function (Cardillo and Panza, 1998).
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Another feature of endothelial dysfunction is inflammation (Libby et al., 2002). NF-κB is a
major player in the development of endothelial inflammation (Csiszar et al., 2008).
Cytokine-mediated NF-κB activation in endothelial cells is inhibited by AMPK activation.
Therefore, AMPK appears to be a natural suppressor of NF-κB and inflammation in
endothelial cells (Xu and Zou, 2009). However, it was recently suggested that NF-κB
activation by phosphorylation of p65 is a critical step in the development of endothelial
inflammation (Schubert et al., 2002). This correlates with its binding to the DNA thus
augmenting the expression of inflammatory genes (Viatour et al., 2005). To determine the
NF-κB phosphorylation status, western blots were performed using a specific antibody that
recognizes Ser 536 phosphorylated-p65. We demonstrated that HAEC cells treated with
WSC for 48 h increased phosphorylated p65 levels relative to untreated cells (Fig. 3C).
These findings indicated that WSC mediates p65 Ser 536 phosphorylation as an early step of
inflammation.

3.5. WSC impaired cell migration/invasion and angiogenesis of HAEC cells
NO is a vaso-regulatory molecule and an essential mediator of endothelial cell migration and
VEGF-induced angiogenesis (Papapetropoulos et al., 1997). Angiogenesis is considered as a
repair mechanism that involves endothelial cell migration, proliferation, and differentiation,
as well as tube formation (Lamalice et al., 2007). In this study, the effect of WSC on the
ability of endothelial cells to replicate and replace the lost and damaged cells, thus
maintaining vascular integrity was evaluated. Different aspects of angiogenesis were
assessed independently. The proliferation assay assesses cell cycle changes and DNA
synthesis, which was mentioned early in this study. The cell migration assay assesses
endothelial mobility and related to cytoskeletal reorganization (Fig. 4A). The migratory and
invasive function of endothelial cells in response to WSC was evaluated using RTCA. As
shown in Fig. 4A and B treatment with WSC resulted in a significant decrease in migration
and invasion potential of HAEC cells, which is reflected by a significantly lower cell index
relative to the control.

The tube formation assay measures endothelial differentiation associated with cytoskeletal
reorganization and intracellular organelle trafficking (Fig. 4C). No tube formation was
observed in WSC-treated cells compared to control cells. These results indicate that WSC
altered the ability of endothelial cells to proliferate, migrate and differentiate and thus
impaired repair mechanism.

4. Discussion
In this study we demonstrated that the highest non-cytotoxic concentration of WSC
interfered with endothelial cell proliferation. This effect on endothelial cells was due to both
inhibition of cell cycle progression and cellular apoptosis, as evidenced by increased PS
externalization and decreased percentage of S phase cells in WSC-treated cells. Also our
results showed that WSC resulted in increased production of ROS. Increased ROS impairs
the cellular redox balance, induces apoptosis and triggers inflammation and injury.
Moreover, WSC interfered with the capacity of endothelial cells for repair manifested by
decreased motility and impaired tube formation. These processes are implicated in the
disturbance of the endothelial integrity (Wong and Gotlieb, 1986) and interfere with the
balance of injury and repair mechanisms (Dimmeler and Zeiher, 2004). It has been shown
that loss of endothelial integrity is one of the important early events for the genesis of
vascular disease (Dimmeler and Zeiher, 2004). Such results indicate that WPS disturb the
endothelial structural integrity in vitro thus supporting the associations of elevated incidence
of vascular diseases in waterpipe smokers.
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In addition to endothelium structural integrity, functional activity is required to maintain
barrier function and plays a crucial role in the prevention of CVD (Galley and Webster,
2004). In this study, we also showed that WSC contributes to the dysfunction of endothelial
cells that includes modulating the vasomotor tone and altering the anti-inflammatory
properties of the endothelium. Endothelium-dependent vasodilation is, to a great extent,
maintained by NO, the endothelium-derived relaxing factor (EDRF). NO is produced in
endothelial cells by eNOS enzyme. A substantial body of evidence suggests that
derangements in the eNOS/NO pathway represent the most important cause for reduced NO
bioavailability (Kawashima and Yokoyama, 2004). Therefore, reduced eNOS-derived NO
bioactivity impair endothelial function and is a critical step for genesis of vascular disease.
WSC down-regulated eNOS expression and impaired AMPK-mediated eNOS
phosphorylation by inhibiting the phosphorylation of AMPK. Thereby WSC is implicated in
the endothelial cell dysfunction represented by impaired endothelium-dependent
vasodilation.

Another mechanism that interferes with NO availability is its degradation by superoxides
and other ROS. This is supported by studies demonstrating that oxidant stress alters many
functions of the endothelium, including modulation of vasomotor tone. Elevated levels of
ROS deplete bioavailable NO and exacerbate local oxidant stress by reacting directly with
NO to form peroxynitrite, which, in turn, imparts further oxidative injury to the endothelium
(Cai and Harrison, 2000). In our study, WSC elevates the level of ROS produced by
endothelial cells. Our results indicated that WSC alters endothelium-dependent vascular
relaxation through reduced eNOS-derived NO bioactivity and ROS enhanced degradation of
NO. This, thereby, represents further evidence for the involvement of WPS in endothelial
cell dysfunction.

Previous studies indicated that vascular inflammation is a feature of endothelial dysfunction
and documented the contribution of inflammation to atherogenesis. Emerging results
describe AMPK signaling as natural suppressor of endothelium inflammation and NF-κB
activation as major player in the development of vascular inflammation (Csiszar et al., 2008;
Libby et al., 2002; Schubert et al., 2002; Xu and Zou, 2009). In addition, endothelium-
derived NO has been recognized to be an anti-inflammatory molecule by inhibiting NF-κB
activation. We showed that WSC induces an inflammatory response through activation of
NF-κB mediated pro-inflammatory signaling associated with inhibition of AMPK and NO
synthesis. These findings provide a potential mechanism for the association of waterpipe
smoking with atherosclerotic disease.

Angiogenesis is critical in many physiological processes as well as in restoring endothelial
function in some pathological conditions. Endothelial angiogenesis or re-endothelization
plays an essential role in the repair process of lung tissue and is implicated in a number of
processes in COPD (Siafakas et al., 2007). Accumulating evidence implicate NO in
physiological and pathological angiogenesis (Matsunaga et al., 2002). Such data indicate
that NO significantly contributes to the pro-survival/pro-angiogenic program of capillary
endothelium by triggering cell growth and differentiation via eNOS activation, cyclic GMP
(cGMP) elevation, mitogen activated kinase (MAPK) activation and fibroblast growth
factor-2 (FGF-2) expression (Ziche and Morbidelli, 2000). We have observed that WSC
interfered with endothelial cell survival, proliferation, motility and tube formation
accompanied with decreased eNOS activity. These observations indicate that WPS hinders
endothelial cell properties related to the repair mechanism. In addition, we have described
the effect of WSC on alveolar type II derived cells and demonstrated that WPS as a risk
factor in the pathogenesis of COPD (Rammah et al., 2012). Along with our present findings
we infer that waterpipe smoking not only causes direct injury to lung cells but also inhibits
compensatory angiogenesis therefore impairing repair mechanism.
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In conclusion, concurrent with other studies (Al-Safi, 2005; Ghasemi et al., 2010; Hakim et
al., 2011; Jabbour et al., 2003; Wolfram et al., 2003), our data suggests a strong association
between WPS and endothelial cell dysfunction in vitro (Fig. 5). It is presumed that WPS
components enter the bloodstream and interact with endothelial cells. Upon exposure to
WSC, the endothelial cells initiate a cascade of signals that lead to the disruption of the
structural and functional integrity of the endothelium along with its repair mechanism;
thereby proposing a potential mechanism for involvement of WPS in the genesis of vascular
disease.

WSC contains, in addition to tobacco, additives that include sweeteners (ma’ssel), artificial
flavors and is consumed with charcoal continuously burning on top of the aluminum foil
covering the tobacco mix. So a direct comparison with cigarette smoke is not very easy to
achieve. Through comparing the effects of waterpipe and cigarette smoke extract on
endothelial cell function, our findings showed similar effect of WSC as that induced by CSE
on endothelial cell activity and function in vitro (Bernhard et al., 2003; Michaud et al., 2006;
Noronha-Dutra et al., 1993; Su et al., 1998). However, this type of comparison cannot be
extrapolated to actual effects in cigarette and waterpipe smokers due to various limitations.

This present study is limited by its focus on the effect of WPS on human endothelial cells
function in vitro. Previous studies investigating the health consequences of WPS on human
subjects support the notion that WPS is associated with increased risk of vascular disease,
but none of these studies identify potential cellular mechanism for such association and
could only detect changes in some biological parameters of waterpipe smokers. In view of
this limitation, our study provided the first in vitro demonstration of the effect of WPS on
endothelial cell function. Additional in vivo studies and clinical observations are necessary
to determine whether WPS alters the function of endothelial cells in animal models or
humans thus describing WPS as a risk factor for vascular disease.
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HIGHLIGHTS

▶ The role of WPS as a risk factor for vascular disease is poorly studied.

▶ WSC induced cell cycle arrest, apoptosis, oxidative stress and inflammation in
HAEC cells.

▶ WSC reduced the motility and inhibited angiogenic potential of HAEC cells.

▶ WPS impaired endothelial vasodilatory function and repair mechanisms of HAEC
cells.

▶ WPS induced endothelial cell dysfunction.
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Fig. 1.
WSC induced growth inhibition. (A) Effect of different concentrations of WSC on HAEC
cells viability 48 h post-treatment using xCELLigence system. Arrowheads represent the
time when 4 mg/ml of WSC were added to HAEC cells. (B) Effect of WSC (4 mg/ml) on
HAEC cells proliferation (single and repeated exposure) 24, 48 and 72 h post-treatment
using trypan blue exclusion assay. The graphs represent average of duplicates of a single
representative experiment ± S.D. of three independent experiments.
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Fig. 2.
WSC induced cell cycle arrest and apoptosis of HAEC cells. (A) Representative diagrams of
FITC-Annexin V/PI staining by flow cytometry of HAEC cells 24, 48, and 72 h post-
treatment with WSC. (B) Effect of WSC on cell cycle distribution of HAEC cells. (Upper
panel) The percentage of cells in G0/G1 and S phase of control cells and cells treated once
(single exposure) for 24, 48 and 72 h (lower panel) the percentage of cells in G0/G1 and S
phase of control cells and cells treated repeatedly (repeated exposure) for 24, 48 and 72 h as
a percentage of the control. The results are shown as percentage of the negative control
value and represent means ± S.E.M. of three independent experiments. *Represents
statistical significance (p < 0.05) using Student’s t-test.
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Fig. 3.
WSC induced oxidative stress, impaired AMPK-induced eNOS activation and impaired
AMPK-suppressed inflammation in HAEC cells. WSC increased ROS production in HAEC.
(A) ROS production in HAEC cells untreated and treated with 4 mg/ml of WSC was
assessed using florescent dye carboxy-H2DCF-DA as described in Section 2. (B) The
intracellular oxidative stress was analyzed where the fluorescence intensity plotted on the y-
axis correlates with the magnitude of intracellular oxidative stress of the selected regions.
0% WSC represents the base line. The arrows represent the time when 4 mg/ml of WSC
were added to HAEC cells and oxidative stress was measured over a period of 10 min.
Colored circles represent areas chosen for fluorescent analysis. The results shown are
representative of three independent experiments. (C) WSC down-regulated phospho-AMPK,
eNOS and phospho-eNOS protein expression thus impairing vasodilatory function and
mediated p65 phosphorylation as an early step of inflammation in HAEC cells. AMPK/
phospho-AMPK, e-NOS/phospho-eNOS and phospho-p65 protein expression in HAEC cells
untreated and treated (SE and RE) with 4 mg/ml of WSC for 48 h using western blot. Equal
loading was determined through re-probing with β-actin. Western blotting data are
representative of three independent experiments (CTRL: control, SE: single exposure, RE:
repeated exposure).
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Fig. 4.
WSC impaired migration/invasion and VEGF-induced capillary tube formation of
endothelial cells. (A) The effect of WSC (4 mg/ml) on HAEC cell migration. (B) The effect
of WSC (4 mg/ml) on HAEC cell invasion using xCELLigence system. Arrows indicate the
time point at which changes in cell index were calculated to generate the bar graphs. The bar
graphs represent changes in the cell index upon exposure relative to the control. Results are
percentage of negative control and represent means of 3 independent experiments ± S.D. (C)
Representative photographs of tube formation of untreated (right panel) and treated (left
panel) HAEC cells with 4 mg/ml of WSC. The lower panels are light microscopy images of
higher magnification of the same field. Photographs are representative of three independent
experiments.
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Fig. 5.
Proposed model of WPS as a contributing factor for endothelial cell dysfunction and as a
risk factor for endothelial-dependent disease. After exposure to WSC, endothelial cells
increase their ROS production, which in turn induces cell cycle arrest, cellular apoptosis and
inflammation. These processes are responsible for the disturbance of the endothelial
integrity and interfere with the balance of injury and repair mechanisms. WSC down-
regulates eNOS expression, impairs AMPK-mediated eNOS phosphorylation, and impairs
AMPK-suppressed inflammation. Thus, WPS is implicated in the endothelial dysfunction
represented by impaired endothelium-dependent vasodilation and altered anti-inflammatory
properties of the endothelium. Moreover, WSC interferes with the repair mechanism of
HAEC cells through inhibited angiogenesis. WPS initiates a cascade of signals that lead to
the disruption of the structural and functional integrity of the endothelium facilitating the
progression of endothelial-dependent disease.
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