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Cerebral and cardiovascular diseases represent a big public
health problem and a leading cause of mortality in the world.
In more than 40% of cases, they occur before 75 years of age.
The most common forms of CVDs are ischemic heart disease, stroke, and arterial hypertension.
The cardiovascular risk is continuous during the life, and
all people have to reckon cardiovascular risk, which depends
on the combination of diﬀerent factors (age, sex, smoking
and diet habits, high blood pressure, and cholesterolemia).
The modiﬁable risk factors should be tackled with interventions promoting correct lifestyles and appropriate pharmacological therapy. Right lifestyles must be encouraged in
the population starting from young age in order to maintain
a favourable cardiovascular risk proﬁle as long as possible.
Oxidative stress results from an imbalance between oxidizing compounds and antioxidant resources provided by
the endogenous defense system. The generation of oxidizing
compounds occurs physiologically in response to insults and
tissue repair processes. On the other hand, an improper activation of oxidative processes can be chronically present in
pathological conditions, such as arterial hypertension and
diabetes mellitus, contributing to the oxidative damage.
Vasorelaxant molecules, such as nitric oxide (NO), hydrogen
sulﬁde (H2S), and prostaglandin I2 (PGI2), play a fundamental role in the regulation of vascular tone and are especially
damaged by excessive oxidative stress production.
The present special issue includes papers that explore the
eﬀects of the oxidative stress on the onset and progression of
the cerebral and cardiovascular diseases and the mechanisms
helpful to slow down their occurrence.

It has been shown that radical oxygen species, including hydrogen peroxide hydroxyl radical, peroxynitrite, and
superoxide anion, act as molecule signal that modulate
multiple cellular responses. The main sources of O2•− generated in the organism are NOx. These oxidases produce
O2•− from oxygen using NADPH as an electron donor.
The NOX family is the only family of enzymes known
with the function of producing ROS that can be activated
by diﬀerent stimuli. NADPH oxidase-derived ROS act as
intracellular second messengers by activating several redox
signalling cascades implicated in VEGFR2 autophosphorylation, EC migration, angiogenesis, and proliferation, but
molecular mechanisms responsible for NADPH oxidase
activation and the function of ROS in redox signalling
linked to angiogenesis remain unclear.
F. Cattaneo and colleagues in an experimental model
of human endothelial cell line reported that the activation
of formyl-peptide receptors (FPRs) induces superoxide
generation as a consequence of MEK- and PKC-dependent
phosphorylation of the regulatory subunit p47phox, demonstrating that ROS generation is regulated by the binding of
N-formyl-methionyl-leucyl-phenylalanine (N-fMLP) to
FPR1 and that produced ROS mediate Flk-1/KDR transactivation, playing a crucial role in VEGFR2 signalling related to
angiogenesis, provides new insights in NADPH oxidase
and/or FPR1 as possible targets for therapies against
angiogenesis-dependent diseases. The discovery of crosstalk
between FPR1 and Flk-1/KDR provides further opportunities for drug discovery strategies for angiogenesis driven by
an increase of VEGFR2 activity.
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S. Franceschelli et al. examined the eﬀects of phenethyl
isothiocyanate (PEITC), one of the best-studied members of
the organic isothiocyanates (ITC) family in the regulation
of the cytoskeleton and morphology of endothelial cells
(ECs). They demonstrated that PEITC induces PI3K/Akt
promoting signiﬁcant morphological changes in ECs that
come back to the normal size and morphology after 16 hours
from treatment. This eﬀect was related to the activation of an
important small GTPase protein Rac1. The activation of this
latter led to JNK activation that promoted cytoskeleton
remodelling inﬂuencing endothelial cell survival and growth.
The authors showed that JNK promoted BAG3 overexpression. The expression of BAG3 corresponds to a recovery of
cellular morphology after an initial damage by PEITC treatment; in fact, downregulation of Bag3 protein resulted in
the loss of morphology recovery. In conclusion, they identiﬁed an important mechanism that led to actin refolding
and the recovery of cell morphology which is driven by
BAG3 that could represent an important target to recovery
endothelial cells damage during cardiovascular diseases.
A. Fedorowicz et al. showed that in diabetic condition,
increased ROS production may promote an increased permeability of pulmonary microcirculation related to NO impairment and increase compensatory levels of PGI2 and CD141
while the endothelial alteration detected in the aorta was
associated with NO, PGI2, and CD141 impairment. This
study highlighted various changes in pulmonary and peripheral endothelial function leading to endothelial dysfunction
during diabetes.
The endothelial dysfunction is also a characteristic of
patients aﬀected by inﬂammatory bowel disease (IBD)
such as Crohn’s disease. In fact, IBD even in the absence
of classic cardiovascular risk factors have a higher risk
for endothelial dysfunction and atherosclerosis. In this
context, A. G. Gravina et al. analysed the relationship
between inﬂammation, oxidative stress, and endothelial dysfunction in IBD in order to predict the possible role of such
inﬂammation in cardiovascular disease development. The
authors focused their attention on pharmacological and nonpharmacological therapeutic targets, both of them aiming at
attenuating chronic inﬂammation and oxidative stress.
Y. Shen and colleagues demonstrated that transplantation of bone marrow mesenchymal stem cells can be used
to treat radiation-induced artery injury once again by suppressing oxidative stress and inﬂammation. Actually, the
authors showed that this approach was able to upregulate
antioxidant enzymes including HO-1 and catalase and
downregulate inﬂammatory factors such as TNF-α, ICAM1, and TGF-β.
C. R. Balistreri and colleagues found in patients with
bicuspid valve disease a signiﬁcant reduction of T and B
lymphocyte cell subsets, compared to tricuspid aortic valve
patients. This reduction, like those observed in old people,
makes the individuals more vulnerable to chronic stress,
inﬂammation, and oxidative stress, leading to cardiovascular diseases.
Interestingly, in a review article, G. Amodio et al. extensively highlighted the involvement of the unfolded protein
response (UPR) pathways in the oxidative stress-induced
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endothelial dysfunction. In particular, authors underlined
the importance of the endoplasmic reticulum (ER) source
of ROS in the pathogenesis of cardiovascular diseases
and the dual role of UPR, both prooxidant and antioxidant.
They also reported the recent literature suggesting how the
modulation of ER stress and UPR signalling may be a new
therapeutic strategy to counteract the endothelial dysfunction. However, since some aspects on this ﬁeld remain
unclear, more investigations on animal models are encouraged. Identiﬁcation of new molecular pathways aimed to
develop therapeutic procedure based on pharmacological
and nonpharmacological approaches, at diﬀerent cellular
levels, could represent an important milestone to reduce the
onset of cerebral and cardiovascular diseases.
Valeria Conti
Maurizio Forte
Albino Carrizzo
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Andrzej Fedorowicz ,1,2 Elżbieta Buczek ,1 Łukasz Mateuszuk,1 Elzbieta Czarnowska,3
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Diabetes increases the risk of pulmonary hypertension and is associated with alterations in pulmonary vascular function. Still, it is
not clear whether alterations in the phenotype of pulmonary endothelium induced by diabetes are distinct, as compared to
peripheral endothelium. In the present work, we characterized diﬀerences between diabetic complications in the lung and aorta
in db/db mice with advanced diabetes. Male, 20-week-old db/db mice displayed increased HbA1c and glucose concentration
compatible with advanced diabetes. Diabetic lungs had signs of mild ﬁbrosis, and pulmonary endothelium displayed
signiﬁcantly ultrastructural changes. In the isolated, perfused lung from db/db mice, ﬁltration coeﬃcient (Kf,c) and contractile
response to TXA2 analogue were enhanced, while endothelial NO-dependent modulation of pulmonary response to hypoxic
ventilation and cumulative production of NO−2 were impaired, with no changes in immunostaining for eNOS expression. In
turn, 6-keto-PGF1α release from the isolated lung from db/db mice was increased, as well as immunostaining of
thrombomodulin (CD141). In contrast to the lung, NO-dependent, acetylcholine-induced vasodilation, ionophore-stimulated
NO−2 generation, and production of 6-keto-PGF1α were all impaired in aortic rings from db/db mice. Although eNOS
immunostaining was not changed, that of CD141 was clearly lowered. Interestingly, diabetes-induced nitration of proteins in
aorta was higher than that in the lungs. In summary, diabetes induced marked ultrastructural changes in pulmonary
endothelium that were associated with the increased permeability of pulmonary microcirculation, impaired NO-dependent
vascular function, with compensatory increase in PGI2 production, and increased CD141 expression. In contrast, endothelial
dysfunction in the aorta was featured by impaired NO-, PGI2-dependent function and diminished CD141 expression.

1. Introduction
Diabetes induces profound alterations in systemic circulation
and is the leading cause of macro- and microangiopathies
such as diabetic retinopathy, nephropathy, and myocardial
infarct, as well as peripheral artery disease [1–3]. The detrimental eﬀects of diabetes in the lungs are less clinically
apparent. However, epidemiological and experimental data
suggested that insulin resistance and diabetes aﬀect the lung.

In diabetic subjects, the risk of pulmonary hypertension
and pulmonary embolism was increased [4]. Interestingly,
several studies have suggested that diabetes results in the
impairment of respiratory function [5–7] and increased
susceptibility to allergic response/inﬂammation induced with
LPS or airway bacterial infection [8–10]. Structural changes
in blood-alveolar barrier and diﬀusion impairment in vivo
have also been reported [11, 12]. Despite these reports, the
possible detrimental eﬀects of insulin resistance and diabetes
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on the pulmonary circulation have received little attention,
and therefore research on this aspect of the pathophysiology
of diabetes has largely been neglected. To the best of our
knowledge, there are only few reports directly comparing
systemic and pulmonary circulation response to diabetes in
the same experimental model. Such an approach could give
a better understanding of similarities and diﬀerences between
diabetes-induced changes in pulmonary and peripheral
circulation [13, 14].
Furthermore, although peripheral endothelial dysfunction represents a well-recognized hallmark of peripheral diabetic macro- and microangiopathies [2, 7, 15], the evidence
on the development of pulmonary endothelial dysfunction
in diabetes is rather conﬂicting. Both the presence and lack
of impairment of NO-dependent pulmonary endothelial
function have been reported [13, 16, 17]. In turn, an increase
in pulmonary microvascular permeability without changes in
eNOS or with increased iNOS expression has also been demonstrated [13, 16–18].
Similarly, reports on diabetes-induced changes in PGI2
production in the pulmonary circulation are also not
consistent. In streptozotocin-treated rats, basal PGI2 production and stimulated PGI2 production in pulmonary
circulation were reported to increase or to remain unchanged
[14, 19, 20]. Interestingly, PGI2 is a major regulator of the
expression of thrombomodulin (CD141) [21, 22], which
complexes with thrombin (IIa) and activates protein C to
act as an anticoagulant and endothelial protective mediator
[23]. Thus, the changes in the activity of PGI2 may result in
the alteration in the activity of thrombomodulin, despite
the fact that previous studies reported no changes [24–26].
Given the nonconsistent literature, the aim of the present
work was to characterize changes in pulmonary endothelial
function in comparison with changes in peripheral endothelial function in the aorta, with special focus on NO- and
PGI2-dependent pathways. For this purpose, male db/db mice
at the age of 20 weeks with features of advanced diabetes were
used, and pulmonary and peripheral endothelial functions
and NO and PGI2 activities were analyzed in the isolated,
perfused diabetic lung, or in the aortic rings, respectively.

2. Material and Methods
2.1. Animals. 20-week-old db/db (BKS.Cg-Dock7m
+/+LeprdbJ) and C57BL/6J mice, purchased from Charles
River Laboratories, were housed in speciﬁc pathogen-free
conditions (SPF) and fed with a standard laboratory diet
and water ad libitum.
All experimental procedures used in the present study
were conducted according to the Guidelines for Animal Care
and Treatment of the European Communities and the Guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication number
85-23, revised 1996). All procedures were approved by the
local Jagiellonian University Ethical Committee on Animal
Experiments (number 53/2009).
2.2. Blood Count, HbA1c, and Basal Biochemistry in
Plasma. Blood was collected from anaesthetized animals
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(pentobarbital, 140 mg/kg, i.p.) via the right ventricle to
a syringe with nadroparine (end concentration: 10 U/ml)
for analysis of blood count and HbA1c, and the rest of the
sample were centrifuged to obtain plasma (1000g, 5 min,
4°C). Complete blood count was analyzed within 15 minutes
after collection (by automatic blood counter ABC Vet,
HORIBA). HbA1c and total hemoglobin concentrations were
measured using a biochemical analyser (ABX Pentra 400,
HORIBA), and the ratio was given as a percentage of HbA1c.
Glucose, aspartate aminotransferase, alanine aminotransferase, creatinine, albumin, and total protein were measured
using colorimetric methods (ABX Pentra 400, HORIBA).
2.3. Histological Analysis of the Lungs. The lungs were
removed under anaesthesia and ﬁxed in 4% buﬀered formalin (24 h) and were then dehydrated, embedded in paraﬃn,
cut into 5 μm sections on Accu-Cut® SRM™ 200 Rotary
Microtome, and stained with either hematoxylin and eosin
(H&E), Masson Trichrome, Orcein and Methyl Scarlet Blue
(OMSB [27]), or Picro Sirius Red. Light microscopic examination and photographic documentation were performed
using an Olympus BX53F microscope equipped with a digital
camera.
2.4. Assessment of Changes in Lung Ultrastructure. The chest
of anaesthetized rats was opened, and samples of lung tissue
were cut and ﬁxed immediately using a mixture of 2.5%
glutaraldehyde and 2% freshly prepared paraformaldehyde
in 0.1 mol/L cacodylate buﬀer at pH 7.4. The lung tissue
was ﬁxed for 12 h at 4°C. Then, the lungs were postﬁxed in
buﬀered 2% osmium tetroxide, dehydrated in a graded
ethanol series and propylene oxide, and embedded in Epon
812. The ultrathin sections were stained according to routine
protocol with uranyl acetate and lead citrate and were examined and documented by transmission electron microscopy
(Jem 1011, JEOL, Japan).
2.5. Immunohistochemistry of Lung Tissue. After excision,
lung tissues were ﬁxed with 4% formalin solution (10 min)
and placed in 50% OCT for cryopreservation (24 h), then
snap frozen at −80°C. Blocks were cut into 10 μm-thick
cross-sectional slides. 5% normal goat serum (Jackson
Immuno) or 2.5% horse serum (Vector Labs) and 2% ﬁltered
dry milk were applied to minimalize nonspeciﬁc binding of
antibodies. For indirect immunohistochemical detection of
von Willebrand factor (vWF), thrombomodulin (CD141),
endothelial nitric oxide synthase (eNOS), vascular cell
adhesion molecule 1 (VCAM-1), and macrophage content
(MAC3), sections were incubated with rabbit anti-vWF
polyclonal Ig (Abcam), rat polyclonal anti-CD141 Ig (BD
Bioscience), mouse monoclonal anti-eNOS Ig (BD Bioscience), rat anti-VCAM-1 monoclonal Ig (Millipore), or rat
anti-MAC3 monoclonal Ig (Thermo), respectively (1 h).
Antibodies were applied at concentrations of 5 μg/ml or
10 μg/ml (dilution 1 : 100–1 : 300 of stock solution). After
rinsing in PBS, secondary biotinylated horse anti-rabbit
(Vector Labs), goat anti-mouse, goat anti-rat, or goat antirabbit (Jackson Immuno) antibodies were applied for
30 min. At a third step of staining, Cy3-conjugated
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streptavidin (Jackson Immuno) and Hoechst 33258 solution
were used.
2.6. Assessment of Endothelial Function in the Isolated Lung
Preparation. Trachea in anesthetized mice were cannulated,
and the lungs were ventilated with positive pressures at
a rate of 90 breaths/min (VCM module from Hugo Sachs
Electronic (HSE)). After laparotomy, the diaphragm was
cut and nadroparine at a dose of 600 I.U. was injected into
the right ventricle to prevent microthrombi formation during
the surgical procedure. Then, the animals were exsanguinated by incision of the left renal artery. The lungs were
exposed via a median sternotomy. The pulmonary artery
and left atrium were cannulated via the right and left
atrium, respectively.
Immediately after cannulation, the lung/heart block was
dissected from the thorax. Using tracheal cannula, the isolated lung was mounted in a water-jacketed (38°C), air-tight
glass chamber (HSE) and ventilated with negative pressures.
The lungs were perfused with low-glucose DMEM with 4%
albumin and 0.3% HEPES; the pH of perfusate was
maintained at 7.35 throughout the whole experiment by
continuous addition of 5% CO2 to the inspiratory air, using
a peristaltic pump (ISM 834, HSE) at a constant ﬂow (CF)
of about 1.50 ml/min. The venous pressure was set between
2 and 5 cmH2O. The end-expiratory pressure in the chamber
was set to be −3 cmH2O, and inspiratory pressure was
adjusted between −6 and −10 cmH2O to yield the initial tidal
volume (TV) of about 0.2 ml. Breathing frequency was set to
be 90 breaths/min, and a duration of inspiration versus
expiration was 1 : 1 in each breath. Every 5 min throughout
the experiments, a deep breath of end-inspiratory pressure
of −21 cmH2O was automatically initiated by VCM module
(HSE) to avoid atelectasis. Airﬂow velocity was measured
with a pneumotachometer tube connected to a diﬀerential
pressure transducer (HSE), from which the value of respiratory tidal volume was determined. In experiments with
constant pressure perfusion (CP), CP mode was turned on
just after placing the lungs in the artiﬁcial thorax. The PAP
was set to be around 3 cmH2O. The venous pressure was set
between 2 and 5 cmH2O.
Both arterial and venous pulmonary pressures (PAP,
PVP) were continuously monitored by ISOTEC pressure
transducers (HSE) connected to a perfusion line on arterial and venous sides, respectively. The weight of the lungs
was monitored by a weight transducer (HSE). TC, PAP,
PVP, and lung weight data were acquired by the PC transducer card and subsequently analyzed by Pulmodynpulmo
software (HSE).
All lung preparations were allowed to equilibrate for the
ﬁrst 15 min of perfusion with fresh buﬀer until baseline
PAP, PVP, TV, and weight were stable. At this time point,
weight of the lung (the value of which varied considerably
between experiments) was set to zero.
2.6.1. Hypoxic Pulmonary Vasoconstriction (HPV). HPV was
evoked by 10-minute intervals of hypoxic ventilation with a
mixture of 95% N2 and 5% CO2. HPV, measured as changes
in PAP, was stabilized after 5 minutes. After cessation of
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acute hypoxia, PAP returned to a basal level. There was
a 10-minute interval of normal ventilation between HPV
procedures. HPV was repeated twice, then L-NAME
(300 μM) was added to the perfusate and recirculated
through the lung for 10 minutes, and HPV response was
repeated twice again. Although TV, PAP, PVP, and weight
were continuously monitored throughout the experiment,
for data analysis, only maximum increase in PAP (ΔPAP)
elicited by HPV was taken. TV, PVP, and weight did not
change signiﬁcantly during HPV.
2.6.2. Vasoreactivity. After equilibration, U46619 (1 μM)
was added to the perfusate, which resulted in an increase
of PAP, but other parameters of isolated lungs did not
change. For data analysis, only maximum increase of
PAP (ΔPAP) was taken.
2.6.3. Pulmonary Microcirculation Permeability. In equilibrated isolated lung, perfused with constant pressure, the
pulmonary venous pressure was increased to obtain PVP
1.5 cmH2O above PAP and was maintained at this level
through 15 minutes. This resulted in an increase in weight
of the lungs; other parameters were stable. After 15 minutes,
PVP was set to basal value, and the process was repeated. The
ﬁltration coeﬃcient (Kf,c) was calculated based on recordings
for 5 minutes after PVP increase [28].
2.6.4. Biochemical Measurements. 6-keto-PGF1α and NO−2 /
NO−3 concentrations were measured in samples of eﬄuents
collected after 15 minutes of equilibration of isolated lungs
perfused with constant ﬂow, and then 5 and 45 minutes
after recirculation of the perfusate was started. To assess
the enzymatic source of 6-keto-PGF1α, a sample was taken
before and after administration of COX-2 selective inhibitor
(DuP-697, 1 μM) or nonselective COX-1/COX-2 inhibitor
(indomethacin, 1 μM).
2.7. Assessment of Endothelial Function in the Isolated Aortic
Rings. The thoracic aorta was quickly dissected out of the
chest of anaesthetized mice, and the surrounding fat/connective tissue was removed in Krebs-Henseleit (KH) solution
(mM: NaCl 118.0, CaCl2 2.52, MgSO4 1.16, NaHCO3 24.88,
K2PO4 1.18, KCl 4.7, glucose 10.0, pyruvic acid 2.0, and
EDTA 0.5). Then, the aorta was cut into 2-3 mm rings, which
were mounted between two pins ﬁlled with 5 ml of KH
solution chambers (37°C, pH 7.4, gassed with carbogen:
95% O2, 5% CO2) of wire myograph (620 M, Danish Myo
Technology, Denmark). The unstretched aortic rings were
allowed to equilibrate for 30 minutes. Then, the resting
tension of the rings was increased stepwise to reach 10 mN,
and the rings were washed with fresh KH solution and
incubated to equilibrate for the next 30 mins.
After equilibration, the viability of the tissue was examined by contractile responses to potassium chloride (KCl
30 mM, 60 mM), and then the aortic rings were contracted
with phenylephrine (Phe 0.01–3.0 μM) to obtain maximal
possible constriction of the rings. All tissue responses were
recorded, using a data acquisition system and recording software (PowerLab, LabChart, and ADInstruments, Australia).
The aortic rings were next contracted with phenylephrine
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to obtain 80–90% of maximal contraction, and the
endothelial-dependent response was assessed using cumulative concentrations of acetylcholine (ACh 0.01–10 μM). After
washout, the vessels were again contracted with phenylephrine, and endothelial-independent vasodilation to cumulative
concentrations of sodium nitroprusside (SNP 0.001–1 μM)
was assessed. The relaxation response was expressed as a percentage of the precontraction induced by phenylephrine.
2.8. Assessment of Prostacyclin (PGI2) Production in the
Isolated Aortic Rings. The concentration of PGI2, produced
by aortic rings, was quantiﬁed on the basis of the formation
of 6-keto-PGF1α, a stable metabolite of PGI2. The aorta rings
were preincubated for 15 minutes on the thermoblock
(Liebisch Labortechnik) at a temperature of 37°C, in 250 μl
KH buﬀer, gassed with carbogen in the absence or in the
presence of COX-2 selective inhibitor (DuP-697, 1 μM) or
nonselective COX-1/COX-2 inhibitor (indomethacin, 5 μM).
All inhibitors were dissolved in DMSO, and then control
rings were incubated with addition of the same amount of
DMSO (1 μl/ml).
Aortic rings were then incubated for 60 minutes, and
samples of eﬄuents were collected after 3 and 60 minutes.
After the experiment, aortic rings were dried (1 h, 50°C)
and weighed. 6-keto-PGF1α concentration in the eﬄuents
was measured using an EIA kit (Enzo, Life Technologies).
Results were expressed as the change in 6-keto-PGF1α concentration between 60 and 3 minutes of ring incubation
and normalized to dry weight of aortic rings (pg/ml/mg).
2.9. Assessment of Nitrite Production in the Isolated Aortic
Rings. Basal NO production by the aorta was estimated by
measurements of nitrite, a primary stable product of nitric
oxide oxidation, and thus considered relevant for estimation
of NO synthesis by the aortic endothelium. Segments from
the aortic arch were longitudinally opened, placed in 96well plates facing up with endothelium, and incubated for
one hour in 120 μl KH buﬀer at 37°C, using a specially
designed closed chamber (BIO-V(Noxygen)) that was
equilibrated with carbogen gas mixture (95% O2, 5% CO2).
The nitrite concentration after back reduction to NO was
measured using the gas-phase chemiluminescent reaction
between NO and ozone using a Sievers∗ Nitric Oxide Analyzer NOA 280i. The reduction of nitrites was performed in
a closed glass chamber containing a reducing agent (1% wt/
vol of KI in acetic acid) to convert nitrite to NO. The independent calibration on fresh NaNO2 standard solution was
prepared for every experiment before measurements of series
of samples after each reﬁlling of glass reaction chamber,
according to the manufacturer’s instructions (Sievers∗ Nitric
Oxide Analyzer NOA 280i). The limit of detection was
around 10 nM of nitrite. Multiple blank samples (without
aortic rings) were used to monitor nitrite contamination
in the buﬀer and/or by laboratory atmosphere in every
set of experiments. The averaged blank signal from a
blank sample in a given experiment was subtracted as a
background signal. Samples were kept on ice and measured
directly after experiments. Nitrite concentration was
expressed as ng/ml/mg of dry weight of aortic rings.
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2.10. Immunohistochemistry in Aorta. Dissected thoracic
aorta, cleared of the surrounding fat/connective tissue in
Krebs-Henseleit (KH) solution, was ﬁxed with 4% formalin
solution (10 min), embedded in 50% OCT for cryopreservation (24 h), snap frozen at −80°C, and cut in 10 μm-thick
cross-sectional slides for immunohistochemistry. 2.5% horse
serum (Vector Labs) and 2% dry milk were applied to minimalize nonspeciﬁc binding of antibodies. For von Willebrand
factor (vWF) staining, rabbit anti-mouse vWF polyclonal Ig
(Abcam) was used, followed by biotinylated horse antirabbit Ig (Vector Labs) and Cy3-streptavidin (Jackson
Immuno), as described above. Nuclei were counterstained
with Hoechst 33258 (Sigma-Aldrich). Images were acquired
using an Axio Observer D2 ﬂuorescent microscope, and
ﬂuorescence parameters were analyzed automatically by
Columbus software (PerkinElmer).
2.11. Dot Blot Analysis in Aorta and Lungs. Protein expression and modiﬁcation were assessed by standard dot blot
analysis using established protocols [29]. 3-Nitrotyrosine(3NT-) positive proteins were assessed by dot blot analysis
of protein homogenates in aorta and lungs, which were
transferred to a Protran BA85 (0.45 μm) nitrocellulose
membrane (Schleicher & Schuell, Dassel, Germany) by
a Minifold I vacuum dot-blot system (Schleicher & Schuell,
Dassel, Germany) [30]. A mouse monoclonal 3NT antibody
(1 : 1000, Upstate Biotechnology, MA, USA) was used for
dot blot analysis. Detection and quantiﬁcation of all blots
were performed by ECL with peroxidase anti-mouse
(1 : 10,000, Vector Lab., Burlingame, CA). Densitometric
quantiﬁcation of antibody-speciﬁc bands was performed
with a ChemiLux Imager (CsX-1400 M, Intas, Göttingen,
Germany) and Gel-Pro Analyzer software (Media Cybernetics, Bethesda, MD).

3. Statistical Analysis
Results are presented as the mean ± SEM. The normality of
the results was analysed using the D’Agostino & Pearson
omnibus normality test and the Shapiro-Wilk test. To
calculate statistical signiﬁcance, a paired Student’s t-test,
Mann-Whitney test, or unpaired Student t-test was used.
Post hoc analysis was calculated using Dunn’s multiple
comparisons test.

4. Results
4.1. Basal Characteristics of db/db Mice. 20-week-old db/
db mice were obese (body weight: 53.77 ± 0.18 versus
29.5 ± 0.12 g, db/db and control, resp.; P < 0 05) and had
increased HbA1c (15.38 ± 1.7 versus 4.12 ± 1.36%, db/db
and control, resp.; P < 0 05) and fasting glucose concentration in plasma (40.64 ± 5.41 versus 8.66 ± 1.24 mmol/l, db/
db and control, resp.; P < 0 05) as compared to control mice.
In addition to hyperglycaemic proﬁle, db/db mice displayed
signs of liver injury (increased plasma AST, ALT, e.g., for
ALT: 141.90 ± 19.68 versus 38.02 ± 2.80, db/db and control,
resp.; P < 0 001) and kidney injury (increased plasma
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Figure 1: Histology of the lungs and ultrastructure of pulmonary endothelial cells from the control (a, c, e, g) and diabetic (b, d, f, h) lungs
(db/db mice). (a) Histological structure of the control lungs. (b) Inﬂammation in the lung tissue: increased amount of cells (including
granulocytes and macrophages) and (d) collagen in parenchyma of the diabetic lung tissue as compared to control; visible decreased aerial
space in diabetic lungs as compared to the control (c). (e) Microphotographs of ultrastructure of the control lungs—blood-air barrier
(alveolar–capillary barrier) with normal endothelial layer. (f, g, h) Microphotographs of ultrastructure of the lungs from the db/db mice.
(f) Capillary endothelial cells (arrows) with numerous plasmalemmal vesicles (caveolae) on thickened blood-air barrier (bab). In the
center: collapsed pulmonary alveoulus, on the right: blood platelet (plt) inside the vessel. (g) A presence of convoluted apical region in
endothelial cells with cytoplasmic extensions on hyperplastic basal laminae enriched with elastine (el); on the bottom: red blood cell (rbc).
(h) Endothelial cells of various heights (arrows) separated by thickened blood-air barrier (bab) from pulmonary alveolus; neighbouring
red blood cell (rbc). Representative images of at least 3 independent experiments.
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Figure 2: Comparison of basal parameters of the isolated, perfused lungs amongst diabetic and control animals. (a) No change in basal
pulmonary pressure, although (b) enhanced reactivity to thromboxane analogue in the lungs of the diabetic mice (U-44619, 1 μM, control
n = 5, diabetes n = 5). (c) Decreased compliance without changes in (d) resistance of the lungs (control n = 5, diabetes n = 6). (e) Increased
ﬁltration coeﬃcient in the diabetic pulmonary circulation (control n = 5, diabetes n = 5). Data are presented as the means ± SEM. ∗ P < 0 05.

creatinine 62.90 ± 63.61 versus 46.74 ± 7.02 μmol/(L∗ cm2),
db/db and control, resp.; P < 0 05).
4.2. Histology and Ultrastructure of Lungs in db/db Mice.
Lungs from db/db mice displayed inﬂammation, as evidenced
by multicellular (including granulocytes, macrophages) inﬁltrations in the interstitial space (HE staining, Figure 1(b)) as
compared to the control group (Figure 1(a)); mild ﬁbrosis
(increased amount of collagen), as evidenced by Trichrome
staining (Figure 1(d)) as compared to the control group
(Figure 1(c)); and endothelial inﬂammation, as evidenced
by increased VCAM-1 expression in pulmonary endothelium
(480,937 ± 70,112 versus 247,193 ± 64,821 AU, db/db and
control, resp.; P = 0 07). Interestingly, ultrastructural investigations conﬁrmed the presence of numerous macrophages
(often lying next to each other) in the lungs from db/db mice,
as compared to control mice, and they were also detected as
adhering to endothelium (data not shown). Moreover, semithin sections of lung tissue revealed diminished area of alveoli
(34.13 ± 4.25 versus 50.75 ± 3.83, db/db and control, resp.).
Capillary endothelial cells displayed protruded apical regions
into the capillary lumen, increased area of sarcoplasmic reticulum, plasmalemmal vesicles (caveolae), and sometimes
presence of multivesicular bodies or lysosomes.
One of the typical features of db/db pulmonary microcirculation was the hyperplasia of basal lamina in db/db
(Figures 1(f) and 1(h)) that was not evident in control samples (Figures 1(e) and 1(g)). Thickness of capillaries’ basal
lamina ranges from 0.1 μm to 0.35 μm, compared to

0.05 μm in controls. Additionally, septa separating lung alveoli in db/db were thicker, with abundant collagen ﬁbrils and
probably contained also elastin ﬁbrils marked by an uncontrasted area in the thin sections routinely stained with uranyl
acetate and lead citrate (Figures 1(f) and 1(h)), which was
also not seen in control samples (Figures 1(e) and 1(g)).
4.3. Alterations in Pulmonary Vascular Function and
Inﬂammation in the Isolated, Perfused Lung from db/db Mice
4.3.1. Changes in Basal Pulmonary Parameters and
Vasoreactivity. The basal pulmonary artery pressures in the
isolated, perfused lungs (bPAP) were comparable in db/db
and control mice (PAP: 4.70 ± 0.62 versus 5.20 ± 0.30
cmH2O, db/db and control, resp., Figure 2(a)). Vasoreactivity
to thromboxane A2 analogue U46619 was increased
threefold in the isolated lungs from db/db mice (ΔPAP:
4.83 ± 0.32 versus 1.43 ± 0.69 cmH2O, db/db and control,
resp.; P = 0 073) (Figure 2(b)). Compliance but not resistance
was decreased in db/db mice (compliance: 0.016 ± 0.002
versus 0.030 ± 0.003 ml/cmH2O, db/db and control, resp.;
P < 0 05; resistance: 1.09 ± 0.04 versus 0.99 ± 0.04 cmH2O/
ml/s, db/db and control, resp.; Figures 2(c) and 2(d)).
4.3.2. Changes in Permeability Coeﬃcient (Kf,c). In the
isolated, perfused lung, an increase in pulmonary venous
pressure resulted in slow, reversible weight gain of the lungs,
both in control and db/db mice. Calculation of Kf,c revealed a
higher ﬁltration coeﬃcient in the diabetic lungs as compared
with the control lungs (8.70 ± 1.33 versus 5.02 ± 0.27 ml/
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Figure 3: NO- and PGI2-dependent function in the diabetic isolated lungs. (a) Impaired NO-dependent hypoxic pulmonary vasoconstriction
response after L-NAME in the lungs of the diabetic mice (control n = 5, diabetes n = 5). (b, c) Lack of change in basal production of nitrite and
nitrate and (d, e) impaired capacity to cumulative production of nitrite but not nitrate in eﬄuents from the isolated, perfused lungs of the
diabetic mice (control n = 6, diabetes n = 7). (f) Increased COX-2-dependent prostacyclin production in eﬄuents from the isolated,
perfused lungs and eﬀects of a COX-2 inhibitor (DuP-697, 1 μM, control n = 6, diabetes n = 7). Data are presented as the means ± SEM.
∗
P < 0 05.

min/cmH2O/100 g of body weight, db/db and control,
resp.; P < 0 05, Figure 2(e)).
4.3.3. Impairment of NO-Dependent Regulation of Hypoxic
Pulmonary Vasoconstriction (HPV). In the isolated, perfused lung from control mice, episodes of hypoxic ventilation resulted in an increase of pulmonary arterial pressure
(PAP) without signiﬁcant changes in other parameters
of isolated lung preparation (Figure 3(a)). In control
lungs, the nonselective inhibitor of nitric oxide synthases,
L-NAME, augmented HPV response (ΔPAP: 0.87 ± 0.32
versus 2.73 ± 0.44 cmH2O, before and after L-NAME, resp.;
P < 0 05). However, in the isolated, perfused lung from
db/db mice, the eﬀect of L-NAME on HPV was substantially lost (ΔPAP: 0.60 ± 0.04 versus 1.17 ± 0.12 cmH2O,
before and after L-NAME, resp.; P < 0 05) suggesting
impaired NO-dependent function. L-NAME did not modify
basal PAP (Δ basal PAP after L-NAME: 0.17 ± 0.03 versus
0.19 ± 0.06 cmH2O, in control and db/db mice, resp.).
4.3.4. Nitrite/Nitrate (NO−2 /NO−3 ) and Prostacyclin (PGI2)
Production. In eﬄuents from the isolated, perfused lungs,
basal NO−2 /NO−3 concentrations were comparable in both
groups (e.g., NO−2 0.40 ± 0.04 versus 0.56 ± 0.19 μM, db/db
and control, resp., Figures 3(b) and 3(c)). The cumulative
concentrations of NO−2 from the diabetic lungs (see Methods

for details) were signiﬁcantly lower (ΔNO−2 : -0.04 ± 0.04
versus 0.11 ± 0.05 μM, db/db and control, resp.), but there
were no changes in NO−3 concentrations (Figures 3(d)
and 3(e)). The cumulative concentration of stable PGI2
metabolite, 6-keto-PGF1α, in the eﬄuents from the isolated diabetic lungs was higher than that in the control
(Δ6-keto-PGF1α: 223.5 ± 57.91 versus 95.06 ± 24.00 pg/ml,
db/db and control, resp.) and was blunted after COX-2
inhibitor, DuP-697 (Figure 3(f)).
4.3.5. Markers of Vascular Inﬂammation. In diabetic lungs,
immunohistochemical staining intensity of vascular adhesion molecule-1 (VCAM-1) was increased by a trend as compared to the control samples (Figure 4(a)). Von Willebrand
factor (vWF) and thrombomodulin (CD141) (but not eNOS)
were higher in the diabetic lungs than in the control lungs
(Figures 4(b)–4(d)). All together these results support an
increased inﬂammatory state in the pulmonary system of
diabetic mice.
4.4. Impairment of Endothelial Function and Inﬂammatory
Markers in the Aorta of db/db Mice. Vasoreactivity to phenylephrine (30 μM) in the aortic rings from db/db mice was
increased (not shown). Acetylcholine- (ACh-) induced
endothelium-dependent vasodilation was decreased for all
concentrations in db/db mice, while sodium nitroprusside-
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Figure 4: Immunohistochemical proﬁle of the diabetic lungs. (a) Inﬂammation in vascular wall related to increased immunostaining of
vascular cell adhesion molecule 1 (VCAM-1) and (b) von Willebrand factor in the lungs of the diabetic mice (both for VCAM-1 and
vWF: control n = 4, diabetes n = 4). (c) No change in eNOS immunostaining in the diabetic lungs as compared to the control
(control n = 4, diabetes n = 4). (d) Increased thrombomodulin (CD141) immunostaining in the diabetic lungs as compared to the control
(control n = 4, diabetes n = 4). Data are presented as the means ± SEM. ∗∗ P < 0 01, ∗∗∗ P < 0 001.

(SNP-) induced response was preserved as compared to the
control group (Figures 5(a) and 5(b)). Impairment of functional response was supported by a decline in ionophorestimulated NO−2 production in the aortic rings from the db/
db mice (33.88 ± 10.01 versus 173.30 ± 77.79 nM, db/db and
control, resp.; P < 0 05). Basal NO−2 concentrations in buﬀer
from the incubated aortic rings were comparable in both
groups (27.17 ± 13.43 versus 32.75 ± 11.68 nM, db/db and
control, resp.), whereas the eﬀect of the NOS inhibitor,
L-NIO, was striking in the aorta of the control mice
and absent in the diabetic group (Figure 5(c)). COX-2dependent production of PGI2 (measured as 6-keto-PGF1α
concentration in eﬄuent) was decreased in the aortic
rings from the db/db mice as compared to the control
(148.80 ± 27.20 versus 329.30 ± 68.18 pg/ml, db/db and
control, resp.; P < 0 05), and COX inhibitors decreased
PGI2 production in the aorta of the control but not the
diabetic mice (Figure 5(d)). Furthermore, endothelium in
the aorta displayed increased VCAM-1 expression compatible with endothelial dysfunction (Figure 6(a)), although there
were no changes in the eNOS immunostaining intensity
(Figure 6(c)). In turn, in contrast to the pulmonary
endothelium, thrombomodulin (CD141) immunostaining
intensity was decreased (Figure 6(b)).
4.5. Nonenzymatic Nitration in the Lungs and Aorta. Dotblot-assessed general protein nitration was increased in the
aorta but not in the lungs from the db/db mice, as
compared with the control; in the lung, only a trend of

increased nitration was observed (Figure 7(a) and 7(b)).
Immunohistochemical staining showed only a slight
increase in the signal of nitrated proteins in the lungs.
A slight increase in PGIS immunostaining in diabetic lungs
was also found (Figure 7(c)).

5. Discussion
In the present work, we characterized the phenotype of endothelial dysfunction in pulmonary endothelium, as compared
with peripheral endothelium in the diabetic mice (db/db
mice). We demonstrated that diabetes induced marked
ultrastructural changes in pulmonary endothelium that were
associated with the increased permeability of pulmonary
microcirculation and impaired NO-dependent function, as
well as compensatory increase in PGI2 production with
increased thrombomodulin expression. In contrast, endothelial dysfunction in the aorta was featured by impaired NOand PGI2-dependent function and diminished thrombomodulin (CD141) expression. These results suggest a diﬀerential
response of pulmonary vasculature to diabetic insult in terms
of PGI2-dependent function that might be associated with a
lesser nonenzymatic protein nitration in the lung, as
compared with peripheral endothelium and preserved PGI2
synthase activity.
Endothelial dysfunction induced by diabetes in peripheral circulation in db/db mice has been well documented
[31–33] and involves (1) increased reactive oxygen species
production, scavenging of endothelial NO, and increased
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Figure 5: Endothelial dysfunction in systemic conduit vessel (aorta). (a, b) Impaired endothelium-dependent response to acetylcholine
(ACh) with preserved endothelium-independent vasodilation in response to sodium nitroprusside (SNP) (control n = 6, diabetes n = 7).
(c) Preserved basal but impaired ionophore-stimulated production of nitrite in the aortic rings of diabetic mice (control n = 6,
diabetes n = 7). (d) Impaired basal production of prostacyclin as assessed by concentrations of its stable 6-keto-PGF1α product (control n
= 6, diabetes n = 6). Data are presented as the means ± SEM. ∗ P < 0 05.

nonenzymatic protein nitration [31, 32]; (2) decreased production of PGI2 and CD141 expression and impaired
endothelial-dependent functional responses [31, 34–36].
Our results are in line with the previous studies as regards phenotype of endothelial dysfunction in the aorta. Importantly,
we evaluated the peripheral endothelial phenotype for comparison with the analysis of the phenotype of endothelial dysfunction in pulmonary circulation that has been signiﬁcantly
less studied, including only few reports in the db/db mice
[13, 17, 18] and studies in models of diabetes in rats [16, 37].

In the present work, we demonstrated that diabetic lungs
from db/db mice displayed mild inﬂammatory cell inﬁltration and ultrastructural alterations featured by profound
thickening of the basal membrane, compatible with the previous reports on diabetic lungs in humans [11, 38, 39].
Indeed, thickening of the basal membrane and an impairment of permeability of the alveolar basement membrane
coexist in diabetes type II in the human lungs, and these
changes are followed by a decrease in respiratory function
[6, 40]. Ultrastructural changes of pulmonary endothelium
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Figure 6: Immunohistochemical proﬁle of systemic conduit vessel (aorta). (a) Increased VCAM-1 immunostaining intensity suggesting
aortic wall inﬂammation in the diabetic mice (control n = 3, diabetes n = 4). (c) Comparable eNOS immunostaining intensity in the
diabetic and control aortic rings (control n = 3, diabetes n = 4). (b) Decreased immunostaining intensity of thrombomodulin (CD141) in
the aortic wall from the diabetic mice (control n = 3, diabetes n = 4). Data are presented as the means ± SEM. ∗ P < 0 05, ∗∗ P < 0 01.

reported here were also featured by activated endothelial cells
that were, however, less pronounced as high-convoluted
apical plasmalemma and numerous plasmalemmal vesicles
reported in transgenic mice model of diabetes type I [41],
suggesting milder pulmonary endothelial activation in the
db/db mice. Nevertheless, we found a signiﬁcant increase
in endothelial permeability of diabetic pulmonary circulation, as evidenced by increase Kf,c measurements [28] that
seem also compatible with increased permeability of the
human lungs from diabetic patients [42].
The important ﬁnding of this work was the demonstration of the impairment of NO-dependent function in the
lungs from the db/db mice. We took advantage of the dominant role of endogenous NO in blunting HPV [43] to study
functional NO-dependent response in the whole isolated
lung, instead of choosing isolated pulmonary arteries that
may reﬂect NO-dependent function only in the selected part
of the pulmonary circulation. Our original approach to detect
impaired NO-dependent function was based on diminished
modulatory eﬀects of NOS inhibition on HPV response in
the isolated, perfused lungs [43, 44] supported also by lowered cumulative concentrations of NO−2 in eﬄuents from
diabetic lungs. On the other hand, eNOS expression in the
lungs from the control and db/db mice was not diﬀerent,

suggesting that alteration of the NO bioavailability was
responsible for functionally impaired NO-dependent
response in pulmonary circulation from the db/db mice.
Endothelium-derived PGI2 is often released in a coupled
manner with NO [45, 46]. NO deﬁciency is sometimes linked
with a decrease in PGI2 production, but in many vascular
pathologies, PGI2 production may increase in response to
nitric oxide deﬁciency [44, 47]. Here, PGI2 production in
the aorta was reduced, but in the isolated lungs from the
db/db mice, PGI2 production was augmented. The major
enzymatic source of PGI2 in the aorta and lung was COX-2,
as evidenced by the pronounced eﬀect of COX-2 inhibition,
and this is in line with the notion of COX-2 as the major
source of systemic PGI2 [48] and important contributor
to pulmonary endothelial dysfunction [49, 50]. PGI2
ampliﬁes CD141 expression [21–23]. As shown here, CD141
immunointensity in the lungs was increased, while it was
diminished in the aorta, which supports the link between
PGI2 production and CD141. PGI2 via CD141 activates
protein C, thus enhancing the anticoagulant mechanism of
the vascular wall. Reciprocally, activated protein C boosts
PGI2 production in endothelial cells [51].
Thus, pulmonary PGI2 aﬀords potent antiplatelet and
vasoprotective activity, activating also CD141-dependent
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anticoagulant mechanisms which might constitute an important compensatory mechanism in diabetes oﬀsetting inﬂammatory and thrombotic processes in diabetes involving also
detrimental COX-2-derived metabolites contributing to
endothelial dysfunction in diabetes [49, 50, 52] .
Interestingly, 1-MNA exerts antithrombotic [53] and
anti-inﬂammatory [54] properties mediated by the activation
of COX-2 and PGI2 pathways. It could well be that the
therapeutic eﬃcacy of 1-MNA reported previously [53–62]
is linked with the capacity of 1-MNA to stimulate compensatory mechanisms linked to pulmonary PGI2 [44]. Obviously,
this hypothesis needs to be veriﬁed in further studies.
It is well known that diabetes is associated with increased
local ROS production in intrapulmonary arteries, as well as in
systemic circulation [16, 63, 64]. Superoxide anions and NO
by forming peroxynitrite may lead to nonenzymatic nitration
of proteins [63, 65] including PGIS; the nitration-mediated

inactivation of which plays an important role in the development of endothelial dysfunction [66–69]. In systemic circulation in diabetes patients, protein nitration aﬀects a number of
enzymes, including PGIS [64, 70]. Here, we present signiﬁcantly increased general nitration of protein in the aorta,
and a milder eﬀect (nonstatistically signiﬁcant) was noticed
in the lungs. Nonenzymatic nitration may have less signiﬁcance in the diabetic lungs as compared to systemic circulation. Therefore, despite locally increased ROS generation in
pulmonary vessels [16, 37, 71], in the whole lungs, ROS
may not play such an important role in pulmonary circulation of the db/db mice as compared to systemic endothelium.

6. Conclusions
In conclusion, our results demonstrate that diabetes induced
profound changes in the lung in the db/db mice involving
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endothelial ultrastructural changes, increased endothelial
permeability, and increased vasoreactivity, as well as lung
inﬂammation and ﬁbrosis. Impaired NO-dependent pulmonary vascular function was associated with upregulated
PGI2 and CD141 that might constitute an important compensatory mechanism in pulmonary circulation in diabetes
that does not operate in endothelium in the aorta, whereby
endothelial dysfunction is featured by impaired NO, PGI2,
and CD141.
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Phenethyl isothiocyanate (PEITC), a cruciferous vegetable-derived compound, is a versatile cancer chemopreventive agent that
displays the ability to inhibit tumor growth during initiation, promotion, and progression phases in several animal models of
carcinogenesis. In this report, we dissect the cellular events induced by noncytotoxic concentrations of PEITC in human
umbilical vein endothelial cells (HUVECs). In the early phase, PEITC treatment elicited cells’ morphological changes that
comprise reduction in cell volume and modiﬁcation of actin organization concomitantly with a rapid activation of the PI3K/Akt
pathway. Downstream to PI3K, PEITC also induces the activity of Rac1 and activation of c-Jun N-terminal kinase (JNK), wellknown regulators of actin cytoskeleton dynamics. Interestingly, PEITC modiﬁcations of the actin cytoskeleton were abrogated
by pretreatment with JNK inhibitor, SP600125. JNK signaling led also to the activation of the c-Jun transcription factor, which
is involved in the upregulation of several genes; among them is the BAG3 protein. This protein, a member of the BAG family of
heat shock protein (Hsp) 70 cochaperones, is able to sustain survival in diﬀerent tumor cell lines and neoangiogenesis by
directly regulating the endothelial cell cycle. Furthermore, BAG3 is involved in maintaining actin folding. Our ﬁndings indicate
that BAG3 protein expression is induced in endothelial cells upon exposure to a noncytotoxic concentration of PEITC and its
expression is requested for the recovery of normal cell size and morphology after the stressful stimuli. This assigns an additional
role for BAG3 protein in the endothelial cells after a stress event.

1. Introduction
Several epidemiologic studies support the hypothesis that
dietary intake of cruciferous vegetables may have protective
eﬀects against the risk of diﬀerent types of cancers [1–4].
Chemopreventive and anticarcinogenic eﬀects of cruciferous
vegetables are attributed to organic isothiocyanates (ITCs),
which naturally occur in a variety of edible cruciferous vegetables such as broccoli, watercress, and cabbage in which they
are stored as glucosinolate precursors [5]. ITCs are eﬀective
in blocking carcinogenesis in a variety of tissues and are
known to inhibit angiogenesis in vitro and in vivo [6–8].

Phenethyl isothiocyanate (PEITC) is one of the beststudied members of the ITC family, due to its anticarcinogenic
and antiangiogenic activities reported in myelomas [7] and
lung [9] and prostate cancer [10, 11].
In particular, the antiangiogenic properties of PEITC
may be largely related to suppression of vascular endothelial
growth factor (VEGF) secretion, downregulation of vascular
endothelial growth factor receptor-2 protein (VEGF-R2),
and Akt inactivation [12, 13].
Furthermore, several studies indicate that ITCs can
modulate the expression level of hypoxia-inducible factors
(HIF) in tumors [14] and endothelial cells [15]; in fact,
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PEITC inhibits HIF transcription [16]. Induction of HIF in
hypoxic conditions increases the level of proangiogenic factors, including interleukin 8 (IL8), angiopoietin 2 (Ang2),
and VEGF. Moreover, the decreased translational eﬃciency
of the HIF1α subunit may contribute to the antiangiogenetic
eﬀect of PEITC [7]. PEITC can also induce cellular oxidative
stress by rapidly conjugating glutathione (GSH). Depletion of
GSH followed by rapid accumulation of ROS may be related
to PEITC-mediated apoptotic cell death [9, 17]. An additional more interesting property of PEITC and sulforaphane
(SFN) regards the ability to determine disruption of microtubule polymerization in vitro and in vivo. In fact, PEITC can
form covalent binding with microtubular tubulin, leading
to the collapse of the microtubule cytoskeleton in A549 cells.
This property may explain the ITC-induced mitotic cell cycle
arrest and apoptosis observed in cancer and noncancer cells
[13, 18]. It is of interest that BAG3, the only stressinducible member of the BAG family of cochaperones, has
been reported to sensitize HPV18+ HeLa cells to PEITCinduced apoptosis restoring p53 levels [19]. Indeed, BAG3
has also been described for its ability to sustain neoangiogenesis acting on the endothelial cell cycle [20] and to regulate
actin folding through its interaction with the cytosolic
chaperonin CCT (containing TCP-1) [21].
In this study, we report for the ﬁrst time that the F-actin
cytoskeleton undergoes remodeling during the early phase
of PEITC treatment of HUVECs. Our data indicate that this
eﬀect is associated with an immediate activation of the
PI3K/Akt and PI3K/Rac1/JNK pathways. Pretreatment with
the JNK inhibitor SP600125 reverses PEITC-induced actin
ﬁlament remodeling, thus providing direct evidence of JNKmediated actin cytoskeleton modiﬁcations occurring immediately after PEITC administration. The stress-induced
BAG3 protein was found increased in its levels upon PEITC
induction. We also found a marked colocalization of BAG3
with F-actin, thus sustaining its role in actin localization
and cellular morphology changes upon PEITC treatment.

2. Results
2.1. PEITC Induces Actin Cytoskeleton Alterations and
Activation of the PI3K/Akt Pathway in HUVECs. Human
endothelial vein umbilical cells are a well-known model used
to study many aspects of endothelial function and disease,
such as normal, abnormal, and tumor-associated angiogenesis, oxidative stress, and hypoxia-related pathways in
endothelia under normal and pathological conditions. We
have observed a cytotoxic eﬀect of PEITC at 20 and 40 μM
concentrations as revealed by an MTT assay performed on
two diﬀerent HUVEC donors. In particular, we observed a
decrease of more than 75% of the viable cells in respect to
controls at a concentration of 20 μM after 24 and 48 h
(Figure 1(a)), in contrast with evidences published by Xiao
and Singh [22] which demonstrate a concentration of 2 μM
as cytotoxic. Indeed, in our hands, the treatment of HUVECs
at 10 μM PEITC was not cytotoxic, but we observed an eﬀect
on the cell cycle as shown in Figure 1(b); in HUVECs from
two diﬀerent donors, we observed, at 24 hours, cells accumulating in S and G2/M phases. However, this eﬀect on the cell
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cycle does not signiﬁcantly aﬀect the cell number after
48 hours of treatment in respect to 24 hours (Figure 1(a)),
thus suggesting that cells have activated survival pathways
to overcome the PEITC insult. Phase-contrast observations
of HUVECs revealed that PEITC induced a dramatic
change in cellular morphology after 15 and 120 min of
treatment (Figure 1(c), A–C). Furthermore, control HUVECs
show a highly developed actin cytoskeleton with clearly
visible, numerous stress ﬁbers (Figure 1(c), D). After
120 min treatment with PEITC, we observed distinct changes
in cell morphology and reorganization of actin ﬁlaments
(Figure 1(c), E). Cells reduce their volume, which resulted
in a decrease in the area of intercellular contacts
(Figure 1(c), B–E). Phalloidin staining shows the disappearance of actin stress ﬁbers and short ﬁbril or small aggregate
formations. Focal adhesion kinase (FAK) has been widely
reported to be involved in the control of focal adhesion organization and stress ﬁber formation, through phosphorylation
and dephosphorylation of its tyrosine residues [23]. Therefore, we further investigated whether PEITC treatment
modulates FAK phosphorylation; Figure 1(d) shows a
decrease in FAK phosphorylation after treatment with
10 μM of PEITC for 120 min.
In cancer cells, PEITC is known to downregulate the
PI3K/Akt prosurvival pathway through a marked decrease
in Akt Ser473 phosphorylation and subsequent apoptosis
[13] and the involvement of the PI3K/Akt pathway in actin
ﬁlament remodeling and cell migration is well known
[24–26]. In order to verify, in the endothelial primary cell
model, a possible connection between Akt activity and the
eﬀect on actin remodeling upon PEITC treatment, we ﬁrst
focused on PI3K and Akt phosphorylation/activation
kinetics. As shown in Figure 1(e), cell exposure to 10 μM
PEITC for 15, 30, 60, and 120 min revealed that levels of
phospho-Akt and phospho-PI3K started to increase as
early as 15 min, the highest levels being obtained 2 h after
PEITC administration. No signiﬁcant changes occurred in
the expression of total PI3K and Akt. These results indicated that high activation of the PI3K/Akt prosurvival
pathway can be observed concomitantly with cell morphology and actin redistribution changes.
2.2. PEITC Induces Rac1 Activity via PI3K, and Rac1 in turn
Activates JNK. PI3K and Rac1 are key molecules in the activation of cell migration brought about by dynamic changes
in the actin cytoskeleton [27, 28]. PI3K is an important activator of Rac1 [28, 29]. Notably, in HUVECs, Rac1 is a downstream eﬀector for PI3K but does not act upstream of Akt
[30]. In addition, Rac1 activity is known to be dramatically
reduced in HUVECs depleted of p110α (a class I PI 3kinase catalytic subunit) [31]. A Rac1 activity assay was
performed to investigate whether the protein is induced after
PEITC treatment. As observed in Figure 2(a), an increase in
Rac1 activity was present in 10 μM PEITC-treated cells for
2 h compared to control cells. Unexpectedly, we also
observed that PEITC induced an increase in total Rac1
protein, thus suggesting a novel mechanism for Rac1 upregulation. These results indicate that Rac1 probably acts as a
downstream PI3K eﬀector.
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Figure 1: PEITC induces actin cytoskeleton alterations and activation of the PI3K/Akt pathway in HUVECs. (a) HUVECs from 2 diﬀerent
donors were plated at 5 ×103/cm2 and then treated with PEITC at indicated concentrations for 24 and 48 h. Then, cells were subjected to the
MTT assay, and results are shown in a bar graph as % of viable cells in respect to controls (untreated or 0.01% DMSO-treated cells). (b)
HUVECs from 2 diﬀerent donors were treated as described above. After 24 h, a cell cycle assay was performed by using PI on
permeabilized cells. Results are expressed as % of cells in each cell cycle phase. (c) Phase-contrast images and confocal analysis of
HUVECs treated with (A, D) DMSO (control) at a ﬁnal concentration (0.01%), with (B) PEITC (10 μM) for 15 min, and with (C, E)
PEITC (10 μM) for 120 min. (B, C, E) Images of PEITC-treated cells showing blebbing formation in the outer cytoskeletal domain.
(d) HUVECs were seeded as described above and treated with PEITC; at the indicated time points, cells were harvested and subjected to
cell lysis. Protein contents were analyzed by Western blot to analyze the levels of phospho-FAK protein. Tubulin was used as a loading
control. (e) HUVECs were treated with 0.01% DMSO (C) and with 10 μM PEITC for 15, 30, 60, and 120 min. Total protein extracts were
analyzed by Western blot using anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-PI3K, and anti-PI3K to test PI3K/Akt activation
levels. The anti-GAPDH antibody was used as an internal loading control. Each lane was loaded with 20 μg protein. The bar graph depicts
densitometric analysis of the data (expressed as phospho-PI3K/PI3K and phospho-Akt/Akt ratios) corresponding to the left panel. Results
were obtained from at least two independent experiments and are expressed as the mean ± SEM. ∗ P < 0 05, # P < 0 01, and § P < 0 001,
statistically signiﬁcant diﬀerences, compared to DMSO-treated cells (C), were calculated by Student’s t-test for unpaired data.

c-Jun N-terminal kinase (JNK, also known as stressactivated protein kinase-1 (SAPK1)) is strongly activated by
cell stress inducers. UV irradiation, hyperosmolarity, and
inﬂammatory cytokines stimulate the activity of JNK [32].
PEITC induces JNK activation in a dose-dependent manner
[33]. To establish whether 10 μM PEITC induced activation
of JNK in our settings, Western blot analysis was performed
and, as shown in Figure 2(b), PEITC elicited a signiﬁcant
increase in phospho-JNK activation after 2 h drug exposure.
No eﬀects on expression levels of total JNK were observed.
These results suggest the involvement of JNK phosphorylation in PEITC-mediated remodeling of the actin ﬁlament
cytoskeleton (Figure 3(a)).
To assess whether Rac1 is a downstream eﬀector of PI3K
in PEITC-treated HUVECs, we performed a pull-down assay
in which GTP-bound Rac1 was isolated from control cells or
cells pretreated for 1 h with 10 μM LY294002, a PI3K inhibitor (p110α catalytic subunit inhibitor), in control or PEITCtreated cells. PI3K inhibition resulted in the concomitant
downregulation of Rac1 activity and JNK phosphorylation
levels as shown in Figure 2(c). Conversely, the PI3K inhibitor
had no eﬀect on a PEITC-mediated increase in total Rac1
protein levels. To investigate whether Rac1 acted upstream
of JNK, HUVECs were cultured in the absence/presence of
a speciﬁc Rac1-GEF inhibitor (NSC23766, 100 μM) for 4 h
and subsequently treated with PEITC for additional 2 h. As
shown in Figure 2(d), inhibition of Rac1 downregulated
JNK activation. In contrast, Rac1 did not seem to act
upstream of Akt, since Rac1 inhibition by NSC23766 did
not aﬀect Akt phosphorylation in PEITC-treated cells. Taken
together, these results suggest that the PI3K/Rac1/JNK

pathway is activated in PEITC-treated endothelial cells exhibiting cytoskeleton modiﬁcations.
2.3. JNK Activity Is Involved in Actin Remodeling Processes
during PEITC Treatment. To assess whether JNK activation
is involved in actin cytoskeleton modiﬁcations, 1 h before
PEITC administration, HUVECs were pretreated with nontoxic concentration (10 μM) of the speciﬁc JNK inhibitor
SP600125 [34]. Phase-contrast observations revealed that
the JNK inhibitor signiﬁcantly reduced PEITC-induced morphological changes (Figure 3(a), A–D). Confocal analysis of
actin staining indicated that pretreatment with the JNK
inhibitor reverts cytoskeletal modiﬁcations induced by
PEITC (Figure 4(a), E–H). The levels of phospho-JNK and
phospho-c-Jun, a nuclear substrate of activated JNK, were
detected by Western blot analysis to conﬁrm the eﬀectiveness
of JNK inhibition. Activation of Rac1 in cells treated with
PEITC in the presence of SP600125 conﬁrmed that Rac1
acted upstream of JNK (Figure 3(b)). Taken together, these
data strongly suggest the involvement of phospho-JNK in
PEITC-mediated actin cytoskeleton remodeling.
2.4. PEITC Treatment Induces BAG3 Expression and Its
Delocalization in HUVECs. BAG3 is the only member of
the BAG family induced by stressful stimuli, mainly through
the binding of the heat shock factor 1 to the bag3 gene promoter [35] and also by JNK pathway activation [36]. BAG3
protein is also highly expressed in diﬀerent tumor types
[37–42] and regulates neoangiogenesis by interacting with
and regulating ERK activity [20]. In addition, it has been
demonstrated that BAG3 plays an important role in cell
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Figure 2: PEITC induces Rac1 activity via PI3K, and Rac1 in turn activates JNK. (a) HUVECs were treated with 0.01% DMSO (C) or treated
with 10 μM of PEITC (P) for 2 h and subjected to Western blot analysis of total proteins to measure the eﬀect of PEITC on Rac1-GTPase
activity and Rac1 total protein levels and on JNK activation. The left and middle panels display columns representing densitometric
analysis of Rac1 activity and of Rac1 total protein levels (expressed as Rac1/GAPDH ratios). Representative blot analysis for Rac1 after a
pull-down assay and for total Rac1 protein. (b) HUVECs were treated as described above. Total cell protein content was subjected to
Western blot analysis to measure phospho-JNK levels. The left panel displays columns representing densitometric analysis of the data
(expressed as phospho-JNK/JNK ratios) corresponding to the right panel. The anti-GAPDH antibody was used as an internal loading
control. (c) The levels of GTP-bound Rac1, total Rac1, and phospho-JNK in lysates of pretreated or not with 10 μM of LY2940021 (1 h)
were analyzed in HUVECs in the presence or absence of 10 μM PEITC stimulation for 2 h. The lower bar graphs depict densitometric
analysis of Rac1 activity, Rac1 protein levels, and phospho-JNK levels. (d) The levels of GTP-bound Rac1, phospho-Akt, and phosphoJNK were analyzed in lysates of pretreated or not with 100 μM of NSC23766 HUVECs for 4 h, in the presence/absence of 10 μM PEITC
stimulation for 2 h. The lower bar graphs depict densitometric analysis of Rac1 activity, phospho-JNK, and phospho-Akt levels. Results
were obtained from at least two independent experiments and are expressed as the mean ± SEM. ∗ P < 0 05, # P < 0 01, and § P < 0 001,
statistically signiﬁcant diﬀerences, compared to DMSO-treated cells (C), were calculated by Student’s t-test for unpaired data.

adhesion and cell migration [43] and is directly involved in
maintaining actin folding [21]. Indirect immunoﬂuorescence
experiments were performed to investigate the cellular localization of BAG3 after PEITC treatment (Figure 4(a)).

Analysis by confocal microscopy demonstrated that BAG3
in HUVECs, under physiological growth condition, appears
to have a predominantly cytoplasmic localization; 2 h of
PEITC treatment moved the protein in the protruding ends
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Figure 3: JNK activity is involved in actin remodeling processes during PEITC treatment. (a) The upper panel displays phase-contrast images
and confocal analysis of HUVECs treated with (A, E) 0.01% DMSO (control), (B, F) 10 μM of SP600125 (JNK inhibitor) for 1 h (C, G), and
10 μM of PEITC for 2 h and (D, H) pretreated with 10 μM of SP600125 1 h before PEITC administration. Scale bars: d = 15 μm and h = 5 μm.
(b) The levels of GTP-bound Rac1, phospho-JNK, and phospho-c-Jun in lysates of HUVECs, pretreated or not with 10 μM of SP600125 for
1 h, were analyzed in the presence/absence of 10 μM PEITC stimulation for 2 h. The left bar graphs depict densitometric analysis of Rac1
activity, phospho-JNK, and phospho-c-JUN levels. Results were obtained from at least two independent experiments and are expressed as
the mean ± SEM. ∗ P < 0 05, # P < 0 01, § P < 0 001, statistically signiﬁcant diﬀerences, compared to DMSO-treated cells (C), were calculated
by Student’s t-test for unpaired data.
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Figure 4: PEITC treatment induces BAG3 expression and its delocalization in HUVECs. (a) Immunoﬂuorescence analysis of HUVECs in
control conditions and after PEITC treatment. Cells were stained with the BAG3 antibody (A–E), phalloidin (B–F) that allows for the
visualization of F-actin, and Hoechst (C–G), and D–H are merged images. The merged image shows overlapping localization of BAG3
and F-actin. (b) HUVECs were treated with 0.01% DMSO (control) and with 10 μM PEITC for 16 h. Total protein extracts were analyzed
by Western blot using the anti-BAG3 antibody and anti-calregulin antibody, as an internal loading control. The lower panel displays
columns representing densitometric analysis of the data (expressed as the BAG3/calregulin ratio) corresponding to the upper panel (n = 2).
∗
P < 0 05, statistically signiﬁcant diﬀerences, were calculated by Student’s t-test for unpaired data. (c) Analysis of bag3 mRNA levels by
qRT-PCR. Fold induction of bag3 mRNA levels (y-axis) in HUVEC controls and PEITC-treated cells is expressed relative to β-actin
mRNA levels. Data are the mean values ± SD from two independent experiments performed in triplicate. ∗ P < 0 05 and # P < 0 01,
statistically signiﬁcant diﬀerences, compared to DMSO-treated cells (C), were calculated by one-way ANOVA with Dunnett’s post hoc test
using SigmaPlot12.0 software. (d) Phase-contrast images of HUVECs treated with (A) DMSO (control) at a ﬁnal concentration (0.01%),
with (B) PEITC (10 μM) for 120 min, and with (C) PEITC (10 μM) for 16 h. (D, E, F, G) HUVECs were transfected for 48 h with bag3
siRNA (100 nM) or with a NT siRNA (100 nM) and treated with (D, F) DMSO (control) at a ﬁnal concentration (0.01%) and with (E, G)
PEITC (10 μM) for 16 h. (e) HUVECs were transfected as described above. Total cell protein content was subjected to Western blot
analysis to measure BAG3 levels and anti-calregulin antibody, as an internal loading control.

where it colocalized with F-actin at the cell membrane, as can
be observed in the merged image (Figure 4(a), H). Taken
together, these data demonstrated that BAG3 protein is subjected to changes in its expression and localization during
PEITC treatment. Its delocalization to F-actin in proximity
to cell membranes suggests a role of the BAG3 protein in cell
morphology changes that have been observed.

To assess whether PEITC is able to induce changes in
BAG3 protein levels, a protein expression analysis was performed. As shown in Figure 4(b), the BAG3 expression level
increases after 16 h treatment. This result showed that PEITC
also modulates BAG3 expression levels and its upregulation
could be a direct consequence of JNK activation [36]. Furthermore, real-time PCR experiments have shown that the
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increase in the level of BAG3 protein correlates with the
increase in the bag3 mRNA (Figure 4(c)). Phase-contrast
observations of HUVECs revealed that PEITC induced a
dramatic change in cellular morphology after 120 min of
treatment (Figure 4(d), A and B); however, prolonged exposure to PEITC (16 h) seems to show a recovery of cellular
morphology similar to the control (Figure 4(d), A–C). This
condition coincides with the increase in the expression of
the protein observed in Figures 4(b) and 4(c). In order to
demonstrate that BAG3 protein is directly involved in the
recovery of cell morphology, we performed protein silencing
experiments using speciﬁc siRNAs. As can be seen in
Figure 4(d), E, when the BAG3 protein is silenced, the cells,
after 16 h of treatment, do not show a recovery, whereas a
nontargeted (NT) siRNA, used as a control, had no eﬀect.
Western blotting analysis in Figure 4(e) conﬁrms silencing
of the protein BAG3. These data show that BAG3 expression
is essential for the recovery of cell morphology.

3. Materials and Methods
3.1. Reagents and Antibodies. Endothelial growth medium
(EGM-2 BulletKit) was purchased from Clonetics (Walkersville, MD), and Vascular Cell Basal Medium (EGM KitVEGF) was purchased from ATCC. Phenethyl isothiocyanate (PEITC), SP600125, Hoechst 33342, protease inhibitor
cocktail, and phalloidin-tetramethylrhodamine B isothiocyanate were purchased from Sigma (St. Louis, MO) and NSC23766 from Merck Chemicals Ltd. (Darmstadt, Germany).
Chemiluminescent detection reagents (ECL Plus Western
Blotting) were purchased from Amersham Biosciences
(Piscataway, NJ). LY294002 and antibodies to phospho-Akt
(Ser473), Akt, SAPK/JNK, phospho-SAPK/JNK (Thr183/
Tyr185), and phospho-FAK (Tyr397) were from Cell Signaling Technology (Danvers, MA); antibodies to BAG3 were
from BIOUNIVERSA s.r.l (Montoro, AV, Italy), antibodies
to PI3K, phospho-PI3K, and GAPDH from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA), and antiRac1 antibodies from Millipore (Bedford, MA) and Pierce
(Rockford, IL). Normal goat serum, horseradish peroxidase(HRP-) conjugated secondary antibody, enhanced chemiluminescence reagents, anti-mouse IgG, and the Dylight
488-conjugated anti-mouse IgG were purchased from
Jackson ImmunoResearch Laboratories (Suﬀolk, UK).
3.2. Cell Culture Conditions. Human umbilical vein endothelial cells (HUVECs) were purchased from the National Institute for Cancer Research (Genova, Italy). All experiments
were performed on low-passage cell cultures. Cells were
grown in EGM-2 or EGM Kit-VEGF at 37°C in a 5% CO2
atmosphere. Experiments were performed in the absence/
presence of PEITC (10 μM) and in the absence/presence of
LY294002 (10 μM), NSC23766 (100 μM), and SP600125
(10 μM) pretreatments, using 0.01% DMSO as a control.
3.3. Cell Viability Assay. The MTT (3-[4,5-dimetiltiazol-2,5diphenyl-2H-tetrazolium bromide]) assay was used in order
to assess the cell viability to compare the eﬀect of the potential cytotoxicity of PEITC with a control condition. Such
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molecule is reduced by a mitochondrial enzyme succinate
dehydrogenase to a formazan salt, which precipitates as
blue/purple crystals. This is a colorimetric assay, in which
the amount of formazan produced is measured spectrophotometrically and is proportional to the number of viable cells.
To perform the assay, the cells, from two diﬀerent
donors, were grown in 96-well plates, in numbers of
5 × 103/cm2, and after 24 h were treated with increasing concentrations of PEITC from 2.5 μM to 40 μM in triplicate for
24 and 48 h. At the end of treatment, the plates were centrifuged at 1200 rpm for 5 min, the medium was removed,
100 μl of 1 mg/ml MTT was added to each well, and the plates
were kept at 37°C for the time necessary for the formation of
salt formazan. The solution was then removed from each
well, and the formazan crystals within the cells were dissolved with 100 μl of DMSO. Absorption at 490 nm for each
well was assessed by a Multiskan Spectrum Thermo Electron
Corporation Reader. The data thus obtained were normalized with respect to the control and used to construct the
dose-response histograms [44].
3.4. Flow Cytometry Analysis. Apoptosis was analyzed by
propidium iodide incorporation in permeabilized cells and
ﬂow cytometry. Cells (5 × 103/cm2) were cultured in 12-well
plates. After 24 h, PEITC was added at the concentration of
10 μM and cells were recultured for diﬀerent times (24 h).
For apoptosis analysis, permeabilized cells were labelled
with propidium iodide (PI) by incubation at 4°C for
30 min with a solution containing 0.1% sodium citrate,
0.1% Triton X-100, and 50 mg/ml PI (Sigma-Aldrich, St.
Louis, MO). The cells were subsequently analyzed by ﬂow
cytometry by a FACSCalibur ﬂow cytometer (Becton
Dickinson, North Ryde, NSW, Australia).
To evaluate cell cycle distribution, control and treated
cells were harvested and nuclei were labeled with PI as
described for apoptosis detection and analyzed by ﬂow
cytometry. Data from 2000 events per sample were collected,
and the relative percentage of the cells in G0/G1, S, G2/M,
and sub-G0/G1 phases of the cell cycle was determined using
the ModFit software (Becton Dickinson, San Jose, CA, USA).
Each determination was repeated three times [45].
3.5. Densitometry. Scanning densitometry of bands was performed with Image Scan (SnapScan 1212; Agfa-Gevaert
NV). The area related to each band was determined using
ImageJ software. Background was subtracted from calculated
values. Results are expressed as mean of at least two separate
experiments. Signiﬁcance was determined by unpaired
Student’s t-test.
3.6. Western Blotting. Cells were harvested and immediately
lysed with RIPA buﬀer (50 mM HEPES, 10 mM EDTA,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and
0.1% SDS (pH 7.4)) supplemented with protease inhibitor
cocktail. For Western blot analysis, 20 μg of the sample
extract was resolved on 10–12% SDS-polyacrylamide gels
using a minigel apparatus (Bio-Rad Laboratories, Richmond,
CA). Nitrocellulose blots were blocked with 10% nonfat dried
milk in Tris buﬀered saline with Tween 20 (TBS-T) (20 mM
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Tris-HCl (pH 7.4), 500 mM NaCl, and 0.01% Tween 20) and
incubated overnight at 4°C with appropriate dilutions of primary antibodies with 10% (weight/vol) milk in TBS-T buﬀer
or 5% bovine serum albumin. Immunoreactivity was
detected by sequential incubation with an HRP-conjugated
secondary antibody and enhanced chemiluminescence
reagents according to routine protocols.
3.7. Rac1 Activity Assay. Rac1 activation assays were performed using a commercially available EZ-Detect Rac1 Activation Kit (Pierce, Rockford, IL). The assay uses a GSTfusion protein containing the p21-binding domain of p21activated protein kinase 1 (PAK1) to selectively bind active
Rac1 in the whole cell lysates. Lysates (500 μg total protein)
were incubated with glutathione Sepharose beads. Active
Rac1 was collected on glutathione agarose beads and quantiﬁed by immunoblot analysis using an anti-Rac1 monoclonal
antibody. On a separate immunoblot, total Rac1 from cell
lysates was normalized and expressed as a ratio of total
Rac1 to GAPDH.
3.8. Immunoﬂuorescence. HUVECs were seeded onto 12 mm
glass coverslips and grown for 24–48 h until 60–70% conﬂuence. After treatment, cells were washed in PBS and ﬁxed in
3.7% formaldehyde-PBS (30 min at room temperature). After
washing, coverslips were treated for 10 min with 0.1 M
glycine-PBS and permeabilized with 0.1% Triton X-100 for
10 min. After permeabilization, coverslips were washed
again and incubated with a blocking solution (10% normal goat serum in PBS) for 1 h at room temperature.
Staining of the actin cytoskeleton in ﬁxed cells was
performed with phalloidin-tetramethylrhodamine B isothiocyanate (0.05 μg/ml) for 40 min at room temperature,
followed by three rinses in PBS. Cells were labeled with an
anti-BAG3 (3 μg/ml) mouse monoclonal antibody AC-1 for
2 h at room temperature and Hoechst 33342 (2 μg/ml)
nuclear staining for 15 min. Coverslips were then washed 3
times in PBS, rinsed in distilled water, and glycerolmounted on slides. A Zeiss LSM 510 Laser Scanning Microscope (Carl Zeiss MicroImaging GmbH) was used for data
acquisition. To detect the nucleus, samples were excited with
a 409 nm Ar laser. A 488 nm Ar or a 555 nm He-Ne laser was
used to detect emission signals from target stains. A 63x (1.40
NA) Plan-Apochromat oil immersion objective was used.
Images and scale bars were generated with Zeiss ZEN Confocal Software (Carl Zeiss, MicroImaging GmbH) and presented as a single stack. Images were processed using
ImageJ software (NIH) and Adobe Photoshop CS version
5.0, and ﬁgures assembled using Microsoft PowerPoint
(Microsoft Corporation).
3.9. mRNA Isolation and Real-Time RT-PCR. Total RNA isolation (mRNA) was performed by using the QIAzol Lysis
Reagent (Qiagen). RNA (1 μg) was reverse-transcribed by
using the QuantiTect Reverse Transcription Kit (Qiagen).
Real-time PCR was performed on LightCycler 480 (Roche)
by using LightCycler 480 SYBR Green Master Mix, 2 μl of
cDNA (~50 ng), and the following primer pairs at the ﬁnal
concentration of 0.3 μM: BAG3-human FW: 5′-CCTGTT
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AGCTGTGGTTG-3′ and BAG3-human RW: 5′-AACATA
CAGATATTCCTATGGC-3′ for the target gene and β-actin
FW: 5′-AAAGACCTGTACGCCAACAC-3′ and β-actin
RW: 5′-GTCATACTCCTGCTTGCTGAT-3′ for the housekeeping detection. Transcript quantities were compared
using the relative Ct method, where the amount of the target
normalized to the amount of the endogenous control (βactin) and relative to the control sample is given by 2(−ΔΔCt).
The results are presented as mean ± SD of the mean of experimental triplicates. Signiﬁcance was determined by one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test
using SigmaPlot12.0 software.
3.10. Transfections. HUVECs were transfected with a speciﬁc
siRNA targeting bag3 mRNA (50-AAGGUUCAGACCAU
CUUGGAA-30) or a NT-siRNA (50-CAGUCGCGUUUGC
GACUGG-30). For cell transfection, 5 × 103 cells/cm2 were
plated, in endothelial growth medium-2 media containing
2% fetal bovine serum and growth factors, to give 30–40%
conﬂuence. Cells were transfected with a ﬁnal siRNA concentration of 100 nM using TransFectin (Bio-Rad Laboratories
Inc., Hercules, CA, USA). Transfection eﬃciency was evaluated in each experiment by Western blot analysis.

4. Discussion
Cell proliferation is a tightly regulated process, organized by
pro- and antiproliferative signals. Generally, the proproliferative signals are activated when new cells are required to
replace damaged cells. Sustained proliferative signaling is a
major characteristic of cancer cells, and PI3K/Akt activation
is crucial for cell proliferation, while their PEITC-mediated
inhibition is known to suppress cancer growth. PEITC
inhibits Akt, a component of Ras signaling to inhibit tumor
growth in several cancer types [13, 46]. PEITC is also known
to inhibit EGFR and HER2, which are important growth factors and regulators of Akt in diﬀerent cancer models [47, 48].
The inhibition of Akt may also be due to the suppression of
EGFR or HER2 [47].
Overall, it is evident from these examples that PEITC can
support the suppression of tumor cell growth through alternative pathways.
Unfortunately, so far, little is known about the activity of
PEITC on normal cells, although in a contrasting manner our
data are the ﬁrst ones that try to clarify this activity in detail.
In order to study the activity of PEITC on the endothelial
cells, we analyzed the PI3K/Akt pathway as described for
tumor cells. However, surprisingly, the ﬁrst results obtained
conﬂicted with the initial hypothesis and with the literature.
In fact, at the PEITC concentrations we used on HUVECs,
we did not observe cell death but activation of the PI3K/
Akt survival pathway. Moreover, the observation under a
phase-contrast microscope showed signiﬁcant morphological changes, such as volume reduction of cells at the very ﬁrst
minutes, while after 16 hours, cells appear again in their normal sizes without a signiﬁcant loss in cell viability, even after
48 hours of treatment.
These observations have suggested to investigate the
activity of Rac1, in the ﬁrst minutes of PEITC treatment,
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PEITC

LY294002

PI3K/AKT

RAC1

NSC23766

JNK

SP600125

c-JUN

BAG3
Actin remodelling

corresponds to a recovery of cellular morphology after initial
damage by PEITC treatment.
Downmodulation of the BAG3 protein levels by a speciﬁc
siRNA resulted, after 16 hours of treatment, in the loss of
recovery of the normal cellular morphology in respect to controls. These data suggest a role for BAG3 in the described
events induced by PEITC.
BAG3 also utilizes its WW domain to engage in YAP/
TAZ signaling. Via this pathway, BAG3 stimulates ﬁlamin
transcription to maintain actin anchoring and crosslinking
under mechanical tension and, by integrating tension sensing, ensures tissue homeostasis and regulates fundamental
cellular processes such as adhesion, migration, and proliferation [53].
In conclusion, our results suggest that treatment with
PEITC causes HUVEC damage to the cytoskeleton and
induces activation of the PI3K/Akt-Rac1-JNK prosurvival
pathway. c-Jun, a substrate of JNK, activates the transcription
of bag3 with a consequent increase in the BAG3 protein,
which allows the refolding of actin and therefore the recovery
of cell morphology (Figure 5).
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Inﬂammatory bowel diseases, including Crohn’s disease and ulcerative colitis, are chronic inﬂammatory conditions involving
primarily the gastrointestinal tract. However, they may be also associated with systemic manifestations and comorbidities. The
relationship between chronic inﬂammation and endothelial dysfunction has been extensively demonstrated. Mucosal immunity
and gastrointestinal physiology are modiﬁed in inﬂammatory bowel diseases, and these modiﬁcations are mainly sustained by
alterations of endothelial function. The key elements involved in this process are cytokines, inﬂammatory cells, growth factors,
nitric oxide, endothelial adhesion molecules, and coagulation cascade factors. In this review, we discuss available data in
literature concerning endothelial dysfunction in patients aﬀected by inﬂammatory bowel disease and we focus our attention on
both pharmacological and nonpharmacological therapeutic targets.

1. Introduction
Inﬂammatory bowel diseases (IBD) are chronic inﬂammatory pathologies that primarily involve the gastrointestinal
tract associated with a combination of environmental,
genetic, and immunological pathogenetic factors. The consequence of this “worsening cooperation” is an uncontrolled
immune response against self-antigen of the intestine, which
acts as a trigger in genetically predisposed individuals to disease development [1]. Crohn’s disease (CD) may occur in
any region of the gastrointestinal tract involving, in most of
the cases, the ileum and colon with a discontinuous, transmural, and granulomatous inﬂammation pattern, whereas
ulcerative colitis (UC) only aﬀects the colon and rectum
and is restricted to the mucosal layer of the intestine which
appears with a continuous and exudative inﬂammation pattern [2, 3]. Several studies have reported that the prevalence
of cardiovascular risk factors such as obesity, dyslipidemia,
diabetes, and hypertension is lower among subjects aﬀected

by IBD in comparison to the general population [1, 4, 5]. In
accordance with this observation, we would expect a lower
cardiovascular mortality and morbidity in IBD patients.
However, on the contrary, cardiovascular disease incidence
in patients with IBD seems to be increased [6]. It can therefore be hypothesized that there are other factors that play
an important role in cardiovascular disease development in
these subjects, such as chronic inﬂammation [1].
In chronic systemic inﬂammation diseases, the inﬂammation aﬀects the arterial properties and causes both endothelial dysfunction and an increase of arterial stiﬀness. A
relationship between increased arterial stiﬀness and inﬂammatory disorders has been described in a lot of inﬂammatory
diseases including systemic vasculitis [7], rheumatoid arthritis [8], and systemic lupus erythematosus [9]. In this review,
we analyze the relationship between inﬂammatory bowel disease inﬂammation and endothelial dysfunction in order to
predict the possible role of this inﬂammation in cardiovascular disease development. Moreover, we focus our attention on
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Table 1: Main studies on PWV for evaluation of arterial stiﬀness.

Authors (year)
Laurent et al. (2006)

Type of article

Studied people

Ref.

Consensus document

Healthy people and people with inﬂammatory diseases
Uncomplicated, never-treated
Essential hypertension people
Healthy people
Rheumatoid arthritis people and healthy people
Inﬂammatory bowel disease people and healthy people
Ulcerative colitis people and healthy people
Inﬂammatory bowel disease people and healthy people
Inﬂammatory bowel disease people and healthy people
Inﬂammatory bowel disease people and healthy people

[11]

Pietri et al. (2006)

Prospective study

Yasmin et al. (2004)
Mäki-Petäjä et al. (2006)
Zanoli et al. (2012)
Akdoğan et al. (2013)
Korkmaz et al. (2014)
Aytac et al. (2015)
Zanoli et al. (2014)

Prospective study
Prospective study
Prospective study
Prospective study
Prospective study
Prospective study
Prospective study

the possible pharmacological and nonpharmacological therapeutic targets oriented to interrupt this dangerous link in
order to reduce the cardiovascular morbidity and mortality
in this category of patients.

2. Main Text
2.1. Arterial Stiﬀness in Chronic Inﬂammatory Diseases. Several studies reported that arterial stiﬀness and endothelial
function could be considered as markers of subclinical
inﬂammation-associated organ damage [1, 10]. However, a
small number of studies evaluated both endothelial function
and arterial stiﬀness in subjects with IBD. Laurent et al. [11]
in an expert consensus document described the gold standard
procedure in order to assess regional arterial stiﬀness in daily
practice and highlighted the direct relationship between arterial stiﬀness and the pulse wave velocity (PWV) measurement. PWV is measured by pressure waveforms obtained
transcutaneously in correspondence to the right common
carotid artery and the right femoral artery (carotid-femoral
PWV). PWV is calculated by dividing the distance between
two detection points for the time necessary to cover it. An
increased carotid-femoral PWV is considered both a marker
of target organ damage and a cardiovascular risk factor [1].
The relationship between arterial stiﬀness, PWV, and inﬂammation has been reported in patients with chronic inﬂammatory diseases, such as systemic vasculitis, and rheumatoid
arthritis, and patients with increased concentrations of highsensitivity C-reactive protein (hsRCP). Pietri et al. [12]
reported a positive correlation between PWV, direct marker
of arterial stiﬀness, and hsRCP, independently from blood
pressure, in patients with untreated primary hypertension,
as well as in normotensive individuals. Yasmin et al. [13] also
reported the same data about healthy individuals. Endothelial
dysfunction could be considered a possible mechanism linking inﬂammation and arterial stiﬀness. Inﬂammation may
induce structural changes in the arterial wall, by altering the
balance between elastin breakdown and synthesis. Indeed,
several elastolytic enzymes, including matrix metalloproteinase-9, are known to be upregulated by inﬂammatory cytokines [13, 14]. Increased arterial stiﬀness in patients with
inﬂammatory diseases could be reversible, since in patients
with rheumatoid arthritis treated with drugs against tumor

[12]
[13]
[8]
[15]
[16]
[17]
[18]
[19]

necrosis factor- (TNF-) α, some authors observed a reduced
PWV comparable to that obtained by healthy individuals
[8]. PWV has increased in patients with IBD without diﬀerences between CD and UC patients [15–19]. An increased
functional and structural arterial stiﬀening was described in
inﬂammatory diseases. These structural or functional changes
are supported by endothelial dysfunction (Table 1).
2.2. Endothelial Dysfunction and IBD. Endothelial dysfunction is “an imbalance between vasodilating and vasoconstricting substances produced by (or acting on) endothelial
cells” [20, 21]. Endothelial dysfunction is characterized by
upregulation of cellular adhesion molecules, compromised
barrier function, increased leukocyte diapedesis, and
increased vascular smooth muscle tone. These phenomena
are related to an impaired production of vasodilator substances such as nitric oxide (NO) as well as an increase of
vasoconstrictor substances including endothelin that determine the appearance of a prothrombotic state [22].
Several authors demonstrated that sex and age could
inﬂuence the endothelial function. Ciccone et al. showed in
2013 that endothelial dysfunction has worsened with advancing age and that it occurs earlier in males in comparison with
women. In healthy men under 40 years, endothelial function
seems to be preserved and after this phase of life, it seems to
be worse; in healthy women, it seems to be preserved up to
50 years and decline thereafter [23].
Endothelial dysfunction has been widely demonstrated
to be the ﬁrst step in the development of atherosclerosis.
The consequent alteration of the vasodilation due to endothelial dysfunction is considered as a cumulative result of
the dangerous actions sustained by all the atherogenic factors. Indeed, some studies have shown that endothelial
dysfunction is an independent risk factor for cardiovascular disease development [24, 25]. Endothelial function
seems to be compromised in patients with IBD. Garolla
et al. [26] demonstrated that the number of circulating
endothelial precursor cells (EPCs), which are considered
markers of both endothelial reparation and vascular healing, was signiﬁcantly reduced in patients with IBD compared with healthy controls. Moreover, they also
demonstrated that apoptotic endothelial precursor cells
were higher in patients with IBD than in healthy controls.
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Finally, they hypothesized that in IBD patients, apoptosis
contributes to the reduction of circulating EPC number
and also inﬂuencing their ability to proliferate. This condition may represent a risk factor for cardiovascular disease
and endothelial dysfunction in these patients [1].
Endothelial function is ensured thanks to the maintenance of a balance among diﬀerent elements such as NO,
endothelin 1, von Willebrand factor (vWF), and cellular
adhesion molecule (CAM) superfamily [20, 27]. Inﬂammation leads to structural and functional changes in the vascular
endothelium and its activation. These changes initially
include increased leukocyte adhesiveness, leukocyte diapedesis, vascular smooth muscle tone, and procoagulant activity
[20, 22, 28]. The interactions between integrins and chemokine receptors with endothelial and mucosal ligands promote
activation of endothelial cells [20, 29, 30]. The recruitment of
leukocytes happens thanks to the endothelial expression of
CAMs and chemokines [20, 31, 32]. The recruitment of leukocytes is mainly mediated by a link between leukocyte
CD11a/CD18 and ICAM-1 in the gut or by a link between
α4-β1 or α4-b7, VCAM-1, and mucosal addressin cell adhesion molecule-1 (MAdCAM-1) [20, 29]. Microvascular
expression of ICAM-1, VCAM-1, and MAdCAM-1 is upregulated in patients with IBD [20, 31, 33]. MAdCAM-1 interacts
with α4β7 integrins on the surface of a subset of naive CD4+
T-cells; therefore, an increase of MAdCAM-1 expression
intensiﬁes the recruitment of α4 integrin-expressing leukocytes [34–36]. Several inﬂammatory mediators, such RCP,
are known to inﬂuence vascular functions. Wang et al. [37]
demonstrated that RCP acts on vascular smooth muscle cells
upregulating the angiotensin type I receptor and stimulating
the migration and proliferation of smooth muscle cells,
inducing, moreover, an increase in the production of reactive
oxygen species (ROS). Pasceri et al. [38] demonstrated that
RCP induces the secretion of some chemokines, adhesion
molecules, and E-selectin from the endothelial cells, whereas
Venugopal et al. [39] demonstrated that RCP decreases
NOS expression. In contrast to these authors, Clapp et al.
[40] in 2005 showed that RCP increases NO in a blood vessel
cell model in vitro. However, further investigations are
needed to establish if RCP is able to alter endothelial function,
either favorably or unfavorably. Other inﬂammatory mediators implicated in vascular dynamics are IL-1, TNF-α, NO,
vascular endothelial growth factor (VEGF), CD40-CD40
ligand, and IL-6, which are upregulated in IBD [41–45].
Increased levels of proinﬂammatory cytokines, such as
IL-1 and TNF-α, and oxidative stress products are responsible for some structural changes in the muscle cells of the
vascular walls because they induce an increase of the
expression of matrix metalloproteinases and serine proteinases with subsequent degradation of elastin and collagen. Muscle cells of the vascular wall express osteoblast
markers and are able to take up phosphate and produce
bioapatite. This process produces wall calciﬁcations and
reduces vessel elasticity [1, 46]. Inﬂammatory cells, such
as macrophages, lymphocytes, mast cells, and ﬁbroblasts,
produce angiogenic factors and promote pathological
angiogenesis in inﬂammatory tissues [20, 33, 47]. VEGF,
ﬁbroblast growth factor, and TNF-α upregulation are
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stimulated by hypoxia in the inﬂamed area, with the successive production of vessels [20, 47]. A signiﬁcant
increase in endothelial CD40 expression is also reported
in patients with active IBD and it results in increased
recruitment of leukocytes expressing CD40L and also of
platelets [20, 34]. CD40 has been found in atherosclerotic
plaques and is overexpressed in both intestinal mucosa and
circulating platelets of IBD patients. The CD40-CD40L
pathway stimulates mucosal inﬂammation and causes
increased production of proinﬂammatory cytokines, such as
IL-8, chemokines, and cell adhesion molecules, and causes
angiogenesis-stimulating intestinal ﬁbroblasts to release
angiogenic cytokines [20, 42] (Figure 1). CD40 binding stimulates the production of TNF-α, which increases CD40
expression [20, 43]. These mechanisms are the basis of structural changes in the vessel wall, including capillary and
venule remodeling and proliferation of endothelial cells.
NO is a mediator that plays a critical role in vascular
homeostasis. It is generated from conversion of L-arginine
to citrulline by NOS isoforms. Mammals have three isoforms
of NOS, two of them are constitutive: endothelial NOS
(eNOS) and neuronal NOS (nNOS); the other one is produced in response to inﬂammatory stimuli (inﬂammatory
cytokines): inducible NOS (iNOS) [48]. NO increases the
concentration of cyclic guanosine monophosphate, which
has a vasodilation eﬀect, inhibits the expression of cytokines,
chemokines, and leukocyte adhesion substances, inhibits
blood platelet adhesion and aggregation, and limits the proliferation of smooth muscle cells in the vascular wall. Arginase is
an enzyme that acts in the opposite way to NOS and its
expression is increased in IBD patients. For this reason, there
is a decreased NO production in patients with IBD [20, 33, 49,
50]. eNOS-derived NO is a radical scavenger able to absorb O2
and generate the potent oxidant peroxynitrite (NO3−). TNF-α
expression is increased in patients with IBD, binds TNF
receptor and leads to diminished eNOS protein expression,
and suppresses eNOS activity. Therefore, there is a low NO
availability [20, 22] that consequently a vasoconstriction
occurs, because of smooth muscle cell relaxation reduction.
This mechanism is responsible for functional increase of arterial stiﬀness observed among subjects aﬀected by chronic
inﬂammation [1]. The levels of asymmetric dimethylarginine
(ADMA) plasma, an endogenous eNOS inhibitor, are
inversely correlated with NO plasma levels, and it is elevated
in numerous diseases associated with cardiovascular risk;
indeed, high ADMA levels are also associated with an
increased cardiovascular risk [22, 51, 52]. Chronic inﬂammatory diseases are generally associated with increased oxidative
stress. Proinﬂammatory cytokines, including TNF-α, are
mainly responsible for the increase of ROS production in
inﬂammatory diseases. TNF-α increases activity of NADPH
oxidases (NOX), which catalyze the transfer of electrons to
molecular oxygen in order to generate superoxide by neutrophils and endothelial cells [22, 53, 54]. Superoxide reacts with
NO to produce peroxynitrite, thereby decreasing NO bioavailability. In addition to its production by NOS and metabolism by ADMA, NO bioavailability is also modulated by
ROS [55]. Superoxide and other ROS are capable to increase
the activity of nuclear factor- (NF-) κB, a critical step in the
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Figure 1: Mechanisms of inﬂammation-derived endothelial dysfunction. The CD40-CD40L pathway stimulates mucosal inﬂammation and
causes increased production of proinﬂammatory cytokines, such as interleukin- (IL-) 8, chemokines, and cell adhesion molecules, and causes
angiogenesis-stimulating intestinal ﬁbroblasts to release angiogenic cytokines.

transformation of endothelial cells in “activated cells” characterized, in part, by an increase of surface expression of CAMs
[22, 56, 57]. NF-κB activation may also stimulate NOX
expression, further enhancing ROS production in the endothelium and regenerating the destructive loop of inﬂammation and oxidative stress [22, 58]. ROS produced in the
inﬂamed area inhibit cleavage of vWF molecules and it may
cause microvascular thrombosis in patients with IBD [27,
30, 59]. An increase of plasminogen activator inhibitor type
1 (PAI-1) and reduction of tissue-type plasminogen activator
(t-PA) and urokinase-type plasminogen activator (u-PA)
have been found in mesenteric vascular walls of patients with
IBD [60, 61]. It means that the coagulation process is deeply
altered in IBD. ROS production induces smooth muscle cell
hypertrophy and intima proliferation through the activation
of protein kinases activated by the mitogen (MAPk) pathway
(Table 2). The endothelial dysfunction could be diagnosed
through two main methods: physical and biochemical
method. The ﬁrst one is based on assessing vasodilation in
large arteries in response to increased ﬂow and receptor stimulation, mainly acetylcholine [20]. The most sensitive and
widely used is the ﬂow-mediated vasodilatation (FMD), but
it is less sensitive in detecting early changes of the endothelium function, similarly to each physical method. Several
studies demonstrated a decrease of FMD in IBD patients with
active diseases but no changes in the carotid intima-media

thickness compared to healthy control (c-IMT) [20, 62].
Roifman et al. [41] demonstrated lower pulse arterial tonometry (PAT) values in patients with IBD compared to healthy
control. Theocharidou et al. [63] reported an increase of cIMT in patients with IBD; however, they did not ﬁnd any
correlation with the activity of the diseases. c-IMT is the
main early vascular wall morphological change preceding
plaque formation [64–66]. Although some studies [62, 67,
68] did not ﬁnd any diﬀerence in c-IMT values between
patients with IBD and controls, other studies [63–65] identiﬁed a higher c-IMT in the IBD group than in the control
group, even if patients and controls did not show higher cardiovascular risk factors [66] (Table 3).
Biochemical methods are based on the assessment of the
synthesis of compounds produced by both normal and damaged endothelium. Diﬀerent studies evaluated these markers;
however, the outcomes are diﬃcult to interpret. Some studies
reported an increase of the levels of VEGF, ICAM-1, and Eselectin in the serum of patients with IBD [69, 70]. Magro
et al. [71] demonstrated lower levels of angiogenetic factors
(P-selectin, E-selectin, VCAM, ICAM, and VEGF) in serum
of patients with inactive CD than of controls, thus suggesting
a dysfunction of angiogenic process and wound repair. Other
reliable biochemical methods have been described in the
diagnosis of endothelial dysfunction by using biochemical
parameters (Table 3).
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Table 2: Mediators involved in endothelium dysfunction.
Author(s) (year)
Garolla et al. (2009)
Scaldaferri et al. (2011)
Charo et al. (2006)
Hatoum et al. (2003)
Danese et al. (2011)
Briskin et al. (1997)
Burgio et al. (1995)
Cromer et al. (2011)
Wang et al. (2003)
Pasceri et al. (2000)
Venugopal et al. (2005)
Clapp et al. (2005)
Roifman et al. (2008)
Danese et al. (2007)
Danese et al. (2006)
Kullo et al. (2005)
Vita et al. (2004)
Floege et al. (2004)
Koutroubakis et al. (2006)
Horowitz et al. (2007)
Steyers et al. (2014)
Sibal et al. (2010)
Boger et al. (2009)
Kleinbongard et al. (2010)
Picchi et al. (2006)
Kalinowski et al. (2004)
Kundu et al. (2012)
Wolin (2000)
Biniecka et al. (2011)
Lancellotti et al. (2010)
Ciccone et al. (2015)
Desreumaux et al. 1(999)

Studied factors

Ref.

EPCs
NO, endothelin 1, vWF, and CAM superfamily
Integrins and chemokine receptors
CAM superfamily and chemokines
ICAM-1 and VCAM-1

[26]
[27]
[29]
[31]
[36]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[49]
[22]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]

MAdCAM-1, CD4, and α4β7 integrins

RCP

IL-1, TNF-α, NO, VEGF, CD40-CD40-ligand, and IL-6

IL-1, TNF-α, ROS, matrix metalloproteinases, serine proteinases
Inﬂammatory cells (macrophages, lymphocytes, mast cells, and ﬁbroblasts),VEGF, and TNF-α
NO
TNF-α and NO
ADMA
TNF-α
NADH/NADPH
ROS, NF-κB, and CAM superfamily
NF-κB, NOX, and ROS
vWF
PAI-1, t-PA, and u-PA

EPCs: endothelial precursor cells; NO: nitric oxide; vWF: von Willebrand factor; CAM: cell adhesion molecule; ICAM-1: intercellular adhesion molecule;
VCAM-1: vascular adhesion molecule; MAdCAM-1: mucosal addressin cell adhesion molecule-1; RCP: reactive C protein; IL: interleukin; TNF: tumor
necrosis factor; VEGF: vascular endothelial growth factor; ROS: reactive oxygen species; ADMA: asymmetric dimethylarginine; NAD: nicotinamide adenine
dinucleotide; NADP: nicotinamide adenine dinucleotide phosphate; NF-κB: nuclear factor kB; PAI: plasminogen activator inhibitor; t-PA: tissue-type
plasminogen activator; u-PA: urokinase-type plasminogen activator.

2.3. Cardiovascular Risk and IBD. Chronic inﬂammatory diseases are associated with accelerated atherosclerosis and
increased risk of cardiovascular diseases (CVD) with
increased cardiovascular morbidity and mortality compared
to the general population [5, 22, 72, 73]. The risk for CVD is
controversial in patients with IBD, since diﬀerent studies
highlighted an increased risk for CVD [5, 20, 74, 75], whereas
others demonstrated lack of evidence for an increased risk of
mortality due to CVD (Table 4) [6, 20, 76, 77]. Ozturk et al.
[78] suggested that patients with IBD without classic cardiovascular risk factors have a higher risk for endothelial dysfunction and atherosclerosis. Ciccone et al. demonstrated
a strong correlation among body mass index (BMI),
inﬂammation indices, RCP, erythrocyte sedimentation rate
(ESR), and physical parameters of endothelial dysfunction,
c-IMT, and FMD, in obese children. Because the presence
of these factors is strongly related to endothelial function

and to the development of atherosclerosis, the authors
themselves stated that atherosclerosis could begin very
early in life, during childhood, and the same author
showed that the worsening of endothelial function was
related to age [79]. IBD in active phase was related to
enhanced risks of worse CVD outcome; on the other
hand, no risk increase was found in remission compared
to the control group in a large number of studies [5, 80].
Inﬂammatory mediators, such as RCP, TNF-α, IL-6, IL-18,
and CD40L, are involved in the pathogenesis of inﬂammation and atherosclerosis [81, 82]. Endothelial dysfunction
represents a very important pathogenetic key step in the initiation and maintenance of atherosclerosis in the general
population and may be a marker for a future risk of cardiovascular events [74]. Inﬂammatory process underlies
endothelial dysfunction and atherosclerosis pathogenesis;
therefore, mechanisms linking systemic inﬂammatory
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Table 3: Most popular parameters for diagnosis of endothelium
dysfunction.
Biochemical parameters
Intercellular adhesion molecule-1 (CAM-1)
Selectins P and E
Vascular adhesion molecule-1 (VCAM-1)
Vascular endothelial growth factor (VEGF)
von Willebrand factor (vWF)
Tissue plasminogen activator (t-PA)
Thrombomodulin
Plasminogen activator inhibitor (PAI-1)
Asymmetric dimethylarginine (ADMA)
Disintegrin and metalloproteinase with thrombospondin motif-13
(ADAMTS13)
Angiopoietin-1
Angiopoietin-2
Physical parameters
Flow-mediated dilatation (FMD)
Carotid intima-media thickness (c-IMT)
Pulse wave velocity (PWV)
Pulse arterial tonometry (PAT)

Table 4: Association between cardiovascular diseases and
inﬂammatory bowel diseases.
Authors (year)
Yarur et al. (2011)
Ciccone et al. (2015)
Rungoe et al. (2013)
Fumery et al. (2014)
Singh et al. (2014)
Dorn et al. (2007)
Jess et al. (2007)
Bewtra et al. (2013)
Ruisi et al. (2015)

Association

Yes

No

Ref.
[5]
[60]
[75]
[88]
[89]
[6]
[76]
[77]
[122]

diseases and atherosclerosis may be better understood with
the analysis of the endothelium. Multiple factors, including
circulating inﬂammatory cytokines, TNF-α, ROS, oxidized
low-density lipoprotein (LDL), and traditional risk factors,
activate, directly and indirectly, endothelial cells leading to
impaired vascular relaxation, increased leukocyte adhesion,
increased endothelial permeability, and generation of a
prothrombotic state. The presence of endothelial dysfunction has been further considered in active phases of the
diseases. However, this observation has been reached by
comparing the active phase of the diseases to the control
group. There is no certain data about a direct comparison
of active and remission phases of the diseases [80], though
IBD implies an increased cardiovascular risk [60, 83, 84]
and the entity of the risk directly correlates with disease activity in a lot of studies. In these studies, the induction of the
remission is able to reverse endothelial dysfunction in IBD,
achieving a level similar to non-IBD subjects. This evidence

allows to hypothesize that an adequate medical management
of IBD may be able to reverse the increased cardiovascular
risk characterizing active disease [85, 86, 87]. Adequate disease management would therefore be important already in
childhood; as shown by Ciccone et al., atherosclerosis is a
process that can begin in childhood; we should always try
to manage patients with IBD well to keep the level of these
atherosclerotic factors as always low, because several studies
demonstrated presence of a lot of atherosclerotic markers
in children aﬀected by IBD [79].
Several studies have demonstrated an increased risk of
cardiovascular disease in patients with IBD; however, regarding mortality risk, the evidences are less clear. Kristensen
et al. [85] did not ﬁnd an increased risk for CVD in patients
with IBD without classic CVD risk factors after a 2-year
follow-up. Singh et al. [88], in a meta-analysis of about 33
observational studies, showed a higher risk for ischemic heart
disease and arterial thromboembolism in patients with IBD,
but the increased risk for cardiovascular mortality was not
observed. Fumery et al. [89], in a meta-analysis of 9 studies,
demonstrated that patients with IBD had a signiﬁcant
increase in the risk of cardiovascular morbidity, particularly
in women; however, in this paper, the mortality was not
addressed. Kristensen et al. [85], in a cohort study, demonstrated an increased risk of myocardial infarction in patients
with IBD during the active phase, whereas no risk was
observed in remission. Dorn et al. [6], in a 2007 metaanalysis of 11 studies, failed to demonstrate an increased risk
of cardiovascular mortality in patients with IBD. Consequently, they concluded that IBD was not associated with a
higher incidence of cardiovascular disease. This last cited
meta-analysis had numerous drawbacks [6, 41]. It is important to emphasize that some patients with CD are tobacco
smokers; indeed, tobacco may also contribute to worsen
endothelial damage [90]. These ﬁndings indicate that prospective studies are needed to determine the actual risks for
CVD in patients with IBD.
2.4. Therapy: Pharmacological and Nonpharmacological
Targets. IBD development consists of active and remission
periods, and the aim of the therapy is to suppress the active
phases. The endothelial dysfunction that underlies the
increased cardiovascular risk in these patients is sustained
by inﬂammation and oxidative stress. Therefore, the reduction of these two factors is associated with a reduction of
endothelial dysfunction. In chronic inﬂammatory diseases,
there are two types of treatments that can reduce the mediators of inﬂammation and oxidative stress. The ﬁrst one is the
classical drug therapy that is used to reduce the inﬂammation
associated with the disease. Another therapy, widely used in
clinical practice in patients with IBD, is anti TNF-α therapy,
inﬂiximab, or biosimilars. TNF-α is a very important cytokine in IBD, whose overexpression appears to be a common
element in IBD pathogenesis. TNF-α is a cytokine involved
in the pathogenesis and progression of atherosclerosis [91].
This cytokine seems to have a key role, as previously
described, in endothelial dysfunction; indeed, intravascular
administration of recombinant TNF-α, in both humans and
experimental animals, leads to a reduction in endothelium-
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dependent relaxation in vitro and in vivo [25, 92]. Some
authors showed that treatment with inﬂiximab, in rheumatoid arthritis, improves endothelial dysfunction since it
improves FMD, even if all the treatments used for rheumatoid arthritis tend to improve FMD. Therefore, further studies are needed to better understand the best therapy to be
used in order to reduce endothelial dysfunction among these
patients [93]. Mäki-Petäjä et al. [8] demonstrated that antiTNF-α therapy ameliorated aortic stiﬀness, evaluated by
PWV, compared to healthy subjects in patients with rheumatoid arthritis. With respect to IBD, there is a lack of data in
literature about the eﬀects of anti-TNF-α and CVD in IBD
patients and about endothelial dysfunction and the role of
anti-TNF-α regarding this ﬁeld. Schinzari et al. [25] demonstrated that endothelial dysfunction is beneﬁcially aﬀected by
intravascular TNF-α neutralization in patients with CD.
Danese et al. [94] reported that anti-TNF-α can reduce
thrombus formation and adhesion to the endothelium by
interfering with the CD40/CD40L pathway.
The second treatment is a nonpharmacological therapeutic approach, because it is based on substances with
antioxidant properties among which there are natural
and synthetic antioxidants. Several authors have reported
the involvement of oxidative stress in the pathogenesis of
IBD and consequently the presence of ROS, such as anion
peroxide and hydrogen peroxide, into the mucosa of
patients with IBD and in experimental colitis models. Oxidative stress also underlies endothelial dysfunction, as previously mentioned; for this reason, it can be deduced that
by reducing endothelial dysfunction through the use of
antioxidants, it should also improve.
Natural antioxidants contain a wide variety of compounds, mainly phenol and polyphenols, ﬂavonoids, carotenoids, steroids, and thiol. They can prevent cell vascular
damage, thus reducing the risk of chronic diseases [48, 95].
Among the natural antioxidant compounds studied in the
prevention of vascular damage are vitamin E, vitamin C, goji
berries, thymus extracts, rosemary, green tea, and garlic, as
reported in Table 5. Vitamin E prevents ROS overproduction,
improving the release of prostacyclin, a powerful vasodilator
and inhibitor of platelet aggregation. Vitamin E supplementation has been proposed in the diet in order to reduce cardiovascular risk [48, 96, 97]. Vitamin C prevents damage from
lipid peroxidation by free oxygen radicals [48, 98–100]. Goji
berries increase endogenous antioxidant power; they are able
to increase the activity of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) [48, 101, 102]. Some authors have reported
that the treatment with SOD, an enzyme that converts the
superoxide anion into hydrogen peroxide, has a healthy eﬀect
in both the prevention of experimental colitis and its treatment [103, 104]. Seguí et al. [105, 106] demonstrated that
treatment with SOD, in a model of experimental colitis,
improved the severity of intestinal damage from both a macroscopic and a microscopic point of view. Seguí et al. demonstrated that SOD induced a reduction in the expression of
adhesion molecules, such as VCAM-1, ICAM-1, and MAdCAM-1, and therefore as a consequence, the recruitment of
leukocytes at the site of inﬂammation. Thymus extracts have
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Table 5: Natural antioxidant compounds for prevention of vascular
damage.
Author (year)
Bielli et al. (2015)
Tran et al. (1990)
Brigelius-Flohé et al. (2013)
Bielli et al. (2015)
Armour et al. (2001)
May et al. (2013)
Heitzer et al. (1996)
Bielli et al. (2015)
Amagase et al. (2009)
Li et al. (2007)
Martins et al. (2015)
Nickavar et al. (2012)
Bielli et al. (2015)
Murase et al. (2006)
Lu et al. (2012)
Bielli et al. (2015)
Kim et al. (2001)

Compound
Vitamin E

Vitamin C

Goji berries
Thymus extracts
Rosemary
Green tea
Garlic

Ref
[48]
[96]
[97]
[48]
[98]
[99]
[100]
[48]
[101]
[102]
[107]
[108]
[48]
[109]
[110]
[48]
[111]

a free radical scavenging activity [107, 108]. Green tea has
an anti-inﬂammatory activity, reducing both the expression
of both cyclooxygenases, the constituent one (COX-1) and
the inducible one (COX-2), and the quantity of ROS thanks
to the action of ﬂavonoids such as epigallocatechin gallate
and gallic acid contained in green tea [109, 110]. Garlic
increases NO, SOD, and GSH-Px activity and has an
anti-inﬂammatory activity by reducing TNF-α expression
[48, 111]. Synthetic antioxidants are N-acetyl-cysteine and
propionyl-L-carnitine. N-Acetyl-cysteine is the intracellular
precursor of glutathione, a substance with an excellent antioxidant activity furthermore minimizing oxidative stress in
both endothelial cells and smooth muscle cells [112]. Sasaki
et al. [113] showed that treatment with N-acetyl-L-cysteine
or with pyrrolidine dithiocarbamate reduced TNF-α-induced
MADCAM-1 expression. Propionyl-L-carnitine is an Lcarnitine ester required in the transport of fatty acids for
the production of β oxidation and adenosine triphosphate
[114]. It has been proven to be a scavenger of superoxide,
thus reducing oxidation stress in endothelial cells; indeed,
Stasi et al. [115] demonstrated that propionyl-L-carnitine
counteracted the increase of oxidative stress in the intestinal
microvasculature of patients with UC. It also prevents NO
decrease and therefore favors vasodilation, counteracting
endothelial dysfunction, and it reduces NOX and ICAM-1
expression in experimental ischemia in rabbit limbs [115].
In literature, there are a large number of studies concerning the use of natural antioxidants in IBD, especially in
animal models, which show how these substances with antioxidant properties can improve bowel damage both macroscopically and microscopically. In this regard, D’Argenio
et al. [116] demonstrated the healthy eﬀect of apple polyphenol extract in trinitrobenzensulphonic acid-induced colitis,
an eﬃcacy mediated by its eﬀects on COX-2 and TNF-α.
Binion et al. [117] demonstrated that curcumin reduced
VCAM-1 expression. Zhang et al. demonstrated that α-lipoic
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acid, sulfhydryl compound, found in all plant and animal
species, inhibits VCAM-1 expression by suppressing NF-κB
in human aortic endothelial cells. Sakthivel et al. [118]
demonstrated the healthy eﬀect of amentoﬂavone, which is
a bioﬂavonoid active ingredient of the plant Biophytum sensitivum and of other plants, in an experimental colitis model
since it inhibits iNOS and COX-2 expression [119].

3. Conclusions
A higher prevalence of classic cardiovascular risk factors is
usually associated with a higher risk of cardiovascular events.
However, this consideration cannot be applied to patients
with IBD. Although patients with IBD have a lower prevalence of classic cardiovascular risk factors than in the general
population, they have an increased risk of CVD. In patients
with IBD, body mass index, lipid levels, diabetes, obesity,
and hypertension are lower than in the general population
[1, 4, 5, 120, 121]. In patients with IBD, there is an endothelial dysfunction that causes an increased arterial stiﬀness.
There are no standardized therapies, and many studies in
the literature evaluate how, reducing the endothelial dysfunction in patients with IBD, cardiovascular risk can be reduced.
Endothelial dysfunction has inﬂammation and oxidative
stress as its genesis. The eﬀects of diﬀerent therapies aimed
at reducing these endothelial dysfunction mediators are not
well known. Anti-TNF-α therapy appears to be associated
with improvements in both endothelial function and arterial
stiﬀness; however, further studies are needed to determine
whether the improvements in arterial stiﬀness and endothelial function are associated with a decreased risk of cardiovascular events in subjects with IBD. With respect to natural or
synthetic antioxidant substances, a large number of studies
evaluate the eﬀect on cardiovascular health. Furthermore,
these studies demonstrate that vitamin E, vitamin C, goji
berries, thymus extracts, rosemary, green tea, and garlic have
a healthy eﬀect on oxidative stress and inﬂammation, reducing them. Other substances, similar to antioxidants, were
described, especially in models of experimental colitis, to be
very eﬀective in reducing macroscopic and microscopic damage, oxidative stress, and the most important mediators of
inﬂammation. Consequently, we can suppose that in patients
with IBD, these substances could be used as an adjunct to the
traditional therapy, not only to improve the outcome of IBD
but also to reduce cardiovascular risk. Further studies are
needed to demonstrate the role of these substances.
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Bicuspid valve disease is associated with the development of thoracic aortic aneurysm. The molecular mechanisms underlying
this association still need to be clariﬁed. Here, we evaluated the circulating levels of T and B lymphocyte subsets associated with
the development of vascular diseases in patients with bicuspid aortic valve or tricuspid aortic valve with and without thoracic
aortic aneurysm. We unveiled that the circulating levels of the MAIT, CD4+IL−17A+, and NKT T cell subsets were signiﬁcantly
reduced in bicuspid valve disease cases, when compared to tricuspid aortic valve cases in either the presence or the absence of
thoracic aortic aneurysm. Among patients with tricuspid aortic valve, these cells were higher in those also aﬀected by thoracic
aortic aneurysm. Similar data were obtained by examining CD19+ B cells, naïve B cells (IgD+CD27−), memory unswitched B
cells (IgD+CD27+), memory switched B cells (IgD−CD27+), and double-negative B cells (DN) (IgD−CD27−). These cells
resulted to be lower in subjects with bicuspid valve disease with respect to patients with tricuspid aortic valve. In whole,
our data indicate that patients with bicuspid valve disease show a quantitative reduction of T and B lymphocyte cell
subsets. Future studies are encouraged to understand the molecular mechanisms underlying this observation and its
pathophysiological signiﬁcance.

1. Introduction
Bicuspid aortic valve disease (BAV) is a relatively frequent
congenital disorder, aﬀecting approximately 1.3% of the
population worldwide with a male prevalence of 3 : 1 [1].
BAV is associated with an increased incidence of valvular
and vascular diseases [1]. BAV is an important risk factor
predisposing to the development of thoracic aortic aneurysm

(TAA) [1, 2]. The molecular mechanisms underlying the
association between BAV and aortic disease still need to be
clariﬁed [2].
In recent years, accumulating lines of evidence indicated
that an increased inﬂammation of the aortic wall contributes
to the development and progression of aortic aneurysm
[3–5]. Inﬂammatory cytokines and an inﬁltrate of CD3+
CD4+CD8+CD68+CD20+ cells have been demonstrated to
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signiﬁcantly increase in human aneurysm specimens from
patients with Marfan syndrome and familial and sporadic
TAA [3–9]. B lymphocytes were also found to inﬁltrate
the wall of aortic aneurysms signiﬁcantly contributing to
their expansion and progression [10]. Signiﬁcant amounts
of immune/inﬂammatory cells have been also detected by
our group in aorta tissues from 24 BAV patients with
TAA than control aortas, but with higher levels in individuals
with tricuspid aortic valve (TAV) and aﬀected by TAA [11].
However, their phenotypes and their possible diﬀerences
were not assessed in our study [11]. Accordingly, some
experimental studies in animal models have demonstrated
that the attenuation of aortic immune/inﬂammation prevents or delays the progression of aortic aneurysm [3–6].
Pharmacological or genetic depletion of T helper lymphocytes and γδ T cells, a subset of T cells, was observed to
reduce the progression of aortic aneurysms [12–15]. However, at the moment, no literature data do exist about the
types of phenotypes of immune/inﬂammatory cells and their
related number diﬀerences between patients with BAV and
TAV, with and without concomitant TAA.
Therefore, in this study, we evaluated, for the ﬁrst
time, whether BAV subjects have typical signatures in
peripheral blood immune cell levels and phenotypes, and
particularly in T and B cell subsets, with respect to TAV
subjects in the presence or absence of concomitant TAA.
On the other hand, the presence of typical molecular, cellular,
and genetic proﬁles in BAV patients with TAA in comparison to TAV with TAA continues to be evidenced in the literature, as amply stressed and demonstrated in our previous
studies [9, 11, 16, 17].

2. Subjects and Methods
2.1. BAV and TAV Subjects. Our study included a total of 25
BAV subjects (19 males and 6 females; mean age: 56.7 ± 13.5
years) and 35 TAV subjects (23 males and 12 females, mean
age: 66.4 ± 7.1 years). They were randomly selected from
patients undergone to surgery replacement or routine care
screening in the Unit of Cardiac Surgery (Department of
Surgery and Oncology, University of Palermo), by using
apposite exclusion criteria for arteriosclerosis or other
cardiovascular diseases, connective tissue disorders, and
inﬂammatory diseases (from infections to hematological,
gastrointestinal, urogenital, pulmonary, neurological, and
endocrinal inﬂammatory disorders and neoplasia included).
They were enrolled from January 2015 to December 2016.
Furthermore, we selected BAV and TAV individuals with
or without TAA, as a complication, for evaluating appropriate controls for the same groups. In addition, they belonged
to the same ethnic group, since their parents and grandparents were born in Western Sicily.
Elective or urgent surgical treatments (using Bentall-De
Bono and Tirone David surgical techniques, whenever possible) with complementary tubular-ascending aorta resection
were performed in both BAV and TAV patients with TAA
after the evaluation of aortic transverse diameter sizes. The
evaluation of aorta diameters was done preoperatively as well
as in the operating theatre performed by an experienced
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Table 1: Demographic and clinical characteristics, comorbidity
conditions, and complications of 25 BAV and 35 TAV subjects
with or without TAA.
Variables
Demographic characteristics
Age, mean (SD)
Male sex, number (%)
Female sex, number (%)
Body mass index, mean (SD)
Size and location of TAA
Subjects aﬀected (%)
Size (mm), mean (SD)
Location, number (%):
Tubular ascending aorta
Comorbidity conditions, number (%)
CVD family history
Smoking
Hypertension
Dyslipidemia
Diabetes mellitus
Renal failure
Dissection
Aortic valve pathology, number (%)
Normal
Prolapse
Vascular calcium ﬁbrosis
Atherosclerosis coronary syndrome,
number (%)

BAV
N = 25

TAV
N = 35

56.7 (13.5) 66.4 (7.1)
19 (76)
23 (66)
6 (24)
12 (34)
26 (4.8) 26.3 (3.2)
12 (48)
17 (48)
53.3 (7.4) 50.3 (6.9)
12 (100)

17 (100)

7 (28)
6 (24)
18 (72)
3 (12)
0 (0)
0 (0)
0 (0)

5 (7.1)
7 (20)
25 (71)
5 (14)
0 (0)
1 (2)
0 (0)

0 (0)
3 (12)
7 (28)

27 (77)
1 (2)
7 (20)

0 (0)

0 (0)

physician by transesophageal echocardiography (Philips
Ie. 33) before the institution of the cardiopulmonary
bypass. The dimension of the aortic annulus, sinuses of
Valsalva, proximal ascending aorta (above 2.5 cm of the
sinotubular junction), and aortic arch are assessed and
presented in Table 1.
Demographic and clinical data, including comorbidities,
were obtained from patients’ medical records (Table 1). In
all BAV and TAV cases, hypertension was treated by using
beta-blockers.
Blood samples were collected into EDTA-coated tubes
from all individuals enrolled and at the moment of their
admission in the Unit of Cardiac Surgery. They were
transported to the laboratory and processed within 1 to 2
hours after the collection.
2.2. Ethical Study Approval. Our study was performed in
accordance with ethical standards of the Helsinki Declaration of the World Medical Association; it received approval
from local ethics committees (number APUNIP0094517),
and all participants gave their informed consent. Data were
encrypted in order to ensure the patient’s privacy. All measurements were performed by physicians in a blind manner.
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Figure 1: (a–c). Circulating levels of MAIT, CD4+IL−17A+, and NKT cells in the BAV and the TAV groups. Circulating MAIT and CD4+IL
−17A+ levels were evaluated in patients with BAV and TAV with or without TAA. They were expressed as the absolute numbers (on CD3+).
For the description of data, remand to Results.

2.3. Antibody Panels and Multiparametric Flow Cytometry
Analyses for Evaluating Circulating Levels and Phenotypes
of T and B Cell Subsets. After separation from the whole
blood in EDTA, 100 μl of viable PBMC (peripheral blood
mononuclear cell) was stained with diﬀerent combinations
of monoclonal antibodies. To characterize the phenotype
of T and B cell subsets, extracellular labeling was performed with anti-CD8FITC, anti-CD161PE, anti-CD3ECD,
anti-CD4PC5.5, anti-CD16FITC, anti-CD56PE, anti-IgDFITC,
anti-CD27PC5.5, and anti-CD19ECD (Beckman Coulter,
Miami, FL). Living cells were gated within the side/forward
scatter (SSC/FSC) lymphocyte gate. For intracellular staining,
cells were permeabilized with Cytoﬁx/Citoperm (BD Biosciences). Finally, the cells were stained with anti-IL-17AFITC
(MiltenyiBiotec), washed, and analyzed. All measurements
were made with a CyAN ADP ﬂow cytometer (Beckman
Coulter, Miami, FL, USA) with the same instrument setting.
At least 105 lymphocytes were acquired and analyzed using

FlowJo (Tree Star) software. Leukocyte count and diﬀerential
were determined with a routine hematology analyzer. The
absolute counts of total lymphocytes were calculated by
multiplying the relative size of the T and B cells and the
absolute lymphocyte count.
2.4. Statistical Analysis. As reported in Figures 1 and 2, the
levels in the absolute number of MAIT, CD4+IL−17A+ and
NKT T cells (for T compartment examined), and CD19+ B
cells, naïve B cells (IgD+CD27−), memory unswitched B
cells (IgD+CD27+), memory switched B cells (IgD−CD27+),
and double-negative (DN) B cells (IgD−CD27−) (for B
compartment evaluated) were expressed as the mean ± SD.
Statistical analyses were performed using SPSS software
version 20. Precisely, we used the analysis of variance
(ANOVA) test (corrected by Bonferroni), for performing
the comparisons among all groups. Unpaired t-test (Welch
corrected) was utilised to analyze the data between two
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Figure 2: Circulating levels of B subsets in the BAV and the TAV groups. Circulating CD19+ B cells (a), naïve B IgD+CD27− cells
(b), memory unswitched IgD+CD27+ B cells (c), memory switched B IgD−CD27+ cells (d), and double-negative B cells (e) were
evaluated in patients with BAV and TAV with or without TAA. Cells were expressed as the absolute numbers. For the description
of data, see Results.
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groups. Diﬀerences are considered signiﬁcant when a p
value < 0.05 was obtained by a comparison between the
diﬀerent groups.

3. Results
3.1. Patient and Control Characteristics. All BAV and TAV
patient features are summarized in Table 1. A signiﬁcant
diﬀerence was observed in age between BAV and TAV
patients. BAV patients were signiﬁcantly younger than
TAV cases (56.7 ± 13.5 versus 66.4 ± 7.1 years, resp., p <
0 0001). No signiﬁcant diﬀerences were evidenced in the
number of males and females between the two groups, as
well as in the size of aorta dilatation between BAV and
TAV cases. Among TAA risk factors, no signiﬁcant diﬀerences were detected. We only observed in BAV cases a not
signiﬁcant prevalence of valvular complications compared
to TAV cases.
3.2. Diﬀerences in the Circulating Levels of T Subsets in BAV
and TAV Cases. We initially compared the circulating levels
of Mucosal-associated invariant T (MAIT) cells in BAV
versus TAV cases with and without TAA. MAIT cells
represent a novel innate-like T cell subsets consisting of
1%–10% of T cells in the peripheral blood [18–20]. They
mediate a pivotal role in immune-dysregulated diseases
and other pathologies, like infections, inﬂammatory diseases, and others [18–20]. We observed that the mean
blood levels of MAIT cells, expressed in absolute numbers,
were signiﬁcantly diﬀerent between the BAV and the TAV
groups, with and without TAA (see Figure 1(a)). Precisely,
the comparisons among the four groups (see Figure 1(a))
demonstrated signiﬁcant diﬀerences (p < 0 001, by the
ANOVA test corrected by Bonferroni, in all comparisons
eﬀectuated), with the lowest blood levels in the BAV
groups and more marked in the two TAV groups. A weak,
but signiﬁcant, the diﬀerence was assessed between the
two BAV groups (p < 0 01, by the t-test corrected by
Welch). Diﬀerently, between the two TAV groups, the
mean blood levels of MAIT cells were signiﬁcantly higher
(p < 0 001, by the t-test corrected by Welch). Likewise, the
comparisons of the mean levels of MAIT cells between
BAV and TAV not complicated (p < 0 001, by the t-test
corrected by Welch) and between BAV and TAV complicated (p < 0 0001, by the t-test corrected by Welch) were
signiﬁcantly diﬀerent (see Figure 1(a)).
Similar results were observed regarding another T cell
subset, namely, the CD4+IL−17A+, which has a recognized
role in contributing to hypertension, vascular dysfunction,
and damage [21–24]. Recent evidence suggests the participation of this T cell subset also in the development of
aortic aneurysms [12, 22–24]. Circulating levels of CD4+
IL−17A+, expressed in absolute numbers, were signiﬁcantly
diﬀerent among the four groups (p < 0 001, by the ANOVA
test corrected by Bonferroni, in all comparisons eﬀectuated)
(see Figure 1(b)). TAA was associated with signiﬁcantly
higher mean CD4+IL−17A+ levels in the TAV group. No
diﬀerence between BAV and TAV subjects without TAA
was assessed. In contrast, mean circulating CD4+IL−17A+

5
levels resulted to be signiﬁcantly higher in TAV versus
BAV subjects aﬀected by TAA (p < 0 001, by the t-test
corrected by Welch).
Furthermore, we also examined with regard to the T
compartment the circulating levels of NKT cells, since they
are involved in the genesis of atherosclerosis, coronary artery
diseases, and aneurysms [25]. The comparisons of mean
levels expressed in the absolute number of NKT cells among
the four groups showed signiﬁcant diﬀerences (p < 0 001, by
the ANOVA test corrected by Bonferroni, in all comparisons
eﬀectuated) (see Figure 1(c)). In addition, the NKT population was markedly represented in TAV cases than BAV cases,
in the presence or without TAA (p < 0 001 and p < 0 0001, by
the t-test corrected by Welch, resp.; in particular, they were
about the half in BAV versus TAV cases without TAA) (see
Figure 1(c)). No diﬀerences were detected between the two
TAV groups, while signiﬁcantly higher mean levels of NKT
cells were assessed in BAV TAA aﬀected versus BAV subjects
not aﬀected (p < 0 01, by the t-test corrected by Welch)
(see Figure 1(c)).
3.3. Variations in the Circulating Levels of B Cell Populations.
As evidenced in Introduction, B cells contribute in the
chronic immune/inﬂammatory pathophysiology of TAA
[3–10]. Thus, we also evaluated the mean circulating levels
expressed in the absolute number of CD19+ cells, naïve
B cells (IgD+CD27−), memory unswitched B cells (IgD+
CD27+), memory switched B cells (IgD−CD27+), and
double-negative (DN) B cells (IgD−CD27−; i.e., exhausted
memory cells) (see Figures 2(a)–2(e)) in the four groups.
Regarding the CD19+ cells, signiﬁcant diﬀerences were
observed among the four groups (p < 0 01, by the ANOVA
test corrected by Bonferroni, in all comparisons eﬀectuated)
(see Figure 2(a)). Furthermore, the comparisons detected
signiﬁcantly higher mean levels of the CD19+ cells in the
TAV group with TAA versus the TAV group without TAA
(p < 0 001, by the t-test corrected by Welch). No other
diﬀerences were observed (see Figure 2(a)). Likewise, the
mean blood levels expressed in the absolute number of the
IgD+CD27− (naive) B subset were signiﬁcantly diﬀerent
among the four groups (p < 0 001, by the ANOVA test corrected by Bonferroni, in all comparisons eﬀectuated) (see
Figure 2(b)). They resulted to be more marked in the
BAV and the TAV groups with TAA, with higher mean
values in TAV (p < 0 001, by the t-test corrected by
Welch). Between the two BAV groups, no diﬀerences were
detected, while higher mean values were assessed in TAV
with TAA versus TAV without TAA (p < 0 01, by the
ANOVA test corrected by Bonferroni, in all comparisons
eﬀectuated) (see Figure 2(b)).
Similarly, mean levels expressed in the absolute number
of IgD+CD27+ (M. unswitched) B cells (see Figure 2(c))
were moderately diﬀerent among the four groups (p <
0 01, by the ANOVA test corrected by Bonferroni, in all
comparisons eﬀectuated). The highest mean values were
detected in TAV with TAA, which signiﬁcantly diﬀered
from those in BAV aﬀected by TAA (they were about 3
times in TAA) (p < 0 0001, by the t-test corrected by
Welch) (see Figure 2(c)).
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Interestingly, an opposite trend was observed in the
BAV and the TAV groups with respect to IgD−CD27+
(M. switched) B subset levels in patients with and without
TAA (see Figure 2(d)). The mean circulating levels of the
IgD−CD27+ (M. switched) B subset expressed in the absolute number were more marked in BAV without TAA versus BAV with TAA (p < 0 001, by the t-test corrected by
Welch; in BAV with TAA, the values were about the half
of those of BAV with TAA). Signiﬁcant diﬀerences were
also detected between the two TAV groups (without versus
with TAA, p < 0 001, by the t-test corrected by Welch) and
between BAV and TAV aﬀected by TAA (p < 0 001, by the
t-test corrected by Welch) (see Figure 2(d)).
Finally, the mean circulating levels of DN B cells
expressed in the absolute number (see Figure 2(e)) were
signiﬁcantly diﬀerent among the four groups (p < 0 001, by
the ANOVA test corrected by Bonferroni, in all comparisons
eﬀectuated). However, the lowest values were detected in
BAV with TAA, which signiﬁcantly diﬀered with those of
BAV without TAA with p < 0 01 (by the t-test corrected by
Welch) and with those of TAV with TAA (p < 0 0001, by
the t-test corrected by Welch). No diﬀerences were observed
between the two TAA groups (see Figure 2(e)).

4. Discussion
Our study demonstrates that BAV is associated with a reduction in the circulating levels of some T and B lymphocyte
subsets. BAV patients show a signiﬁcant reduction in a number of all T and B subsets examined, with respect to TAV
individuals, with a little trend in the increase (but not significant) in those with TAA (see Figures 1 and 2). Precisely, they
have the lowest levels in MAIT and NKT cell subsets. The
mean levels of the CD4+IL−17A+ cell subset were similar
in the two BAV groups. But they also reﬂect the pattern of
TAV patients without TAA, with the diﬀerence that likely
in BAV patients they are not able to clonically expand and
result as poorly functional, given the trend not in the increase
with the TAA complication (see Figure 1(b)). The same
results have been also obtained (see Figures 2(a)–2(d)) in
all B subsets evaluated, with the exception of the DN B cell
subset. These last showed an inverse trend with more pronounced levels in BAV individuals without TAA versus
BAV individuals with TAA, but are like those in TAV
without TAA (see Figure 2(e)). Diﬀerently, TAV individuals
with or without TAA showed signiﬁcant levels of all T and B
subsets analyzed, with a signiﬁcant trend in the increase in
those aﬀected by TAA (see Figures 1 and 2). Thus, the data
obtained agree upon the results detected from our previous
studies on BAV and TAA conditions [9, 11, 16, 17, 26].
Furthermore, they additionally conﬁrm our previous suggestions about the presence in BAV individuals of unique
cellular, molecular, and genetic mechanisms associated with
TAA onset [11].
Previous studies’ evidence indicated that lymphocytes
play a signiﬁcant role in the development and progression
of aortic aneurysms. T lymphocyte inﬁltration is abundant
in the aortic aneurysm wall in patients [3–9]. B lymphocytes
were also found to inﬁltrate the wall of aortic aneurysms
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signiﬁcantly contributing to their expansion and progression
[10]. Signiﬁcant amounts of T and B immune/inﬂammatory
cells have been also detected by our group in aorta tissues
from 24 BAV patients with TAA than control aortas, but
with higher levels in individuals with tricuspid aortic valve
(TAV) aﬀected by TAA [11]. Animal studies showed that
depletion of both T and B lymphocytes delays the progression of the disease [3–6]. Pharmacological or genetic depletion of T helper lymphocytes and γδ T cells, a subset of T
cells, was, indeed, observed to reduce the progression of aortic aneurysms [12–15].
Surprisingly, even though the presence of BAV is associated with a higher incidence of TAA with respect to TAV,
our data ﬁrstly indicate that this valvular defect is associated
with a reduction in the circulating levels of some T and B
lymphocyte subsets that usually take part to the chronic
immune/inﬂammatory processes involved in the development of common cardiovascular diseases, such as TAA
[6, 10, 18–25]. This data may suggest that the T and B
lymphocyte activation is not likely the unique factor, which
can contribute to the increased rate of the development of
TAA in subjects with BAV. Probably, it might be hypothesized that the potential cause might be a close relationship
between BAV itself condition and the compromised T and
B compartment. Future studies are encouraged to test this
hypothesis and to understand the molecular mechanisms
underlying the reduced circulating lymphocyte levels in subjects with BAV. Previous studies have indicated that BAV
patients more frequently carry mutations in the NOTCH1
gene [27–33]. Moreover, BAV condition presenting together
with ascending aortic dilation has been also demonstrated to
be signiﬁcantly associated with other rare variants in the
NOTCH1 gene [32, 33]. Notch signaling is an important
regulator of inﬂammatory cell maturation and mobilization
[27]. Therefore, it is possible that a defect of Notch signaling
leads to a deregulation of inﬂammatory cells in patients
with BAV.

5. Conclusions: Our Suggestions
and Recommendations
The data obtained indicate that BAV subjects have signiﬁcantly reduced levels in all T and B subsets examined. They
lead us to propose some crucial suggestions, which might
lead to new ways to research. They are summarized in
Table 2. Firstly, this typical proﬁle in T and B lymphocyte
subsets would seem to suggest that BAV individuals may
have an appropriate response to chronic tissue damage, and
earlier than TAV individuals, that generally develop TAA
disease in older ages [17]. Accordingly, this clinical situation
seems to reﬂect what has been observed in older people, as
demonstrated in previous studies from our and other
groups [34–36]. In other words, the immune system in
BAV cases would seem likely to appear as an “old immune
system” with an altered speciﬁc clonotypic component and
an increased innate/inﬂammatory compartment, which is
consequently more easily vulnerable to internal and external stressors, frailty, disability, and disease [34–36]. In
agreement with this suggestion, very marked levels of
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Table 2: Our ﬁndings and suggestions.

Findings

Suggestions

BAV subjects showed the lowest levels in MAIT and NKT cell
subsets for T compartment examined (see all Figures 1(a)–1(c).
Despite this, they surprisingly had mean levels of CD4+IL−17A+
cell subset, which were like those of TAV without TAA. While
for the B compartment, the BAV individuals, independent to
TAA disease, showed low and similar levels in the two groups
(see Figures 2(a)–2(d)) in all B subsets evaluated, with the
exception of the DN B cell subset. These last showed an inverse
trend with more pronounced levels in BAV without TAA versus
BAV individuals with TAA, but are like those in TAV without
TAA (see Figure 2(e)).

(1) They would suggest that BAV individuals may have unaltered
response to chronic tissue damage and, earlier than TAV
individuals, that generally develop TAA disease in older ages [17].
(2) Although, they show a CD4+IL−17A+ cell subset that would seem
to be not compromised, but not able probably to clonically expand,
or poorly functional. Accordingly, the signiﬁcantly reduced
numbers of T and B lymphocyte subsets from BAV individuals
would be likely similar to those observed in older people, as
demonstrated in previous studies by our and other groups [33–35].
(3) The immune system in BAV cases would seem likely to appear as an
“old immune system” with an altered speciﬁc clonotypic component
and an increased innate/inﬂammatory compartment, which is
consequently more easily vulnerable to internal and external
stressors, frailty, disability, and disease [27–29]. In agreement with
this suggestion, very marked levels of CD68+ monocyte cells have
been observed by our and other groups in aorta specimens from
BAV cases with TAA [3–9, 11].
(4) This might likely justify their higher incidence of chronic immune/
inﬂammatory vascular and aortic complications, such as TAA, at
younger ages than TAV subjects.
(5) A close relationship between BAV itself condition and the
compromised T and B lymphocyte compartments would seem to
be the cause of this altered T and B proﬁle. Here, we hypothesize
that defects in the Notch signaling pathway may be the close
link between the deregulated T and B response and the BAV
itself condition.

TAV individuals with or without TAA showed very signiﬁcant
levels of all T and B subsets analyzed, with a signiﬁcant trend in
(1) In BAV individuals, unique cellular, molecular, and genetic
augment in those aﬀected by TAA (see Figures 1 and 2). The data
mechanisms are associated with TAA onset [11].
obtained agree the results detected from our previous studies on
BAV and TAA conditions.

CD68+ monocyte cells have been observed by our and
other groups in aorta specimens from BAV cases with
TAA [3–9, 11]. This might likely justify their higher
incidence of chronic immune/inﬂammatory vascular and
aortic complications, such as TAA, at younger ages than
TAV subjects.
Furthermore, this altered T and B immune proﬁle in
BAV patients, although evaluated only from a quantitative
view point, may lead us likely to hypothesize the existence
of a close relationship between BAV itself condition and the
compromised T and B lymphocyte compartments. Indeed,
it might speculate the existence in BAV individuals of alterations in pathways physiologically involved in two processes
or in targets that were not exhaustively investigated in our
study. In fact, aneurysm formation and progression are the
outcomes of a complex process, in which more pathways, like
Notch, Toll-like receptor-4, TGF-β, and so on, and their
downstream components might play relevant roles, as
elegantly stressed in a model proposed in our recent review
published in a renowned journal [26]. This could also be
the case of some proteases, whose function has been reported
to be either protective or worsening depending on the
aneurysm’s location or with TGF-β signaling, recently
demonstrated to be able to activate an autocrine IL-1β

pathway acting as a signal recruiting innate immune cells in
the adventitia through CCL2IL-1β [37].
In our case, a pathway that mediates these functions is the
Notch pathway, characterized by 4 type transmembrane
receptors (Notch1–Notch4) in human. In our speciﬁc case,
our attention is focused on Notch 1. It has been shown to
have pleiotropic eﬀects: stem/progenitor cell fate; regulation
of the life cycle of adult cells and regulation of multiple steps
of T and B cell development in both central and peripheral
lymphoid organs; and the development of cardiovascular
system and so on, as amply described in our recent review
[27]. Furthermore, BAV has been signiﬁcantly associated
with rare but highly penetrant exonal mutations in the
NOTCH1 gene [27–33], and BAV presenting together with
ascending aortic dilation has been also demonstrated to be
signiﬁcantly associated with other rare variants in the
NOTCH1 gene [32, 33]. Accordingly, an impairment of
Notch signaling has been also shown to be involved in the
development and progression of aortic aneurysm, as elegantly summarized in 2017 by Yassine and co-workers [38]
and recently demonstrated by our group in a recent study
(data not shown).
Certainly, additional and larger studies are mandatory to
conﬁrm these promising ﬁndings as well as our suppositions.
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The replication of our results from a very large sample size
might give the possibility of detecting potential molecular,
cellular, and genetic biomarkers to be translated in the daily
clinical practice. In turn, they might consent to identify
BAV subjects at high risk to develop TAA and to provide
an appropriate guidance about their treatments, which might
be diﬀerent from those for TAV subjects with TAA. This
could consent us to suggest speciﬁc clinical recommendations on the surgical approaches to apply in the case of
BAV patients with TAA. The selection of drug therapies
and more suitable surgical procedures with or without
composite aortic root replacement represents the major
object of current cardiovascular studies. Based on our previous and current data, we suggest to go beyond the values
of the aorta’s diameter and growth rate as the only parameters for the surgical recommendation [39]. The surgical
strategy would also consider not only the clinical features
but also the molecular, cellular, and genetic proﬁles of
everyone and particularly in the case of BAV condition. It
would be interesting to initiate discussion about personalized
therapeutic and surgical recommendations, particularly in
the case of BAV condition.
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In the vasculature, NADPH oxidase is the main contributor of reactive oxygen species (ROS) which play a key role in endothelial
signalling and functions. We demonstrate that ECV304 cells express p47phox, p67phox, and p22phox subunits of NADPH oxidase, as
well as formyl peptide receptors 1 and 3 (FPR1/3), which are members of the GPCR family. By RT-PCR, we also detected Flt-1 and
Flk-1/KDR in these cells. Stimulation of FPR1 by N-fMLP induces p47phox phosphorylation, which is the crucial event for NADPH
oxidase-dependent superoxide production. Transphosphorylation of RTKs by GPCRs is a biological mechanism through which the
information exchange is ampliﬁed throughout the cell. ROS act as signalling intermediates in the transactivation mechanism. We
show that N-fMLP stimulation induces the phosphorylation of cytosolic Y951, Y996, and Y1175 residues of VEGFR2, which
constitute the anchoring sites for signalling molecules. These, in turn, activate PI3K/Akt and PLC-γ1/PKC intracellular
pathways. FPR1-induced ROS production plays a critical role in this cross-talk mechanism. In fact, inhibition of FPR1 and/or
NADPH oxidase functions prevents VEGFR2 transactivation and the triggering of the downstream signalling cascades. N-fMLP
stimulation also ameliorates cellular migration and capillary-like network formation ability of ECV304 cells.

1. Introduction
Vascular endothelial growth factor receptor 2 (VEGFR2)/
Flk-1/KDR and VEGFR1/Flt1 are members of the receptor
tyrosine kinase (RTK) family and bind to vascular endothelial growth factor (VEGF) promoting organization, migration, proliferation, and formation of vascular structures of
endothelial cells (ECs) [1]. In the human VEGFR2, Y951,
Y1054, Y1059, Y1175, and Y1214 residues have been
detected as phosphorylation sites [2, 3] and Y801, Y996,
and Y1008 residues have been involved in VEGFR2 signalling
[4, 5]. The phosphorylated Y1175 residue binds to phospholipase Cγ (PLC-γ) [3], as well as with the adaptor molecules
Shb [6] and Sck [7], whereas the phosphorylated Y951 residue mediates binding for VEGF receptor-associated protein
(VRAP), which is also known as a T cell-speciﬁc adapter
(TSAd), which is crucial for EC migration in vitro and cell
actin reorganization [2]. The phosphorylated Y1214 residue

of VEGFR2 represents an anchoring site for the adaptor
protein Nck [8], whereas the role of the phosphorylation
of Y1224, Y1305, Y1309, and Y1319 residues in the Cterminal tail still remains to be determined.
The G protein-coupled receptors (GPCRs) are a superfamily of plasma membrane proteins activated by several
ligands. Their agonist-speciﬁc stimulation induces G protein
dissociation and, in turn, the activation of membraneassociated enzymes, intracellular second messengers, or ion
channels. The human formyl peptide receptors 1, 2, and 3
(FPR1, FPR2, and FPR3) are members of the GPCR family
and are all associated with pertussis toxin- (PTX-) sensitive
Gi proteins [9–11]. FPR1 binds to eﬃciently N-formylmethionyl-leucyl-phenylalanine (N-fMLP), whereas FPR2
is eﬀectively activated by low concentrations of WKYMVm
peptide [12]. The signiﬁcant biological functions of FPR1
and FPR2 are supported by the discovery of high-aﬃnity
host-derived ligands. These two receptors are expressed in
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several cell types [13, 14], whereas FPR3, which does not
bind to N-fMLP or WKYMVm, is expressed in monocytes, dendritic cells [9–11], and human umbilical vein
endothelial cell (HUVEC) primary cultures [15]. FPR2 is
also expressed on nuclear membranes of human lung carcinoma CaLu-6 and human gastric adenocarcinoma AGS
cell lines [16, 17].
The most important source of ROS in ECs is NADPH
oxidase, which consists of cytosolic subunits p47phox,
p40phox, p67phox, and the small GTPase Rac1 and of
membrane-associated proteins p22phox and gp91phox. In several cell types, FPR stimulation by N-fMLP or WKYMVm
induces superoxide generation as a consequence of MEKand PKC-dependent phosphorylation of the regulatory
subunit p47phox, which is in large part prevented by preincubation with PTX [13, 18–20]. NADPH oxidase-derived
ROS act as intracellular second messengers by activating
several redox signalling cascades implicated in VEGFR2
autophosphorylation, EC migration, angiogenesis, proliferation [21], and postnatal angiogenesis in vivo [22]. Nevertheless, molecular mechanisms responsible for NADPH oxidase
activation and the function of ROS in redox signalling
linked to angiogenesis remain unclear.
Even though GPCRs are deﬁcient of an intrinsic tyrosine
kinase activity, binding of speciﬁc ligands may induce
tyrosine phosphorylation of RTKs. The agonist-dependent
stimulation of GPCRs can enhance the signalling activity of
RTKs, linking the ample heterogeneity of GPCRs with the
eﬀective signalling abilities of RTKs. Transactivation of
RTKs by GPCRs may occur by diverse molecular mechanisms, which include the activation of metalloexopeptidases
and metalloendopeptidases, the involvement of nonreceptor
tyrosine kinases associated with the membrane, or NADPH
oxidase-dependent ROS generation [23]. In diﬀerent cell
types, FPR2 stimulation prompts phosphorylation of tyrosine residues of EGFR, which provide anchoring sites for
the recruitment and activation of intracellular signalling
pathways [24], and HGF receptor transphosphorylation,
thereby inducing part of the molecular responses triggered by c-Met/HGF binding [19]. ROS play a crucial
role in these cross-talk mechanisms since the inhibition
of NADPH oxidase functions prevents EGFR and c-Met
transactivation [19, 24].
Herein, we show that ECV304 cells express FPR1,
Flk-1/KDR, and p47phox and that FPR1 stimulation by
N-fMLP induces NADPH oxidase-dependent ROS generation as well as the transphosphorylation of cytosolic
Y951, Y996, and Y1175 residues of VEGFR2. These phosphotyrosines represent anchoring sites for signalling molecules that, in turn, activate PI3K/Akt and PLC-γ1/PKC
intracellular pathways involved in cell attachment and cell
migration of ECs. Furthermore, FPR1 activation also
ameliorates cellular migration and capillary-like network
formation of ECV304 cells.

2. Materials and Methods
2.1. Antibodies and Chemicals. The N-fMLP peptide was synthesized and HPLC-puriﬁed by PRIMM (Milan, Italy). SDS-
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PAGE reagents were purchased from Bio-Rad (Hercules, CA,
USA). Protein A/G Plus, anti-Flk1, anti-p-Flk1 (Tyr951),
anti-p-Flk1 (Tyr996), anti-p-Flk1 (Tyr1175), anti-p-Flk1
(Tyr1214), anti-p-Tyr, anti-p47phox, anti-p22phox, anti-pPLCγ1 (Y783), anti-PLCγ1, anti-PKCα, anti-PKCβII, antiPKCζ, anti-PKCδ, anti-tubulin, anti-mouse, and anti-rabbit
were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti-p-PI3K (p85) and anti-p-Akt (Ser473) were from
Cell Signaling Technology (Danvers, MA, USA). Anti-p-Ser,
p22phox siRNA (SI03078523), and scramble control siRNA
(SI03650318) were from Qiagen (Hiden, Germany). FPR1
siRNA (L-005140-00) and scramble control (D-001810-10)
were purchased from Dharmacon (Lafayette, CO, USA).
Protein A-horseradish peroxidase was from Amersham
Pharmacia Biotech (Little Chalfont, Buckinghamshire, UK).
Pertussis toxin (PTX), apocynin, wortmannin, and LY294002
were from Sigma (St. Louis, MO, USA).
2.2. RNA Puriﬁcation and RT-PCR Analysis. Total RNA was
puriﬁed from ECV304 cells by TRIzol reagents (Thermo
Fisher Scientiﬁc) according to the manufacturer’s instruction, and 0.1 μg of RNA was used as a template for reverse
transcription experiments, as previously described [25].
Primer sequences designed to amplify human coding regions
and relative product sizes are reported in Table 1.
2.3. Cell Culture. ECV304 cells (ATCC®CRL-1998) were
obtained from ATCC (Rockville, MD, USA) and were grown
in Dulbecco’s modiﬁed Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS), 100 U/ml penicillin, and
100 μg/ml streptomycin. Cells were serum-starved for 24
hours, once they reached 80% of conﬂuence, and then stimulated with 0.1 μM N-fMLP peptide for various times, as
reported in the ﬁgures. In other experiments, serum-starved
cells were preincubated with 100 ng/ml PTX for 16 hours,
50 μM LY294002 for 1 hour, 0.5 μM wortmannin for 1 hour,
or 100 μM apocynin for 2 hours, before stimulation with
0.1 μM N-fMLP for 5 minutes. Short interfering RNA experiments were performed incubating 4 × 105 cells with 5 nM
siRNAs for 12 hours, in DMEM containing 10% FBS and
20 μl of HiPerFect (Qiagen, Hiden, Germany). Cells were
then serum-starved for 24 hours and stimulated with
0.1 μM N-fMLP for 5 minutes. ECV304 cells were also incubated with 20 ng/ml VEGF, as a control.
2.4. Western Blotting and Immunoprecipitation Assays.
ECV304 cells were incubated with N-fMLP with or without
speciﬁc inhibitors as described above. Whole lysates were
puriﬁed in buﬀer containing 150 mmol/l NaCl, 50 mmol/l
Tris-HCl (pH 8.5), 2 mmol/l EDTA, 1% v/v NP-40, 0.5%
w/v deoxycholate, 10 mmol/l NaF, 10 mM sodium pyrophosphate, 2 mmol/l PMSF, 2 μg/ml leupeptin, and 2 μg/
ml aprotinin (pH 7.4), as previously described [26]. Lysates
were incubated at 0°C for 15 min and then centrifuged at
38000 ×g for 15 min at 4°C. Puriﬁcation of membrane
proteins was performed as previously described [19]. BioRad protein assay (Bio-Rad, Hercules, CA, USA) was used
to determine protein concentration. Proteins were resolved
on a 10% SDS-PAGE, and immunoblot experiments were
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Table 1: Forward and reverse PCR primer sequences.
Primers
β-Actin
Flk-1/KDR

Flt-1

Flt-4

FPR1

FPR2

FPR3
p47phox
p22phox
p67phox

Primer sequence
5′-TGATCACCATTGGGAATGAG-3′
5′-CAGTGTGTTGGCGTAGAGGT-3′
5′-GAGGGCCACTCATGGTGATTG-3′
5′-TGCCAGCAGTCCAGCATGGTCTG-3′
5′-GAGAATTCACTATGGAAGATCTGATTTCTTACAGT-3′
5′-GAGCATGCGGATAAATACACATGTGCTTCTAG-3′
5′-CCCACGCAGACATCAAGACG-3′
5′-TGCAGAACTCCACGATCACC-3′
5′-GACCACAGCTGGTGAACAGT-3′
5′-GATGCAGGACGCAAACACAG-3′
5′-GGATTTGCACCCACTGCATTT-3′
5′-ATCCAAGGTCCGACGATCAC-3′
5′-GAGTTGCTCCACAGGAATCCA-3′
5′-ATAGGCACGCTGAAGCCAAT-3′
5′-GGTGGGTCATCAGGAAAGAC-3′
5′-GCAGAAAACGGACGCTGTTG-3′
5′-TGTGCCTGCTGGAGTACCCC-3′
5′-ACACGACCTCGTCGGTCACC-3′
5′-GCCAGGTGAAAAACTACTGC-3′
5′-CTTCCAGCCATTCTTCATTC-3′

performed as previously described [24]. Immunoprecipitation experiments were performed by incubating equal
amounts of proteins with 3 μg of anti-p47phox or antiFlk1 antibodies. Protein expression or phosphorylation
was detected by the ECL chemiluminescence reagent kit
(Amersham Pharmacia Biotech) and visualized by autoradiography. Densitometry analysis was used to quantify
protein or phosphorylation levels by using a Discover
Pharmacia scanner.
2.5. Superoxide Production Assay. Membranes and cytosol
fractions were puriﬁed from serum-starved ECV304 cells
stimulated with 0.1 μM N-fMLP for the times reported in
the ﬁgure. The reduction of cytochrome c was measured
to determine NADPH-dependent superoxide generation, as
previously described [24]. Brieﬂy, 10 μg of membrane proteins and 200 μg of cytosolic proteins were incubated in
PBS in the presence of 15 μM GTP-γ-S, 100 μM cytochrome
c, and 10 μM FAD in a ﬁnal volume of 1 ml. Superoxide
production was monitored at 550 nm, after the addition of
100 μM NADPH. Cells were also incubated with 200 U/ml
superoxide dismutase (SOD), as the control of the speciﬁcity
of cytochrome c reduction. Superoxide anion generation
was measured as the SOD-inhibitable reduction of ferricytochrome c. Individual treatments were compared with the
values obtained from growth-arrested ECV304 cells by
Student’s t-test.

Product size
154 bp

709 bp

498 bp

380 bp

474 bp

528 bp

760 bp

210 bp

441 bp

246 bp

2.6. Cell Migration Assay. ECV304 cells were grown as
described above until they reached 100% conﬂuence, and a
wound was induced in the monolayer by scratching it with
a sterile 80 μm diameter tip. Cells were incubated in serumdeprived medium at 37°C at 5% CO2, and time-lapse images
were taken every 12 hours up to 36 hours after wound generation by using the Leica AF6000 Modular System and processed by using the Leica LAS AF light software. The
covered surface was quantiﬁed with the ImageJ software.
2.7. Capillary-Like Network Formation. 48-multiwell plates
were coated with 150 μL of Matrigel (BD Bioscience) per
well and then allowed to polymerize for 30 minutes at
37°C, according to the manufacturer’s instructions. 1 × 105
ECV304 cells, pretreated or not with 100 ng/ml PTX, were
plated in the precoated wells with serum-free DMEM in the
presence or absence of 0.1 μM N-fMLP or 20 ng/ml VEGF
(Gold Biotechnology, Olivette, USA) for 16 hours at 37°C.
Network formation was acquired with the Leica AF6000
Modular System, and the total tube length was measured by
using the ImageJ software.
2.8. Statistical Analysis. All the reported data are expressed as
means ± SD and represent at least three unrelated experiments. Statistical analyses were evaluated by Student’s t-test,
and their signiﬁcance was considered with a minimum value

4
of p < 0 05. All statistical analyses were performed with the
Prism statistical software.

3. Results and Discussion
3.1. ECV304 Cells Express Flt-1, Flk-1/KDR, NADPH
Oxidase, and a Functional FPR1 Receptor. ECV304 cells
were initially described as a HUVEC-derived transformed
cell line [27], but they were later characterized, by genetic
relationship, as a cell line derived from human urinary bladder carcinoma T24 cells [28]. Nevertheless, although not of
HUVEC origin, ECV304 cells show many characteristics
of ECs [29, 30] and present both epithelial and endothelial
features [31], a number of which are solely endothelial
markers and consequently not detected in T24 cells [30].
Therefore, ECV304 cells seem to be a relevant model for
the study of molecular mechanisms in the endothelium, such
as signal transduction, cell migration, and capillary-like
network formation.
In these cells, we detected, by RT-PCR, the expression of
Flt-1 and Flk-1/KDR (Figure 1(a)), but not of Flt-4, which is
expressed only in lymphatic endothelial cells. The two VEGF
receptors were also detected by immunostaining in ECV304
cells [32]. We also analyzed the expression of FPRs, and we
provided the ﬁrst evidence that FPR1 and FPR3 but not
FPR2 (Figure 1(b)) are expressed in ECV304 cells. This cell
line also expresses p47phox, p67phox, and p22phox subunits of
the NADPH oxidase enzymatic complex (Figure 1(c)). In
human ﬁbroblasts, stimulation of FPRs with N-fMLP
induces p47phox phosphorylation, which is the crucial event
required for NADPH oxidase activation [13]. In ECV304
cells, FPR1 is a functional receptor; in fact, stimulation with
0.1 μM N-fMLP triggers time-dependent phosphorylation
of p47phox (Figure 1(d)) which is entirely inhibited by preincubation with PTX (Figure 1(e)). Furthermore, incubation
with N-fMLP for diﬀerent times stimulates NADPH
oxidase-dependent superoxide production, with a maximum
of ROS generation occurring at 6 min (Figure 1(f)).
3.2. FPR1 Stimulation by N-fMLP Promotes Flk-1/KDR
Transactivation. Cellular eﬀects of VEGF-A on ECs, such as
permeability, migration, survival, and proliferation, are
mediated by Flk-1/KDR, which binds VEGF-A to the second
and third extracellular Ig-like domains. This allows the correct placement of the intracellular kinase domains, which
results in the Flk-1/KDR autophosphorylation [33].
Cross-talk between GPCRs and RTKs modulates
downstream signalling pathways involved in many biological
functions of mammalian cells [19, 23, 24, 34]. Therefore, we
analyzed Flk-1/KDR transactivation by FPR1 in ECV304
cells, and in Western blot experiments, we noticed that
the incubation with 0.1 μM N-fMLP increases Flk-1/KDR
tyrosine phosphorylation in a time-dependent manner
(Figure 2(a)). VEGFR2 is the main signal transducer in
ECs, and in the human Flk-1/KDR intracellular domain,
multiple tyrosine residues have been detected as phosphorylation sites, including Y801, Y951, Y996, Y1008, Y1054,
Y1059, Y1175, and Y1214 [2–4]. The FPR1 agonist triggers
the phosphorylation of Y951, Y996, and Y1175 residues
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of Flk-1/KDR within the ﬁrst 5 min (Figure 2(b)), which
is completely inhibited by preincubating ECV304 cells with
PTX before N-fMLP exposure (Figure 2(c)). A signiﬁcant
reduction in the phosphorylation levels of Y951, Y996,
and Y1175 residues is observed when cells are preincubated with siRNAs against FPR1 before N-fMLP treatment
(Figure 2(d)), indicating that VEGFR2 transphosphorylation
is mediated by FPR1.
3.3. Flk-1/KDR Transactivation Depends on NADPH
Oxidase-Dependent ROS Generation. The main source of
ROS in the arterial wall and ECs is NADPH oxidase [35],
which can be activated by several stimuli including GPCR
agonists [23, 36]. In nonphagocytic cells, NADPH oxidase
expression depends on the cellular types and surrounding
conditions and produces ROS at low levels [21, 23], which
can act as signalling molecules by reversible oxidation/reduction of cysteines located in the catalytic site of protein tyrosine phosphatases (PTPs) [19, 21, 37, 38]. ROS can play a
role in RTK transphosphorylation by preventing the PTPase
action and, in turn, changing the RTK from a nonphosphorylated to a phosphorylated state. A number of PTPs, such as
LMW-PTP (HCPTPA), SHP-1, and SHP-2, are associated
with Flk-1/KDR upon VEGF stimulation [39, 40]. We preincubated ECV304 cells with apocynin (Figure 3(a)), which
speciﬁcally inhibits NADPH oxidase, or with a siRNA against
p22phox (Figure 3(b)), an essential component of the
membrane-associated NADPH oxidase, and we noticed that
the FPR1-induced transphosphorylation of Y951, Y996, and
Y1175 residues of Flk-1/KDR is prevented by the arrest of
NADPH oxidase functions (Figures 3(a) and 3(b)). These
results demonstrate that FPR1-mediated superoxide generation feeds the cross-talk between FPR1 and Flk-1/KDR.
3.4. FPR1-Induced Flk-1/KDR Transactivation Triggers the
PI3K/Akt Pathway. Phosphorylated tyrosine residues of
Flk-1/KDR represent anchoring sites for signalling molecules
that trigger intracellular pathways, which, in turn, activate
biological responses such as cell proliferation and migration
[41]. In the human VEGFR2, several phospho-tyrosines have
been identiﬁed [1–4] and so far Y951, Y996, Y1054, Y1059,
Y1175, and Y1214, in the kinase insert domain, in the kinase
domain, and in the C-terminal tail of VEGFR2, have been
deﬁned as the main autophosphorylation sites [42]. Phosphorylation of Y1175, within the pYIVL sequence, provides
a docking site for several signalling molecules, including
PLC-γ [3] and the adaptor proteins Sck [7] and Shb [6].
Shb contains an SH2 and a PTB domain, four presumed tyrosine phosphorylation sites, and a proline-rich N-terminus
motif [6]. Shb binds to phospho-tyrosine Y1175 of VEGFR2,
resulting in its Src-dependent phosphorylation [6]. Shbdependent binding to the Y1175 residue is important for
the PI3K response, but it is unclear how this eﬀect is pursued.
The SH3 domain of PI3K (p85) could interact with Shb at the
level of the proline-rich motif; otherwise, the eﬀect could be
mediated by focal adhesion kinase (FAK), which is involved
in cellular attachment and migration [43]. Silencing of Shb
by small interfering RNA (siRNA) results in the arrest of
PI3K activation.
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Figure 1: ECV304 cells express Flk-1/KDR, FPR1, and NADPH oxidase. Total RNA was puriﬁed from ECV304 cells. cDNA was coampliﬁed
by using (a) Flk-1/KDR (lane 1), Flt-1 (lane 2), or Flt-4 (lane 3); (b) FPR1 (lane 1), FPR2 (lane 2), or FPR3 (lane 3); and (c) p47phox (lane 1),
p67phox (lane 2), p22phox (lane 3), or β-actin primers. PCR products were separated on a 1.5% agarose gel and stained with ethidium bromide.
(d) Serum-starved ECV304 cells were stimulated with 0.1 μM N-fMLP for the indicated times or (e) preincubated with PTX before N-fMLP
stimulation for 5 minutes. Whole lysates (1 mg) were immunoprecipitated with an α-p47phox antibody and resolved on 10% SDS-PAGE.
p47phox phosphorylation was determined by using an α-p-Ser antibody. An α-p47phox antibody served as a control for protein loading. (f)
Superoxide production was determined as a SOD-sensitive rate reduction of cytochrome c in serum-starved ECV304 cells stimulated
or not with 0.1 μM N-fMLP for the indicated times. All the experiments are representative of at least three independent experiments.
∗
p < 0 05 compared with unstimulated cells.

The phosphorylated Y951 residue in the VEGFR2 kinase
insert domain binds to TSAd which is equivalent to Rlk- and
Itk-binding protein (RIBP), Lck adaptor (LAD), and VRAP
[44]. Y951-mediated binding between VEGFR2 and TSAd
plays a critical role in cell migration of ECs and VEGF-

induced actin reorganization. In fact, site-directed mutagenesis of Y951 to F951 in Flk1/KDR, or silencing by siRNA of
VRAP/TSAd expression, prevents VEGFA-mediated migration [2]. Stimulated RTKs typically activate PI3K by inducing
phosphorylation of a tyrosine residue within an YXXM
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Figure 2: FPR1 activation promotes Flk-1/KDR transphosphorylation. (a) Whole lysates (900 μg) puriﬁed from serum-starved ECV304 cells
stimulated with 0.1 μM N-fMLP for the indicated times were immunoprecipitated with an α-Flk-1 antibody, and Flk-1 tyrosine
phosphorylation was detected with an α-pY antibody. An α-Flk1 antibody served as a control for protein loading. (b, c, d) Fifty
micrograms of whole lysates, puriﬁed from ECV304 cells, was resolved on 10% SDS-PAGE. The cells were (b) stimulated with N-fMLP
for the indicated times, (c) stimulated with N-fMLP for 5 minutes in the presence or absence of PTX, or (d) incubated for 12 hours with
5 nM siRNA against FPR1 (FPR1 siRNA) or negative control siRNA (NC siRNA) in DMEM containing 10% FBS in the presence of 20 μl
of HiPerfect. The ﬁlters were immunoblotted with α-pFlk-1 (Y951), α-pFlk-1 (Y996), α-pFlk-1 (Y1175), or α-pFlk-1 (Y1214) antibodies.
An α-Flk-1 antibody served as a control for protein loading. ∗ p < 0 05 compared with unstimulated cells. ° p < 0 05 compared with
unstimulated cells. # p < 0 05 compared with unstimulated cells.

motif, which represents an anchoring site for SH2 domains of
the p85 regulatory subunit of PI3K. Binding of PI3K to the
YXXM motif mediates Akt activation. Phosphorylation of
the tyrosine residue is mediated by TSAd, which activates
members of Src family kinases [45, 46]. Flk-1/KDR does
not have a pYXXM motif detected by the SH2 domain of
the p85 subunit [47]; nevertheless, a binding site for the
p85 subunit of PI3K is localized in the Gab1 adaptor protein,
which also binds to VEGFR2, although the exact binding site
in the receptor is unknown [48, 49].
In ECs, VEGFA-induced cell survival depends on Flk-1/
KDR and on the consequent activation of PI3K and Akt,

which induces A1 and Bcl-2 expression [50]. We analyzed
PI3K activation in N-fMLP-stimulated ECV3014 cells, and
in Western blot experiments, we detected that N-fMLP stimulates PI3K (p85) phosphorylation in a time-dependent manner (Figure 4(a)). This is prevented by pretreating EVC304
cells with PTX or apocynin (Figure 4(b)), suggesting that
PI3K (p85) phosphorylation depends on PTX-sensible GPCR
and NADPH oxidase-dependent superoxide generation.
Activation of PI3K and production of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) result in the
consequent activation of Akt by PDK1 and PDK2, which
phosphorylate Akt at T308 and S473 residues, respectively.
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Figure 3: Flk-1/KDR transactivation depends on NADPH oxidase activation. (a) Serum-starved ECV304 cells were stimulated with 0.1 μM
N-fMLP for 5 minutes in the presence or absence of 100 μM apocynin, or (b) ECV304 cells serum-deprived for 24 hours were incubated for 12
hours with 5 nM siRNA against p22phox (p22phox siRNA) or negative control siRNA (NC siRNA) in DMEM containing 10% FBS in the
presence of 20 μl of HiPerfect and stimulated with 0.1 μM N-fMLP for 5 minutes. Fifty micrograms of whole lysates were resolved on 10%
SDS-PAGE and immunoblotted with α-pFlk-1 (Y951), α-pFlk-1 (Y996), α-pFlk-1 (Y1175), α-pFlk-1 (Y1214), or α-p22phox antibodies.
An α-Flk-1 antibody served as a control for protein loading. All the experiments are representative of at least three independent
experiments. ∗ p < 0 05 compared with unstimulated cells. ° p < 0 05 compared with unstimulated cells. # p < 0 05 compared with
unstimulated cells. $ p < 0 05 compared with unstimulated cells.

We analyzed Akt phosphorylation in FPR1-stimulated
ECV304 cells, and we observed that N-fMLP induces Akt
(S473) phosphorylation in the same time interval of PI3K
(p85) phosphorylation (Figure 4(c)). Akt (S473) phosphorylation is prevented by preincubation of ECV304 cells with
selective PI3K inhibitors (Figure 4(d)), as well as with PTX,
which blocks FPR1-bound Gi proteins in their inactive form,
or with apocynin (Figure 4(e)). The critical role of FPR1 and
NADPH oxidase in the Akt (Ser473) phosphorylation is supported by the ﬁnding that preincubation with siRNAs against
FPR1 (Figure 4(f)) or against p22phox (Figure 4(g)) before
N-fMLP treatment results in a substantial decrease in the
phosphorylation levels of Akt.
3.5. FPR1-Mediated Phosphorylation of the Y1175 Residue
Provides a Docking Site for PLC-γ1 Activation. The phosphorylated Y1175 residue of Flk-1/KDR represents a binding
site for PLC-γ1 [3] and other adaptor proteins [6, 7]. PLC-γ1
is phosphorylated and its catalytic activity is enhanced as a
consequence of binding to pY1175. PLC-γ plays a crucial role
in angiogenesis, as demonstrated by the observation that
PLC-γ1-deﬁcient mouse embryos die at nearly E9.0 with substantially reduced erythropoiesis and vasculogenesis [51, 52]
and that the mutation of Y1173 in mice (Y1175 in human) is
responsible for the embryonic mortality at E8.5–9.5, as a consequence of anomalies of haematopoietic and endothelial
cells [53]. Furthermore, in zebraﬁsh, PLC-γ1 is required for
arterial development, as demonstrated by the observation

that zebraﬁsh embryos lacking in PLC-γ1 do not respond
to VEGF [54]. These results support the idea that signalling
from pY1175 of VEGFR2 to the PLC-γ/PKC pathway is
essential for vasculogenesis in embryogenesis.
Four activation-induced tyrosine phosphorylation sites
(Y472, Y771, Y783, and Y1254) have been described in
PLC-γ1 [55]. In time-course experiments, we observed
that N-fMLP induces PLC-γ1 activation with the highest
level of Y783 residue phosphorylation occurring at 2 min
(Figure 5(a)). Preincubation of ECV304 cells with PTX or apocynin prevents PLC-γ1 (Y783) phosphorylation (Figure 5(b)),
suggesting that PLC-γ1 activation depends on FPR1 stimulation and NADPH oxidase-dependent ROS generation.
PLC-γ1 catalyzes the hydrolysis of the phosphatidylinositol (4,5)-bisphosphate (PIP2), which results in
the production of diacylglycerol (DAG) and inositol 1,4,5trisphosphate (IP3). IP3 triggers the release of calcium from
endoplasmic reticulum and, therefore, an increase in its
intracellular concentration, whereas DAG activates protein
kinase C (PKC). The PKC isoenzymes PKCα, PKCβ, and
PKCζ are implicated in VEGF-mediated signalling [41, 56].
In N-fMLP-stimulated ECV304 cells, we investigated the
activation of PKC isoenzymes by analyzing their membrane
translocation. We observed that in response to the FPR1 agonist, PKCα, PKCβΙΙ, and PKCζ translocate to the membrane
and a substantial increment in their amount was found
within 2 min of N-fMLP treatment. On the other hand, we
did not observe PKCδ translocation (Figure 5(c)).
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Figure 4: FPR1-mediated Flk-1/KDR transactivation triggers the PI3K-Akt pathway. (a, c) Cell lysates were puriﬁed from serum-starved
ECV304 cells exposed to 0.1 μM N-fMLP for the indicated times. (b, e) ECV304 cells were serum-deprived for 24 hours before the
stimulation for 5 minutes with N-fMLP in the absence or presence of PTX, apocynin, (d) wortmannin, or LY294002. (f) ECV304 cells were
serum-deprived for 24 hours, incubated for 12 hours with 5 nM siRNA against FPR1 (FPR1 siRNA) or (g) against p22phox (p22phox siRNA)
or negative control siRNA (NC siRNA), in DMEM containing 10% FBS in the presence of 20 μl of HiPerfect, and stimulated with 0.1 μM
N-fMLP for 5 minutes. Fifty micrograms of whole lysates was resolved on 10% SDS-PAGE and immunoblotted with (a, b) an α-pPI3K (p85)
or (c–g) an α-pAkt (S473) antibody. An α-tubulin antibody served as a control for protein loading. All the experiments are representative
of at least three independent experiments. ∗ p < 0 05 compared with unstimulated cells. ° p < 0 05 compared with unstimulated cells.
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Figure 5: Tyrosine phosphorylation of 1175 residues of Flk-1/KDR triggers the PLC-γ1/PKC pathway. (a, c) Serum-deprived ECV304 cells
were stimulated with 0.1 μM N-fMLP for the indicated times or (b) for 5 minutes in the presence or absence of PTX or apocynin. (a, b) Fifty
micrograms of whole lysates was resolved on 10% SDS-PAGE, and PLCγ1 phosphorylation on the Y783 residue was detected by using an αpPLCγ1 (Y783) antibody. An α-PLCγ1 antibody was used as a control for protein loading. (c) Membrane proteins (50 μg) were resolved on
10% SDS-PAGE, and PKC isoforms were detected by using the speciﬁc antibodies α-PKCα, α-PKCβII, α-PKCζ, or α-PKCδ as indicated. All
the experiments are representative of at least three independent experiments. ∗ p < 0 05 compared with unstimulated cells.

3.6. FPR1 Stimulation by N-fMLP Promotes Wound
Healing and Capillary-Like Network Formation. Endothelial cell migration is a very critical event during the angiogenesis process. In tumor angiogenesis, endothelial cells
invade the surrounding basement membrane and migrate
into the stroma. Finally, they organize themselves in the
formation of new blood capillaries, which are crucial for
tumor growth.
Several signalling cascades are implicated in Flk-1/
KDR-mediated migration. These involve Y1175 residue
phosphorylation and, in turn, the activation of PI3K, as
well as the phosphorylation of the Y951 residue, which is
a binding site for TSAd [41]. To assess whether FPR1 stimulation by N-fMLP induces cell migration, thus promoting
wound closure, we tested ECV304 cells in an in vitro wound
healing assay. Our results show that N-fMLP induces a
more rapid cell migration with respect to unstimulated
cells, after both 24 and 36 hours (Figure 6(a)). The preincubation with PTX, before stimulation, prevents N-fMLPinduced wound closure (Figure 6(a)), suggesting that it
depends on FPR1 activation.
We also assessed the eﬀects of N-fMLP on capillary-like
network formation in a Matrigel assay, which is considered
an in vitro correlate of angiogenesis. The level of capillarylike network formation was analyzed by measuring the tube
length after 1 day of culture. Cells incubated with 20 ng/ml
VEGF were used as a control. As shown in Figure 6(b),
FPR1 stimulation by N-fMLP results in a signiﬁcant increase
in capillary-like network formation, which is prevented by
preincubation with PTX. The tube lengths were substantially

increased also in control ECV304 cells exposed to VEGF,
compared to untreated cells (Figure 6(b)).

4. Conclusions
We demonstrate that, in ECV304 cells, FPR1 stimulation
by N-fMLP results in NADPH oxidase-dependent ROS
production and VEGFR2 transphosphorylation. Moreover,
we demonstrate that ROS bridge the signals from FPR1
to Flk-1/KDR, as evidenced by the results obtained with
apocynin and with p22phox silencing on VEGFR2 transactivation and on the intracellular signalling cascades elicited
by this receptor. We also show that, as a result of the transactivation mechanism, phosphotyrosines Y951, Y996, and
Y1175 of VEGFR2 create anchoring sites for the enrollment
and activation of the PI3K/Akt and PLC-γ/PKC pathways,
fostering some of the molecular responses elicited by
VEGFA. Finally, we prove that the FPR1-induced signalling
promotes cellular migration and capillary-like network formation of ECV304 cells.
GPCRs represent the largest family of drug targets,
which can bind to receptors with high selectivity and regulate several functions in a predictable manner. The observation that each GPCR can engage multiple signalling
partners, driving multiple cellular responses, leads to the
concept that diﬀerent ligands can have distinct eﬃcacies
toward these diﬀerent pathways.
GPCRs can trigger signalling cascades in a ligand-speciﬁc
manner and can cross-talk with RTKs by amplifying intracellular signalling pathways. NADPH oxidase-derived ROS
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Figure 6: Wound healing and capillary-like network formation induced by FPR1. (a) Representative images (left) and bar graph
quantiﬁcation (right) of ECV304 cell migration from 5 independent experiments. Cells were incubated with 0.1 μM N-fMLP or vehicle in
the presence or absence of PTX. Images were acquired at diﬀerent times (0, 24, and 36 hours) after wound injury (scale bar: 20 μm). (b)
Capillary-like network formation (left) was performed in Matrigel-coated plates. ECV304 cells were incubated with N-fMLP in the
presence or absence of PTX, and bar graphs (right) show the quantiﬁcation of relative tube length from four independent experiments.
Cells incubated with VEGF (20 μg/ml) were used as a positive control (scale bar: 50 μm). ∗ p < 0 05 compared with unstimulated cells.

act as signalling molecules by reversible oxidative inactivation of cysteine sulfhydryl groups of PTPs, which can, in
turn, control the activity of RTKs and their transactivation
[19, 20, 24]. Phosphorylation of cytosolic subunits p47phox
and p67phox is required for NADPH oxidase activation. Our
results show that ROS generation by NADPH oxidase is
tightly regulated and depends on FPR1 stimulation by NfMLP, which triggers p47phox phosphorylation and, in turn,
superoxide generation. The ﬁnding that ROS mediate
Flk-1/KDR transactivation, playing a crucial role in VEGFR2
signalling related to angiogenesis, provides new insights
into NADPH oxidase and/or FPR1 as possible targets for
therapies against angiogenesis-dependent diseases. The
identiﬁed antiangiogenic drugs targeting the VEGFR2 signalling pathways are shared by several RTKs that do not
evoke angiogenesis, and the actual antiangiogenic therapies,
which target either VEGFA action or Flk-1/KDR activity,
may induce the upregulation of other RTKs to overcome
the VEGFR blockade. Cross-talk between FPR1 and Flk-1/
KDR provides further opportunities for drug discovery

strategies for angiogenesis driven by an increase in
VEGFR2 activity, disputing actual thinking in the notion
of pharmacological targets. Elucidation of the signalling
cascades responsible for VEGFR2 transactivation can contribute to the identiﬁcation of new therapeutic targets able
to interfere with the FPR1 pathway. Furthermore, our results
suggest that targeting both FPR1 and VEGFR2 might provide
improved therapeutic eﬀects, compared to targeting either
receptor distinctively.
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In endothelial cells, the tight control of the redox environment is essential for the maintenance of vascular homeostasis. The
imbalance between ROS production and antioxidant response can induce endothelial dysfunction, the initial event of many
cardiovascular diseases. Recent studies have revealed that the endoplasmic reticulum could be a new player in the promotion of
the pro- or antioxidative pathways and that in such a modulation, the unfolded protein response (UPR) pathways play an
essential role. The UPR consists of a set of conserved signalling pathways evolved to restore the proteostasis during protein
misfolding within the endoplasmic reticulum. Although the ﬁrst outcome of the UPR pathways is the promotion of an adaptive
response, the persistent activation of UPR leads to increased oxidative stress and cell death. This molecular switch has been
correlated to the onset or to the exacerbation of the endothelial dysfunction in cardiovascular diseases. In this review, we
highlight the multiple chances of the UPR to induce or ameliorate oxidative disturbances and propose the UPR pathways as a
new therapeutic target for the clinical management of endothelial dysfunction.

1. Introduction
Endothelial cells produce diﬀerent vasoactive substances that
control vascular homeostasis in concert with pro- and antioxidant or pro- and anti-inﬂammatory factors [1–3]. Among
them, nitric oxide (NO) which is produced by nitric oxide
synthases (NOS) and targets guanylyl cyclase of the underlying smooth muscle cells to activate the signalling of vasodilatation plays a key function in blood vessel homeostasis [4, 5].
Endothelial dysfunction (ED) occurs when vascular homeostasis is altered in favour of vasoconstriction, inﬂammation,
and prooxidation, all factors that produce a proatherogenic
and prothrombotic phenotype [3, 6]. ED is the early pathogenic event of several cardiovascular and metabolic diseases
and therefore is predictive of cardiovascular events with fatal
outcome [7, 8]. Reduced endothelium-dependent dilatation

(EDD) is the initial signal of ED. EDD is the consequence
of reduced NO bioavailability resulting from impaired NO
production or increased NO degradation. In this state, endothelial NOS (eNOS) begins to generate reactive oxygen
species (ROS), such as superoxide, a phenomenon known
as “uncoupling” [3–5]. Furthermore, peroxynitrite (ONOO−)
promotes nitration of the eNOS cofactor BH4 and critical
antioxidants, leading to propagation of ED and endothelial
cell death [9]. Similar to eNOS uncoupling, other enzymes
may function as ROS sources, such as NADPH oxidase,
xanthine oxidase, and the mitochondrial respiratory chain
complex, giving rise to OS-induced ED, an event that occurs
in several diﬀerent cardiovascular diseases (CVDs) [10–14].
Increasing evidence identiﬁes endoplasmic reticulum stress
(ER stress) as another source of ROS [15, 16]. As a consequence, a growing number of studies are focused on deﬁning
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the role of ER stress in OS induction aiming at understanding
whether ER stress could have a role as a promoter of ED or
merely worsen ED in human pathologies [14, 17–19]. In this
review, we will analyse the basic mechanisms of ER production of ROS and discuss novel targets for the pharmacological
therapy of CVDs derived from ED.

2. Endoplasmic Reticulum Function and the
Control of the Redox State of the Cell
Redox homeostasis inside the cell is controlled by specialized
mechanisms located in the cytosol, as well as within the
peroxisomes, mitochondria, and the ER. The ER is intensely
engaged in the control of folding and traﬃcking of secretory
proteins [20]. Within the ER lumen, a quality control system
(ERQC) selects properly folded from misfolded proteins that
are addressed to degradation rather than to access downstream cell compartments of the secretory pathway. In this
way, the ER ensures the functions of post ER compartments
and controls the proteostasis and the traﬃcking of secretory
proteins [21–24]. Under normal conditions, the ER has
restricted antioxidant activity and the ER proteostasis is
highly sensitive to the redox state of the cell. Several pathophysiological conditions could disturb the ER proteostasis
by inducing the accumulation of misfolded or unfolded proteins within the ER [25, 26]. This condition is called ER stress
and activates the signalling pathways of the unfolded protein
response (UPR) [27, 28]. The UPR pathways aim to reestablish ER proteostasis throughout diﬀerent outcomes: reducing
ER protein load, potentiating the ER quality control, activating the ER-associated protein degradation machinery
(ERAD), and, eventually, activating autophagy [29]. However, when all the adaptive responses fail, the UPR can
activate the apoptotic programme [30, 31]. Since protein
folding is coupled to ROS formation, the increment of
folding load during ER stress strongly induces ROS production and exacerbates OS [16, 32–34]. The formation of
disulﬁde bonds within the ER requires a stable redox environment. In order to maintain redox homeostasis during
protein folding, the ER is provided with several buﬀering
factors, such as glutathione (GSH), ascorbic acid, and ﬂavin
nucleotides. Speciﬁcally, GSH reacts with and reduces nonnative disulﬁde bonds, thus allowing misfolded proteins to
fold again [35]. In the meantime, speciﬁc oxidoreductases
such as protein disulﬁde isomerases (PDIs), in conjunction
with the ER oxidoreductase 1 (Ero1), catalyse disulﬁde bond
formation [36–38], but this event generates the formation of
hydrogen peroxide (H2O2), the most abundant ROS produced in the ER. During ER stress, the accumulation of misfolded proteins, which requires more cycles of disulﬁde bond
formation and isomerization, produces a higher amount of
H2O2, depletes the ER GSH level, and, as a consequence,
devastates the redox state of the ER [39].

3. The Unfolded Protein Response Pathways:
Oxidative and Antioxidative Control
The ER stress activates the UPR pathways by means of
three transmembrane transducers: the inositol-requiring
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kinase 1 (IRE1), the pancreatic ER kinase (PERK), and
the activating transcription factor 6 (ATF6) [28]. In normal
conditions, the three transducers are maintained inactive
by the chaperone binding immunoglobulin protein/78 kDa
glucose-regulated protein (Bip/GRP78). In stressed conditions, Bip/GRP78 dissociates from IRE1, PERK, and ATF6
and allows UPR activation (Figure 1). The adaptive response
induced by the UPR, if successful, can moderate ROS production within the ER, not only by simply reducing the
folding demand but also by performing another compensative response consisting in the activation of genes encoding
antioxidant factors (Figure 2). In particular, antioxidant control has been linked to the PERK and IRE1 pathways as
shown by the work of Harding et al. [40]. They demonstrated
that ATF4 is essential for GSH synthesis and, as a consequence, for the maintenance of redox balance in the ER.
Moreover, the IRE1/XBP1 branch of the UPR stimulates
the hexosamine biosynthetic pathway (HBP), which is essential for the production of UDP-N-acetylglucosamine (UDPGlcNAc). This compound is crucial for the stress-induced
O-GlcNAc modiﬁcations, which favour cell survival and
increase the defence against ROS [41]. Besides the ATF4/
GSH and the XBP1/HBP antioxidant pathways, the UPR
controls the activation of a potent transcription factor
involved in the antioxidant response: the nuclear factor
erythroid 2-related factor 2 (NRF2) [42, 43]. Under basal
conditions, NRF2 is inactivated by the Kelch-like ECHassociated protein 1 (KEAP1), which induces its degradation
through the cullin3/ring box 1-depedent ubiquitin ligase
complex. During OS, ROS react with speciﬁc KEAP1 cysteines inducing conformational changes that prevent the
binding of de novo-produced NRF2. As a consequence,
newly translated NRF2 can migrate into the nucleus to
activate antioxidant gene transcription [44]. In addition to
that, it is well established that OS-activated PERK could
induce NRF2 phosphorylation and dissociation from KEAP1
[45] enhancing the antioxidant activity of NRF2. Since ER
protein misfolding highly increases ROS, we would expect
that UPR activation could preferentially reduce abnormal
production of ROS. On the contrary, evidence shows that
UPR pathways can even activate ROS production during
ER stress and therefore aggravate the OS (Figure 2). This is
the case of the PERK pathway of the UPR that activates the
transcription factor C/EBP homologous protein (CHOP),
which induces the expression of Ero1 that accounts for the
peroxide production during the oxidative protein folding
[37, 38, 46]. Additionally, CHOP expression can be enhanced
by the ROS-induced activation of the NADPH oxidase
(NOX) members 2 or 4, which induce the double-stranded
RNA-dependent protein kinase (PKR), another activator of
CHOP [47]. The PERK/CHOP axis is not the only pathway
of the UPR that initiates ROS formation. In fact, the
IRE1 pathway of the UPR activates the apoptosis signalregulating kinase 1 (ASK1) [48] and ASK1 activation is also
sustained by the mitochondrial ROS production deriving
from c-Jun N-terminal kinase- (JNK-) mediated inhibition
of the mitochondrial electron transport chain (ETC) [49].
This event leads to the persistent activation of ASK1 thus
linking the activation of UPR to OS-induced apoptosis. The

Oxidative Medicine and Cellular Longevity

3

Folded proteins

IRE1훼

Cytosol

Unstressed

Bip

Bip

PERK

Stressed

Bip

ATF6훼

Bip
Bip
Unfolded/misfolded
proteins

Activation

Cytosol
(a)

IRE1훼
P
P

P
P

eIF2훼

P

uXBP1 mRNA

P-eIF2훼

S1P/S2P
cleavege

GADD34
PP1C

RIDD
sXBP1 mRNA

Preferential
translation

Translation
Cytosol

Cytosol

o
tt
or
sp lgi
an go
Tr the

P
P

XBP1

ATF4

Cytosol

P
P

ATF6훼

PERK

pATF6훼
Golgi

(b)

Nuclear translocation
XBP1

Gene activaton

ATF4

pATF6훼

(i) Protein folding and
transport
(ii) ERAD
(iii) Redox control
(iv) Lipid metabolism
(v) Amino acid metabolism
(vi) Autophagy
(vii) Apoptosis

(c)

Figure 1: The signalling pathways of UPR. (a) During normal conditions, Bip/GRP78 binding to IRE1α, PERK, and ATF6α maintains the
three transducers in an inactive state. In stressed conditions, Bip/GRP78 dissociates from IRE1α, PERK, and ATF6α to help the folding of
secretory proteins and allows the activation of the transducers [28]. (b) After the release from Bip/GRP78, IRE1α dimerizes and
autophosphorylates to activate its kinase and endoribonuclease domains [15]. Activated IRE1α cleaves 26 nucleotides from the mRNA
encoding the X-box-binding protein 1 (XBP1) allowing the translation of XBP1 [140]. Bip/GRP78 dissociation enables also PERK
activation through dimerization and trans-autophosphorylation. Activated PERK phosphorylates eIF2α at Ser51 leading to attenuation of
protein synthesis, thereby reducing ER protein load. During this condition, some mRNA, such as the activating transcription factor 4
(ATF4) mRNA, are preferentially translated [141]. During severe ER stress, ATF4 strongly induces CHOP that triggers the apoptotic
programme in diﬀerent ways [31]. The eIF2α-ATF4 axis can also be activated by other cytosolic kinases allowing the regulation of global
protein synthesis and the preferential translation of speciﬁc mRNA in response to diﬀerent stimuli in a convergent signalling pathway
known as integrated stress response (ISR) [20, 30]. ATF6α is the third ER stress sensor located in the ER membrane. Upon ER stress and
release by Bip/GRP78, ATF6α is packaged into COPII vesicles and transferred to the cis-Golgi where it undergoes intramembrane
proteolysis-speciﬁc cleavage by site 1 protease (S1P) and S2P to produce a transcriptionally active fragment (pATF6α). (c) XBP1, ATF4,
and pATF6α migrate into the nucleus to activate the transcription of speciﬁc UPR genes involved in protein folding and traﬃcking,
ERAD, cellular metabolism, autophagy, and apoptosis [20, 142]. Bip: Bip/GRP78; uXBP1: unspliced XBP1; sXBP1: spliced XBP1.

IRE1 pathway of the UPR also contributes to OS by
increasing thioredoxin-interacting protein (TXNIP) mRNA
levels throughout the reduction of the TXNIP inhibitory
microRNA-17 [50], and such event makes cells more susceptible to OS, since TXNIP inhibits the antioxidant thioredoxin

(TRX) enzyme. Several studies have demonstrated the ﬁne
tuning of the UPR by the OS [51, 52]. OS control of the
UPR is mediated by the protein disulﬁde isomerases PDIA5,
which reduces disulﬁde bonds in the luminal domain of
ATF6, and PDIA6, which reduces speciﬁc cysteines of the
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Figure 2: The oxidative and antioxidant programmes of UPR. The antioxidant (green lines) and oxidative (red lines) pathways of UPR are
depicted on the left or on the right, respectively. The PERK and IRE1α/XBP1 pathways promote the maintenance of ER proteostasis as
follows. (1) There is PERK-mediated activation of the antioxidant transcription factor NRF2 and the promotion of GSH synthesis [45].
(2) There is IRE1α/XBP1-mediated induction of the hexosamine biosynthetic pathway (HBP), which is important for the production
of UDP-GlcNAc [41]. On the right, the ER stress-dependent ampliﬁcation of ROS production (red lines) is depicted. (3) Following ER
stress, the increased folding activity of ER augments ROS production. (4) The ER stress increases the MAM-mediated calcium ﬂux to
mitochondria that inhibits ETC and increases mitochondrial ROS production; moreover, reduced ATP synthesis from the impaired
ETC aﬀects SERCA activity and the consequent ER calcium content which in turn boosts up unfolding [143]. (5) CHOP, through the
induction of Ero1, potentiates calcium eﬄux from the ER. The higher cytosolic calcium activates the Ca2+/calmodulin-dependent
protein kinase II- (CaMKII-) JNK-NOX-protein kinase R (PKR) pathway, which in turn positively feedbacks on CHOP expression
[47, 57]. In addition, Ero1-increased expression potentiates the oxidative protein folding and ROS production. (6) Through microRNA
inhibition, the RIDD activity of IRE1 relieves the expression of TXNIP protein that blocks the antioxidant enzyme TRX [50]. (7) IRE1α
activates the tumor necrosis factor α-associated receptor 2 (TRAF2)/ASK1/JNK pathway that further upregulates the NOX-dependent
ROS production [48, 144]. For detailed discussion and references, see the text. Red: reduced; Ox: oxidized; TRX: thioredoxin.

luminal domain of PERK and IRE1. In this way, by promoting oxidation of the three UPR sensors, ROS could
modulate the UPR by inhibiting the ATF6 pathway and,
simultaneously, potentiating the IRE1 and PERK pathways.

4. The Endoplasmic Reticulum/Mitochondria
Axis for Reactive Oxygen Species Production
OS activated at the ER level can be transmitted in a Ca2+dependent manner to mitochondria with a consequent production of ROS. Mitochondria are connected to the ER
through mitochondrial-associated ER membranes (MAMs)
[53]. Across MAMs, ATP, Ca2+, metabolites, and ROS are
rapidly transmitted from the ER to mitochondria [54]. As
a consequence, the sustained calcium inﬂux from the ER

into mitochondria triggers the opening of the permeability
transition pore and the release of cytochrome C. Loss of
cytochrome C impairs complex III of the mitochondrial
ETC with the consequent increase of ROS production
[55, 56]. Moreover, Ero1 that is transcriptionally induced
by CHOP during the UPR potentiates the inositol-1,4,5trisphosphate receptor (IP3R)-mediated Ca2+ leakage from
the ER [57, 58]. Under these circumstances, ROS production
could even be enhanced by other mechanisms. Firstly, the
UPR induces the expression of a truncated isoform of SERCA
pumps that increase Ca2+ transfer to mitochondria [59].
Then, impaired ETC aﬀects ATP production inhibiting
SERCA pumps [60]. Furthermore, the ER protein sigma-1
receptor dissociates from Bip/GRP78 following calcium
depletion from ER and stabilizes IP3R at MAM leading
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to a prolonged calcium signalling to mitochondria [61].
Next, PERK is uniquely enriched in MAMs and helps
the tightening of ER-mitochondria contact sites during
chronic ER stress facilitating calcium inﬂux and ROSmediated mitochondrial apoptosis [62, 63]. Nevertheless,
ER Ca2+ pumps and IP3R or ryanodine receptor (RyR)
channels are themselves inﬂuenced by the redox state of
ER [64] together with the IP3 agonist of IP3R channels
[65]. Thus, Ca2+-mediated mitochondrial ROS production
further enhances calcium release from ER, which in turn
impairs Ca2+-dependent chaperone activity and ER homeostasis, resulting in ER stress. Moreover, ROS themselves
impair the ER oxidative protein folding. Indeed, the futile
cycles of disulﬁde bond formation produce more ROS and,
by depleting ATP, stimulate mitochondrial ROS production
and so on. Taken together, these mechanisms create a
vicious cycle of ER stress and mitochondrial dysfunction
that boost each other and decide for apoptosis commitment.

5. Endoplasmic Reticulum Stress and the
Unfolded Protein Response Pathways as
Therapeutic Targets in the Oxidative
Stress-Induced Endothelial Dysfunction
The role of the UPR pathways in the beginning of ED is a
relatively recent area of investigation. Just over ten years
ago Gargalovic et al. [66] were among the ﬁrst to demonstrate
the activation of UPR in human aortic endothelial cells
exposed to oxidized phospholipids. In this work, it was
demonstrated that the UPR factors ATF4 and XBP1 were
both required for the activation of proinﬂammatory proteins
and that the silencing of their expression abolished these
eﬀects. Although the authors did not demonstrate the mechanisms of the UPR induction by oxidised phospholipids, they
hypothesised that an increase in OS could at least in part
explain UPR activation and, in this way, they provided the
ﬁrst proof of the contribution of the ER stress in ED. Since
then, several studies have shown the correlation of ER stress
and UPR to ED in both animal and cellular models [67–70].
The failure of antioxidant therapy in decreasing cardiovascular risk in human clinical trials [71, 72] points up the importance to ﬁnd new therapeutic approaches to counteract OS
induced ED. Since ER stress is closely linked to OS, as discussed in depth in this review, targeting the UPR pathways
or the ER stress could be a successful approach in the attempt
to neutralise OS. Two possible approaches can be used to
counteract OS-induced UPR. One is to modulate directly
the activity of individual UPR mediators. Another consists
of the activation of auxiliary pathways potentiating the
adaptive response to ER stress to relieve unfolding. With
reference to the last option, novel pharmacological inhibitors
of ER stress-induced ED have been identiﬁed. One example is
hyperhomocysteinemia. Hyperomocysteinemia is a cardiovascular risk factor associated with ED, atherosclerotic vascular diseases, and ischemic heart attacks [73]. It is well
established that homocysteine (HC) induces ER stress by
disrupting disulﬁde bond formation and that ER stress
activates apoptosis in vascular cells through the upregulation

5
of CHOP [74]. Instead, the activation of the PERK pathway
of the UPR can induce endothelial detachment-mediated
apoptosis through the overexpression of the T cell deathassociated gene 51 (TDAG51) [75]. Recently, it has been
reported that HC also impairs EDD following ER stressmediated inhibition of the Ca2+-activated potassium channel
[76] and that the resveratrol analogue piceatannol displays a
protective eﬀect on HC-induced ED through the NRF2mediated upregulation of heme oxygenase 1 (HO-1) [77].
In particular, pretreatment with piceatannol signiﬁcantly
reduced ER stress, homocysteine-induced apoptosis, and
ROS production in endothelial cells [77]. Interestingly, many
natural compounds can ameliorate ED through the reduction
of ER stress-induced OS. As an example, black tea extracts
improved endothelial-dependent relaxation and attenuated
ROS production in HC-treated rat aortae and in cultured
rat aortae cells through the suppression of ER stress both
in HC- and angiotensin II-induced hypertension [78].
Another compound extracted from the Chinese herb barberine showed the ability to reduce endothelial-dependent contraction in carotid arteries from spontaneous hypertensive
rats through the alleviation of ER stress, the reduction of
ER stress-dependent ROS production, and the downregulation of the ROS-dependent expression of cyclooxygenase-2
(COX-2) [79]. This eﬀect depended on the activation of
AMP activated protein kinase (AMPK). AMPK is a protein
involved in the control of energy status, whose induction
has been correlated with the mitigation of ER stress in several
studies [79–82]. The upregulation of AMPK is another
putative way to induce an auxiliary pathway reducing ER
stress. An example of the therapeutic eﬀect of AMPK activation is the work by Li et al. [83], in which the natural
triterpenoid ilexgenin A was found to be therapeutic in
high-fat diet- (HFD-) fed mice and in endothelial cells
stimulated with palmitate. In these models, ilexgenin A
reduced ER stress and ER stress-dependent ROS generation
through the inhibition of the NOD-like receptor family pyrin
domain containing 3 (NLRP3) inﬂammasome and this eﬀect
depended on enhanced AMPK activity. Moreover, in HFDfed mice the oral administration of ilexgenin A improved
signiﬁcantly endothelial function with the recovery of EDD
and NO production [83]. These results strongly suggested
that AMPK activation is helpful to reduce ER stress and ED
and have triggered the study of new pharmacological
inducers of AMPK. Among them, aminoimidazole carboxamide riboside (AICAR), salicylate, cycloastragenol, and
astragaloside-IV inhibit ER stress-dependent ROS generation
and the induction of NLRP3 inﬂammasome in various
models of palmitate-induced ED [84, 85].
Although the molecular mechanism involved in AMPKdependent mitigation of ER stress was not fully addressed,
it could be possible that the key target of the AMPK action
is the inhibition of the OS-generated upstream or downstream of the ER stress, so that this event is responsible for
the TXNIP induction and NLRP3 inﬂammasome formation.
In this regard, Li et al. [84] demonstrated that salicylate and
AICAR, through the activation of AMPK, inhibited ROS production and the subsequent recruitment of the dynaminrelated protein 1 (Drp1) on the mitochondrial membrane
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preventing mitochondrial ﬁssion and ER stress, thus, linking
mitochondrial dysfunction to ER stress and OS in the generation of endothelial disturbances. Previously, Dong et al.
[80] demonstrated that the AMPK activation by AICAR,
metformin, and simvastatin suppresses ER stress through
the inhibition of NOX-derived ROS and SERCA oxidation
in glycated and oxidized-LDL- (HOG-LDL-) induced ED.
Metformin, in particular, is widely used in diabetic patients
and has been shown to be a strong activator of AMPK in
vasculature [86–89]. AMPK activation following metformin
administration had a therapeutic eﬀect on HFD-fed mice
with the inhibition of ER stress and OS and the restoration
of EDD and NO production [67]. These eﬀects were mediated by the interaction with the proliferator-activated receptor δ (PPARδ) that is responsible for the upregulation of
important pathways involved in lipid metabolism [67, 90].
Similarly, a recent work Choy et al. demonstrated that paeonol exerted a protective eﬀect against tunicamycin-induced
ER stress and the subsequent ED via activation of the
AMPK/PPARδ signalling pathway [91]. AMPK activation
and its beneﬁcial eﬀects on endothelium functions are
also involved in the molecular activity of mangiferin.
The xanthonoid mangiferin was shown to be eﬀective in
high-glucose-induced ED by inhibiting ER stress and ER
stress-dependent OS, and as for other AMPK activators,
the inhibition of NLRP3 inﬂammasome allowed restoration
of NO production and endothelial homeostasis [92]. Still
concerning high-glucose-induced ED, cobalt (III) protoporphyrin IX chloride (CoPP) prevented ER stress, reduced
inﬂammation and apoptosis, and improved endothelium
functions and angiogenesis through the induction of NO
release and vascular endothelial growth factor A (VEGFA)
expression [93]. All these eﬀects were mediated by CoPPmediated induction of HO-1 [93]. A variety of other novel
inhibitors of ER stress including fenoﬁbrate, salidroside,
and sodium hydrogen sulﬁde also have shown to be eﬀective
in the restoration of ER stress-dependent ED [94–96].
Another promising approach to reduce ER stress is
represented by the upregulation of the ER folding capacity
of ER chaperones or by the use of chemical chaperones.
Tauroursodeoxycholate (TUDCA) and sodium phenylbutyrate (PBA) are two chemical chaperones previously
approved by the Food and Drug Administration (FDA)
for the treatment of, respectively, primary biliary cirrhosis
and urea-cycle disorders and several diseases associated to
ER stress and OS [97–100]. Interestingly, TUDCA and
PBA have also displayed cardioprotection eﬀects and therapeutic function on some CVDs such as ischemia/reperfusion
and atherosclerosis [101–103]. Regarding the potential use of
TUDCA and PBA for the treatment of ED, Walsh et al.
demonstrated that oral administration of TUDCA reduced
hyperglycemia-induced ED in humans [104]. In addition,
the extensive use of TUDCA and PBA as chemical inhibitors
of ER stress revealed their ability to inhibit ER stressdependent features of ED such as EDD reduction, reduced
eNOS phosphorylation, inﬂammatory response, and ROS
production in experimental models of ED including hypertension [70, 78, 105], hyperglycemia [106–108], hyperhomocysteinemia [77], and hyperlipidemia [83, 84].
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Another therapeutic strategy to neutralise ER stressinduced ED is the modulation of Bip/GRP78, PDI or Ero1
activity. In particular, a screening study, aimed at the discovery of Bip/GRP78 inducers, identiﬁed the compound BIX
(Bip inducer X). BIX was found to induce Bip/GRP78 expression via the ATF6 pathway and to have protective eﬀects
towards ER stress-dependent apoptosis of neuroblastoma
cells [109]. More interestingly, BIX intracerebral administration in ischemic mice reduced the area of infarction suggesting its potential use also in an ischemic heart [109].
Another promising, therapeutic approach is the targeting
of Ero1. With this regard, Blais et al. identiﬁed the small
Ero1α inhibitor EN460, reporting that this molecule interacted speciﬁcally with the active form of Ero1α and prevented its reoxidation [110]. In the same work, the authors
found that the continuous exposure to a low concentration
of EN460 protected the ER stress-sensitive PERK−/− mouse
embryonic ﬁbroblasts from the exposure to tunicamycin,
suggesting the potential use of Ero1α inhibitors in the protection against the consequences of severe ER stress in
mammalian cells.
Similarly, in the same year, Pal et al. demonstrated
that curcumin and masoprocol preserved PDI from Snitrosylation during cycles of OS, protecting its functional
integrity [111]. In particular, curcumin is a recognised
anti-inﬂammatory and antioxidant drug, whose beneﬁcial
eﬀect is well known for several diseases including cancer,
diabetes, neurological, and CVDs thanks to its capacity to
augment the activity of diﬀerent antioxidant enzymes other
than PDI [112, 113]. Only recently, curcumin was found to
inhibit ER stress, to reduce insulin resistance through the
inhibition of the JNK/insulin receptor substrate-1 (IRS-1)
signalling, and to promote autophagy in endothelial cells
exposed to palmitate, thus emphasizing its possible therapeutic outcome in ED [114].
An alternative strategy for mitigating ER stress is the
modulation of individual UPR pathways such as PERK/
eukaryotic initiation factor 2α (eIF2α) and IRE1/XBP1.
These compounds revealed potential therapeutic features in
several diseases related to ER stress including neurodegenerative and metabolic disorders, cancer, inﬂammatory disorders, and ﬁnally CVDs [115, 116].
With regard to the modulators of the PERK/eIF2α
axis, several small molecules have been identiﬁed. This
class includes salubrinal, a small compound that prevents
the dephosphorylation of eIF2α through the inhibition of
GADD34 and CReP, the two enzymes that direct the
activity of the eIF2α protein phosphatase PP1 [117]. Salubrinal showed powerful protection from ER stress in
several conditions [117–119] including myocardial infarction [120, 121] and oxidized-LDL-mediated ED [122]. On
the contrary, recent studies found that salubrinal could
potentiate lipid-induced ER stress with cytotoxic outcome
[123, 124] suggesting that salubrinal employment in CVDs
has to be accurately evaluated in clinical conditions.
Similarly to salubrinal, guanabenz, which is FDAapproved for the treatment of hypertension, increases eIF2α
phosphorylation during ER stress condition through the
inhibition of the CReP/PP1 complex [125].
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Among the molecules that act directly on the PERK
protein, GSK2606414 and GSK2656157 inhibit PERK
phosphorylation showing promising anticancer activity
[126, 127] and reduced development of prion disease in
prion-infected mice [128]. Recently, ex vivo treatment of
mouse mesenteric arteries with GSK2606414 was found to
counteract the positive eﬀect on vascular function and eNOS
phosphorylation deriving from the overexpression of a
longevity-associated genetic variant of the bactericidal/
permeability increasing fold-containing-family-B-member4 (LAV-BPIFB4) [129]. This work suggests that the potential
therapeutic use of GSK2606414 in CVD could be negated in
patients carrying the LAV-BPIFB4 genetic variant. In addition, or as an alternative, to the modulation of PERK/eIF2α
signalling, the inhibition of the IRE1/XBP1 pathway can also
be achieved to impair UPR in ER stress-dependent diseases.
IRE1/XBP1 signalling can be impaired by inhibiting either
IRE1 kinase activity or IRE1 RNAse activity. STF-083010,
4μ8C, MKC-3946, toyocamycin, and salicylaldehydes are
small molecules targeting IRE1α RNAse activity and blocking XBP1 mRNA splicing and regulated IRE1-dependent
decay of mRNA (RIDD) [130–134]. In contrast, APY29 or
sunitinib inhibited IRE1α kinase activity without aﬀecting
oligomerization and RNAse activity while both activities
were impaired by compound 3 [135, 136].
Overall, the eﬃcacy of these molecules has been tested
in vitro and in few in vivo models of various diseases, and
no data are available from models of CVD. However, given
their therapeutic potential, it will be interesting to investigate
their clinical and biological eﬀects on animal and cellular
models of ER stress-dependent ED and CVD.

6. Conclusive Remarks
CVDs represent the most common cause of death worldwide,
and although the clinical management and the prevention
strategies have improved remarkably, they are still a public
health issue in developed countries. Therefore, the discovery
of new targets for the development of innovative therapeutic
approaches for CVDs remains a fundamental mission of
medical science, also considering that in the future this
matter will be even more critical in view of the rise in lifeexpectancy levels in the population.
In this review, we extensively discussed the connections
between ER stress, UPR, and OS in the pathogenesis of CVDs
derived from ED. Although many aspects are only in part
clear, for example, the contribution of each of the three
branches of UPR and how it changes in acute and chronic
ED, the ER stress and its signalling response certainly represent a promising system to design new molecules and
elaborate new therapeutic methodologies for the management of ED. In this context, we examined how the signalling
pathways of the UPR could be modulated to establish
therapeutic strategies to alleviate ED. Such a result has been
achieved either by enhancing the antioxidative mechanisms
or by inhibiting prooxidative properties of the UPR pathways. The choice between the two strategies depends on the
diﬀerent temporal outcomes of the adaptive response with
regard to the prooxidative and proapoptotic response, the
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ﬁrst being activated earlier and the second upon prolonged
stress induction.
Another factor that should be taken into account
might be the eﬀect of UPR inhibition on other tissues not
experiencing ER stress. For example, PERK expression is
essential for pancreatic β cells, while IRE1α RIDD activity
is expressed in basal conditions and is essential to maintain
ER homeostasis [20, 137]. Moreover, unexpected eﬀects
could come by the inhibition of UPR transducers also in
the targeted tissue. For example, the RIDD activity of IRE1
is crucial for the regulation of microRNA expression during
UPR activation [138, 139]; therefore, inhibition of IRE1
RIDD activity could have deleterious eﬀects on the expression of the microRNA targets. The conﬂicting data regarding
UPR inhibition (such as those concerning salubrinal, as
reported previously) reveal the complexity of UPR response
and indicate that its modulation may exert both protective
and toxic eﬀects depending on the nature of the insult. These
considerations highlight that future eﬀorts are necessary to
solve this puzzle in order to develop new clinical protocols
for the management of ED.
Therefore, further studies are needed in order to deﬁne
the optimal targets for each speciﬁc clinical condition,
develop novel drugs, and prevent possible side eﬀects
deriving from the UPR perturbations.
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The present study aims to explore the protective eﬀect of human bone marrow mesenchymal stem cells (hBMSCs) on radiationinduced aortic injury (RIAI). hBMSCs were isolated and cultured from human bone marrow. Male C57/BL mice were irradiated
with a dose of 18-Gy 6MV X-ray and randomly treated with either vehicle or hBMSCs through tail vein injection with a dose of
103 or 104 cells/g of body weight (low or high dose of hBMSCs) within 24 h. Aortic inﬂammation, oxidative stress, and vascular
remodeling were assessed by immunohistochemical staining at 3, 7, 14, 28, and 84 days after irradiation. The results revealed
irradiation caused aortic cell apoptosis and ﬁbrotic remodeling indicated by aortic thickening, collagen accumulation, and
increased expression of proﬁbrotic cytokines (CTGF and TGF-β). Further investigation showed that irradiation resulted in
elevated expression of inﬂammation-related molecules (TNF-α and ICAM-1) and oxidative stress indicators (4-HNE and 3-NT).
Both of the low and high doses of hBMSCs alleviated the above irradiation-induced pathological changes and elevated the
antioxidant enzyme expression of HO-1 and catalase in the aorta. The high dose even showed a better protective eﬀect. In
conclusion, hBMSCs provide signiﬁcant protection against RIAI possibly through inhibition of aortic oxidative stress and
inﬂammation. Therefore, hBMSCs can be used as a potential therapy to treat RIAI.

1. Introduction
Radiotherapy is an important treatment for malignant
tumors. During the process, normal tissues surrounding the
tumor would be irradiated and damaged. Therefore, when
thoracic malignancies undergo radiotherapy, the thoracic
aorta and other surrounding blood vessels are inevitably subject to radiation damage. Radiation-induced arterial injury
(RIAI) was ﬁrst reported in 1959 and considered as a chronic
damage due to its insidious development for decades before
the appearance of clinical symptoms [1]. Radiation exposure
causes excessive production of eicosanoids, which are endogenous mediators of inﬂammatory reactions, such as vasodilation and vasoconstriction, increased vascular permeability

and extravasation of leukocytes, microthrombus formation,
and vascular endothelial apoptosis [2]. In large vessels, the
main clinical manifestations of RIAI are atherosclerosis, stenosis, and obstruction [1]. It could occur in a variety of locations, including carotid artery [3], arteries of the upper limbs,
axillary artery [4], and subclavian artery [5]. Previous studies
have proved that the severity of large vessel injury was
directly proportional to the dose and length of irradiation
[6]. High-dose radiotherapy is a signiﬁcant risk factor of
accelerated carotid atherosclerotic disease [7].
Numerous clinical observations found that patients
with RIAI suﬀered a lot and even died. For example, stroke
cases were reported after radiotherapy to head and neck
cancers [8]. Patients also suﬀered from angioplasty and
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stenting due to the radiotherapy-related artery stenosis and
thrombosis [4]. However, the clinical drugs of glucocorticoid,
antibiotics, and anticoagulant are only eﬀective for symptomatic relief of RIAI but invalid for prevention. Therefore,
it is urgent to ﬁnd eﬀective methods to prevent or alleviate
RIAI-induced symptoms.
Mesenchymal stem cells (MSCs) are considered as
important seed cells in regenerative medicine due to its powerful capacities of cytokines secretion, immune regulation,
and multiple diﬀerentiation potential [9]. MSCs can be
derived from many tissues, such as umbilical cord blood,
placenta, muscle, adipose tissue, and bone marrow. Among
these, MSCs from bone marrow have the highest proliferative
capacity and keep their pluripotency even after 50 passages
[10]. More and more studies indicated that MSCs had the
beneﬁcial eﬀects on vascular injury [11, 12]. MSCs orchestrate
the repair process of injured vessels by various mechanisms
such as transdiﬀerentiation, microvesicles or exosomes,
and secreting cytokines [13, 14]. MSCs can directly diﬀerentiate into endothelial cells to participate in angiogenesis
[15] or migrate and home to the injured large blood vessel
for vascular repair by regulating various cell cytokines,
such as transforming growth factor beta (TGF-β), vascular
endothelial growth factor (VEGF), and intercellular cell
adhesion molecules (ICAM) [16, 17].
Radiation exposure causes vascular endothelial dysfunction, which leads to vascular inﬂammatory and oxidative stress
[18]. MSCs have been revealed to have the anti-inﬂammatory
function in the repairing process of vascular injuries [19].
Recently, studies also proved that MSCs provide protection
against radiation-induced liver injury and radiation-induced
proctitis by antioxidative and anti-inﬂammatory process to
maintain the vascular endothelial function [20, 21]. MSC
treatment also protected lungs from radiation-induced endothelial cell loss and vascular damage by restoring antioxidant
enzyme superoxide dismutase 1 expression [22]. Most importantly, clinical trials have reported that intravenous administration of allogeneic human bone marrow MSCs (hBMSCs)
is safe for patients [23]. Based on these, cellular therapy of
hBMSCs will be a potential approach to treat RIAI. However,
there is no publication to observe the therapeutic eﬀect of
hBMSCs on RIAI.
Therefore, the present study is designed to apply intravenous administration of hBMSCs to an established RIAI
mouse model so as to evaluate hBMSCs’ potential protective
role against RIAI. This study will provide evidence to use the
human MSCs as a treatment for RIAI.

2. Materials and Methods
2.1. Isolation and culture of hBMSCs. The protocol used in
this experiment was approved by the Ethics Committee of
the College of Basic Medical Sciences of Jilin University
(Changchun, China). Written informed consent was obtained
from healthy volunteers with age from 18 to 45. Samples of
human bone marrow were collected from healthy volunteers
by lumbar puncture in The First Hospital of Jilin University
(Changchun, China). The hBMSCs were isolated and cultured as described in previous studies [10]. Brieﬂy, bone
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mononuclear cells were isolated from human bone marrow
by density gradient centrifugation in a Percoll solution
(1.073 g/ml, Pharmacia, USA). The isolated cells (P0) were
cultured in Dulbecco’s Modiﬁed Eagle’s Medium containing
5.6 mmol/L glucose (DMEM) with 10% fetal bovine serum
(FBS, Invitrogen, Carlsbad, CA). 48 h later, the medium was
changed to wash oﬀ the nonadherent cells. 8–12 days later,
individual colonies were selected, trypsinized, and replated
as the ﬁrst passage culture (P1). Cells were passaged every
3-4 days, and hBMSCs at the 5th passage (P5) were harvested
for identiﬁcation and transplantation in vivo.
2.2. Flow Cytometry Analysis. P5 hBMSCs were incubated for
1 h at 4°C with the following mouse anti-human antibodies
(diluted at 1 : 100): CD105, CD73 (BD Biosciences, Bedford,
MA), CD166, CD44, CD34, CD45, and CD31(Neo Marker,
Fremont, CA) then incubated with secondary antibodies of
CY3 or FITC (Abcam, Cambridge, MA) for 30 min at 4°C.
hBMSCs were then analyzed using a FACS Calibur ﬂow cytometer (BD Biosciences, San Jose, CA, USA).
For cell cycle analysis, 1 × 107 hBMSCs at P5 were harvested, ﬁxed in 70% ethanol for 20 min at 4°C, washed twice
with PBS, and stained with 50 μg/ml propidium iodide (PI,
BD Biosciences) at 4°C for 30 min in the dark. Samples were
analyzed by FACS Calibur using Cell Quest software in 24 h.
2.3. Immunoﬂuorescent Staining. The P5 hBMSCs were ﬁxed
with 4% formaldehyde, treated with 3% H2O2, blocked in
1%BSA, then incubated with monoclonal antibodies against
CD44, CD73, CD166, and CD105 (BD Biosciences, Franklin
Lakes, NJ, USA, 1 : 1000 dilution) at 4°C overnight, and then
incubated with IgG conjugated with ﬂuorescence CY3 or
FITC (1 : 200). Fluorescence signals were observed by laser
scanning confocal microscopy (Olympus FV500, Japan).
2.4. Adipogenic, Osteogenic, and Chondrogenic Diﬀerentiation
of hBMSCs. To evaluate the multilineage diﬀerentiation
potential, the cells were induced to diﬀerentiation in adipogenic, osteogenic, or chrondrogenic medium for 2–4 weeks
according to the manufacturer’s protocol [24]. Lipid droplets
in the cells were stained with Oil Red O solution. Calcium
deposition was assessed by von Kossa, and chondrogenic
diﬀerentiation was identiﬁed by Alcian blue staining.
2.5. Establishment of RIAI Mouse Models and Cell
Transplantation. One hundred and forty male C57BL/6
mice, at 8 weeks of age, were purchased from Beijing Experimental Animal Technical Co. LTD. (Beijing, China). Mice
were housed in the Animal Center of Jilin University
(Changchun, China). All animal procedures were approved
by the Animal Care and Use Committee of the Chinese
Academy of Medical Sciences (Beijing, China). To establish
RIAI model, mice were ﬁxed in supine position after anesthesia with sodium pentobarbital and irradiated by 6MV X-ray
of 18Gy once when mice lungs were shielded with lead
sheaths. For hBMSC treatment, mice were given a tail vein
injection of hBMSCs with a low dose of 103 cells/g or a high
dose of 104 cells/g of body weight within 24 h after radiation.
Mice serving as vehicle controls were given the same volume
of PBS. Therefore, the mice were evenly divided into four
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groups (n = 7): the control group (control), the radiation
group (IR), the radiation with low dose of the hBMSC group
(IR + LD hBMSCs), and the radiation with high dose of the
hBMSC group (IR + HD hBMSCs). At 3, 7, 14, 28, and 84
days after irradiation, mice were sacriﬁced with the heart perfusion of 4% phosphate-buﬀered formalin under anesthesia.
Then the aortas were separated and ﬁxed in 10% formalin.
Each aorta of mice was average cut into 3 segments and
embedded in one paraﬃn block and sectioned at 5 μm thickness for histological studies.
2.6. Histopathological Examination. Hematoxylin and eosin
(HE) staining was performed to examine the morphological
changes and the thickness of the aortic wall. The thickness
of aorta presented as width from intima to adventitia was
measured by the Digimizer software in 30 randomly
selected ﬁelds from 3 segments per aorta with total 7 mice
in each group.
For immunohistochemical staining, the aortic paraﬃn
sections were dewaxed, rehydrated, and incubated with
citric acid buﬀer at 98°C for antigen retrieval, then with
3% hydrogen peroxide and 5% animal serum treatments.
Those sections were incubated with primary antibodies
against TGF-β, connective tissue growth factor (CTGF),
ICAM-1, and tumor necrosis factor-α (TNF-α) at 1 : 300
dilution, heme oxygenase 1 (HO-1) and catalase at 1 : 200
dilution, 4- hydroxynonenal (4-HNE) at 1 : 400 dilution
(all from Santa Cruz Biotechnology, Santa Cruz, CA), and
3-Nitrotyosine (3-NT) at 1 : 400 dilution (Millipore, Billerica,
CA), overnight at 4°C. After being washed, sections were
incubated with horseradish peroxidase-conjugated secondary antibodies (1 : 300–400 dilutions with PBS) and then
treated with peroxidase substrate DAB kit (Vector Laboratories, Inc., Burlingame, CA) for the development of color
and counterstained with hematoxylin.
The quantitative analyses of these immunohistochemical
staining were achieved from 7 mice of each group. Three
sections at an interval of 10 sections from each aorta (per
mouse) were selected and at least ﬁve high-power ﬁelds were
randomly captured in each section. Image Pro Plus 6.0 software was used to transfer the staining density in the area of
interest to an integrated optical density (IOD), and the ratio
of IOD/area in the experimental group was presented as a
fold relative to that of control.
2.7. Apoptosis Assay. Apoptosis in the aorta was assessed by
TUNEL assay using Peroxidase In Situ Apoptosis Detection
Kit S7100 (Millipore, Billerica, MA), according to the manufacturer’s instructions. Under the microscope, the cells with
dark-brown nuclei were positive and counted in 30 random
microscopic ﬁelds from 3 segments per aorta with total 7
mice per group. The results were presented as TUNEL positive cells relative to 100 cells.
2.8. Sirius Red Staining for Collagen. Sirius red staining for
collagen accumulation was performed to examine aortic
ﬁbrosis. Sections were stained with 0.1% Sirius red F3BA
and Mayer’s Hematoxylin and then assessed for the presence
of collagen using a Nikon Eclipse E600 microscopy system.
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2.9. Statistical Analysis. Data are presented as the means
± standard deviation (SD, n = 7). Statistical evaluation was
analyzed with SPSS 17.0 software. One-way ANOVA was
performed to compare diﬀerences between groups, followed
by pairwise repetitive comparisons using Tukey’s test. Statistical signiﬁcance was considered as P < 0 05.

3. Results
3.1. Morphology and Features of hBMSCs. 2 weeks after
isolation and culture by density gradient centrifugation
combined with individual colonies screening, P1 hBMSCs
reached 80% conﬂuence and then were passaged every 4-5
days for 9–12th passages without morphologic alteration.
hBMSCs displayed ﬁbroblast-like shape and homogenous
and vortex-like growth in monolayers (Figure 1(a)). Cell
cycle analysis revealed that P5 hBMSCs in quiescent phase
of G0/G1 was 86.65 ± 2.8%, and in active proliferative phase
of S + G2/M was 14.35 ± 2.8% (Figure 1(b)), with typical
stem cell proliferation characteristics. Flow cytometry analysis of surface antigens on P5 hBMSCs showed that more
than 90% of cells expressed CD44, CD73, CD166, and
CD105, but less than 2% expressed CD34, CD31, and CD45
(Figure 1(c)). Immunoﬂuorescence staining also conﬁrmed
these results (Figure 1(d)). Cultured in adipogenic medium
for 2 weeks, P5 hBMSCs diﬀerentiated into adipogenic cells
as shown by positive Oil Red O staining (Figure 1(e), upper).
hBMSCs cultured in osteogenic medium for 3 weeks formed
mineral deposits as demonstrated by positive von Kossa
staining (Figure 1(e), down left). After induction for 3 weeks
in chondrogenic medium, Alcian blue staining showed that
hBMSCs expressed proteoglycan, an indicative of chondrogenic diﬀerentiation (Figure 1(e), down right). These results
indicated that the cultured cells with relative homogeneity
exhibited the characteristics of hBMSCs.
3.2. hBMSCs Alleviated Radiation-Induced Aortic Remodeling.
Aortic pathological changes were ﬁrstly examined by H&E
staining (Figure 2(a)), which displayed signiﬁcantly increased
tunica media thickness in the IR group mice at 7, 14, and
28 days after irradiation and slight-increased thickness at 84
days without signiﬁcant diﬀerence, as compared with the
controls. Meanwhile, low or high dose of hBMSC treatment
could largely prevent those increased aortic thickening
induced by radiation (Figure 2(a)) at each time point. Sirius
red staining also revealed an increased collagen accumulation
in aortic tunica media at 14, 28, and 84 days after exposure to
6MV X-ray (Figure 2(b)). High dose of hBMSC treatment
signiﬁcantly inhibited radiation-induced collagen accumulation in aortas on day 14, 28, and 84, while the inhibitory eﬀect
in low dose of the hBMSC treatment group was only
observed on day 84. To further detect the eﬀect of hBMSCs
on radiation-induced aortic ﬁbrosis, immunohistochemical
staining for protein levels of proﬁbrotic mediators, CTGF
(Figure 3(a)) and TGF-β (Figure 3(b)) were measured. Compared with control mice, aortic CTGF and TGF-β levels in
the IR group mice were all signiﬁcantly increased on day 3,
7, 14, 28, and 84. Low dose of hBMSCs could prevent the
increased CTGF expression in the aortas induced by
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Figure 1: Morphology and features of human bone marrow mesenchymal stem cells (hBMSCs). (a) The morphological features of cultured
hBMSCs at the 5th day; the 3rd and 6th passages (P3 and P6) were evaluated by the light microscope or HE staining. (b) Cell cycle analysis by
FACS showed that (86.65% ± 2.8%) of P5 hBMSCs was in the G0/G1 phase and (14.35% ± 2.8%) was in the S + G2/M phase. (c) Flow cytometry
analysis disclosed that more than 90% of P5 hBMSCs were positive for CD44, CD105, CD166, and CD73; however, they were negative for
CD34, CD31, and CD45. (d) Immunoﬂuorescence staining revealed that P5 hBMSCs expressed the antigens of CD73, CD44, CD105, and
CD166. (e) hBMSCs diﬀerentiated into adipose cells that formed lipid droplets in the cytoplasm, indicated by positive Oil Red staining
(upper). The diﬀerentiation of hBMSCs to bone was demonstrated by positive von Kossa staining (bottom left). The diﬀerentiation to
cartilage was reﬂected by positive Alcian blue staining (bottom right). Scale bar, 50 μm.

radiation on day 14, 28, and 84, while the inhibitory eﬀect of
high dose of hBMSCs was observed as early as day 7
(Figure 3(a)). Increased aortic TGF-β expression induced

by radiation was obviously suppressed by both low and high
dose of hBMSC treatment at each time point (Figure 3(b)).
Moreover, high dose of hBMSCs showed the stronger
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Figure 2: hBMSCs alleviated radiation-induced aortic pathological changes. Male C57BL/6 mice were irradiated by 6MV X-ray of 18Gy once
with their lungs were shielded to establish the RIAI model. hBMSCs were injected by tail vein in a dose of 103 or 104 cells/g of body weight
within 24 h after radiation. Therefore, the mice were evenly divided into four groups: the control group (control), the radiation group
(IR), the radiation with low or high dose of the hBMSC group (IR + LD hBMSCs and IR + HD hBMSCs). At 3, 7, 14, 28, and 84 days
after radiation, the aortas were isolated for histological studies. The pathological changes of aortas were examined by HE staining (a) and the
accumulation of collagen was detected by Sirius red staining (b), followed by semiquantitative analysis. Data were presented as means ± SD
(n = 7). ∗ P < 0 05 versus control group; & P < 0 05 versus IR group; # P < 0 05 versus IR + LD hBMSC group. Scale bar, 50 μm.

inhibitory eﬀect on those two proﬁbrotic mediators than low
dose of hBMSCs (Figures 3(a) and 3(b)).

eﬀect of low dose of hBMSCs on ICAM-1 expression was
only observed on day 7 and 28 (Figure 4(b)).

3.3. hBMSCs Reduced Radiation-Induced Aortic Inﬂammation.
Previous studies have suggested sustained inﬂammatory
response occurs in irradiated human arteries [25]. Regarding
inﬂammation as the primary risk factor for vascular endothelium remodeling, the protein levels of TNF-α (Figure 4(a))
and ICAM-1 (Figure 4(b)) were examined by immunohistochemical staining. Compared to the control group, aortic
TNF-α expression in the IR group mice was signiﬁcantly
increased on day 7 and then progressively decreased. The
diﬀerence between the two groups was still remarkable
until day 28. Low or high dose of hBMSC treatment
prevented increased TNF-α expression in IR groups
(Figure 4(a)). It was also noticed that ICAM-1 expression
in aortas was signiﬁcantly increased at 3, 7, 14, 28, and 84
days after exposure to X-ray. This increase was signiﬁcantly
reduced by high dose of hBMSC treatment. The inhibitory

3.4. hBMSCs Attenuated Radiation-Induced Aortic Oxidative
Damage. Oxidative damage was detected by examining the
accumulation of 4-HNE (Figure 5(a)) and 3-NT (Figure 5(b))
as indices of lipid peroxidation and protein nitration,
respectively. Results of immunohistochemical staining
showed a signiﬁcant accumulation of 3-NT and 4-HNE
in the aortas of irradiated mice on day 3, 7, 14, 28, and
84. High dose of hBMSC treatment signiﬁcantly inhibited
the radiation-induced expression of 3-NT and 4-HNE
from 7 days to 84 days, while low dose of hBMSCs showed
the inhibitory eﬀect on 4-HNE only at day 14, as well as
on 3-NT at day 7. On day 14 and 28, high dose of hBMSCs
shows a stronger inhibitory eﬀect on 3-NT (Figure 5(b))
than low dose of hBMSCs, while no diﬀerence was observed
on 4-HNE expression between those two groups.
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Figure 3: hBMSCs alleviated radiation-induced aortic ﬁbrosis. Aortic ﬁbrosis was examined by immunohistochemical staining for the
expression of CTGF (a) and TGF-β (b), followed by semiquantitative analysis. Data were presented as means ± SD (n = 7). ∗ P < 0 05
versus control group; & P < 0 05 versus IR group; # P < 0 05 versus IR + LD hBMSC group. Scale bar, 50 μm.

3.5. hBMSCs Reduced Radiation-Induced Aortic Cell
Apoptosis. Eﬀect of radiation and hBMSCs on aortic cell
apoptosis was evaluated by TUNEL staining (Figure 6). The
results showed that cell apoptosis in aortas of irradiated mice
was signiﬁcantly increased compared with that in control
mice on day 3, 7, 14, 28, and 84 but was reduced by low or
high dose of hBMSC treatment. Moreover, compared with
the LD hBMSC group, HD hBMSCs revealed a stronger
inhibitory eﬀect on radiation-induced aortic cell apoptosis,
indicated by a lower TUNEL positive ratio on day 7, 14, 28,
and 84 (Figure 6).

and hBMSC group mice at each time point (Figure 7(a)).
There was a further increase of the HO-1 expression in the
aorta of low and high dose of hBMSC treatment mice compared with the IR group (Figure 7(a)). Moreover, it was
shown that catalase expression in the aorta of irradiated mice
was signiﬁcantly decreased compared with that in control
mice on day 3, 7, 14, 28, and 84 but was signiﬁcantly elevated
by low or high dose of hBMSC treatment (Figure 7(b)).

3.6. hBMSC Upregulated Antioxidant Enzymes Expression of
HO-1 and Catalase in Aortas. Since hBMSCs attenuated
radiation-induced aortic oxidative damage (Figure 5),
whether this protective eﬀect of hBMSCs on the aorta is associated with upregulation of antioxidant enzymes was examined ﬁrst by measuring HO-1 and catalase expression with
immunohistochemical staining (Figure 7). The results
showed that compared with the control group, HO-1 expression was signiﬁcantly increased in the aorta of the IR group

In the present study, we have explored for the ﬁrst time the
protective eﬀects of bone marrow mesenchymal stem cells
on radiation-induced pathological changes and damage in
the aorta. We demonstrated the establishment of RIAI mouse
model by evaluating the aortic thickening, ﬁbrotic remodeling, inﬂammation, oxidative stress and cell apoptosis. We
showed low or high dose of hBMSC treatment can partially
reverse radiation-induced pathologic changes in aortas and
the high dose of hBMSCs has even a better protective eﬀect.

4. Discussion
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Figure 4: hBMSCs reduced radiation-induced aortic inﬂammation. Aortic inﬂammation was examined by immunohistochemical
staining for the expression of TNF-α (a) and ICAM-1 (b), followed by semiquantitative analysis. Data were presented as means ± SD (n = 7).
∗
P < 0 05 versus control group; & P < 0 05 versus IR group; # P < 0 05 versus IR + LD hBMSC group. Scale bar, 50 μm.

Based on the ability to adhere to plastic culture dishes,
MSCs derived from human adult bone marrow of healthy
donors were selected [24]. In our study, to get more uniform
hBMSCs, individual colonies were selected and expanded
after the original seeding for 8–12 days. The ﬂow cytometry
analysis showed that the cultured P5 cells expressed mesenchymal stem cell markers of CD73, CD105, CD44, and
CD166 but were negative for hematopoietic stem/progenitor
cell marker of CD34, endothelial cell marker of CD31, and
leukocyte cell marker of CD45. The cell cycle analysis demonstrated that more than 86% of P5 cells were in quiescent
phase (G0/G1phase). Meanwhile, the isolated cells exhibited
their capacity to undergo adipogenic, chondrogenic, and
osteogenic diﬀerentiation (Figure 1). These results fully conﬁrmed the obtained hBMSCs were highly homogenous and
pluripotent and therefore could be used as seed cells for the
following experiments.
Previous studies have investigated irradiation to carotid
arteries of ApoE−/−mice induced inﬂammatory and thrombotic responses in vivo with various radiation doses [26].
Based on those references, C57/BL mice were radiated with
a single dose of 18Gy X-ray to establish RIAI mice models
in our study. RIAI in our mice model was successfully

developed, indicated by signiﬁcant increases of aortic remodeling and cell apoptosis, as well as aortic, inﬂammation, and
oxidative stress.
MSCs have been reported to repair the injured vascular
wall [12] and play a local immunomodulation on injured
rat carotids [11]. Yang et al. also conﬁrmed that BMSC transplantation through tail vein injection promotes angiogenesis
and VEGF expression in rats [27]. However, previous studies
also revealed that diﬀerent doses of MSCs could exert diﬀerent eﬀects in vivo. Appropriate dose of MSCs was required
for successful transplantation and improvement of functional properties [28]. In addition, a higher incidence of
adverse events may occur in a high-dose MSC treatment.
For example, intravenous administration of a high-dose
MSC (5.0 × 105 and 1.0–3.0 × 106 cells/mice) induced a
lethal portal vein or pulmonary embolism [29, 30]. Therefore, the doses of 1 × 103 and 1 × 104 cells/g of mice body
weight (approximate to 2.0 × 104 and 2.0 × 105 cells/g) were
chosen in the present study, which were also supported by
a previous study [31]. Similarly, no embolism and related
death were observed in the present study. Our data demonstrated that both doses of hBMSCs had partially prevented
the radiation-induced aortic injury, including the aortic cell
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Figure 5: hBMSCs attenuated radiation-induced aortic oxidative damage. Aortic oxidative damage was examined by immunohistochemical
staining for the expressions of 4-HNE (a) and 3-NT (b), followed by semiquantitative analysis. Data were presented as means ± SD (n = 7).
∗
P < 0 05 versus control group; & P < 0 05 versus IR group; # P < 0 05 versus IR + LD hBMSC group. Scale bar, 50 μm.
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Figure 7: hBMSC upregulated antioxidant enzymes expression of HO-1 and catalase in aortas. The antioxidant enzyme expression of HO-1 (a)
and catalase (b) was examined by immunohistochemical staining followed with semiquantitative analysis. Data were presented as means ± SD
(n = 7). ∗ P < 0 05 versus control group; & P < 0 05 versus IR group; # P < 0 05 versus IR + LD hBMSC group. Scale bar, 50 μm.

apoptosis, ﬁbrotic remodeling, inﬂammation, and oxidative
stress. Moreover, the higher dose of hBMSCs showed more
remarkable protective eﬀects, implied by the less aortic cell
apoptosis (Figure 6) and lower expression of CTGF and
TGF-β (Figure 3).
Vascular inﬂammation is one of the prominent features
of radiation-induced tissue injury [32]. The eﬀects of
inﬂammation include induction of oxidative stress, cell
apoptosis, and endothelial dysfunction, all of which could
contribute to the structural and functional abnormalities
of the blood vessel [33]. Recent studies have revealed that
endothelial cells were injured shortly after radiotherapy
[34]. It is widely believed that radiation upregulates proinﬂammatory cytokines and adhesion molecules in endothelial cells of injured blood vessels [25, 35]. Consistent with
those ﬁndings, we observed that the expression of ICAM1, an adhesion molecule, as well as TNF-α, a proinﬂammatory cytokine, was signiﬁcantly increased in aortas as early
as 3 days and 7 days after irradiation, respectively, and
kept at the high levels until 84 days or 28 days

(Figure 4). These results indicated that both ICAM-1 and
TNF-α were involved in the radiation-induced aortic
inﬂammatory injuries. It is reported that inﬂammation
was observed in early stage of irradiated arteries [26].
TNF-α was shown to enhance ICAM-1 on activated endothelial cells in the artery inﬂammation disease [36]. Therefore, at 84 days of later postirradiation, the expression of
TNF-α in irradiated aortas was no diﬀerence with the control, while the expression of ICAM-1was still kept higher
than the control (Figure 4). It has also been reported that
rat MSCs play an immunomodulatory role via diminishing
secretion of inﬂammation-related molecules CXCL1 and
ICAM-1 to accelerate reparation of abnormal arteries [37].
BMSC inhibits TNF-α production of anti-inﬂammatory
and antiﬁbrosis in lung injury [38]. In addition, the study
by Forte et al. also disclosed that MSCs inhibited inﬂammatory response to facilitate endothelial reparation [11].
Consistent with this, our present study found that
hBMSCs diminished radiation-induced increase of TNF-α
and ICAM-1 expressions in aortas, which illustrated that
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hBMSCs had an eﬀect on diminishing radiation-induced
aortic inﬂammation.
Inﬂammation and oxidative stress are reciprocal causes
and outcomes, both of which are main pathogenic factors
for the development of various cardiovascular diseases
[39]. It has been well established that irradiation causes radiolysis of intracellular water molecules, leading to increased
production of ROS. In addition, inﬂammatory cytokines
can induce reactive oxygen species (ROS)/reactive nitrogen
species (RNS) production in the vascular system [40]. Extra
generation of those species or insuﬃcient endogenous antioxidant defenses results in oxidative stress in the organs.
The vascular endothelium is a major target of oxidant stress
[41]. Endothelial dysfunction is described as the initial pathogenic event of radiation-injured vascular injury. Vascular
oxidative stress contributes to vascular dysfunction [42].
This study showed that accompanied with increased expressions of inﬂammation-related molecules TNF-α and ICAM1, the markers of oxidative stress (4-HNE and 3-NT) were
signiﬁcantly upregulated in aortas of RIAI mice. Meanwhile,
hBMSC administration, especially the high dose of hBMSCs,
signiﬁcantly inhibited the accumulation of 3-NT and 4-HNE
in aortas from 7 days to 84 days after radiation (Figure 5).
These results implied the antioxidant eﬀect of hBMSCs,
which was in accord with a previous report that BMSC administration attenuated hepatic ischemia-reperfusion injury by
suppressing oxidative stress and apoptosis in rats [43].
To further detect the potential mechanism of antioxidant eﬀect of hBMSCs, the antioxidant enzyme expression
of HO-1 and catalase was observed in the aorta. It was
found that radiation signiﬁcantly induced the HO-1 expression (Figure 7(a)) and attenuated the catalase expression
(Figure 7(b)) in the aortas, in agreement with those observations on radiation-induced lung and hematopoietic system
injury [44–46]. Based on vascular disease studies, HO-1 has
shown the beneﬁcial eﬀects on the endothelium [47] and
plays an antioxidant eﬀect on vascular injury [48]. Catalase,
as an H2O2 scavenging enzyme, has been found to be protective against vascular endothelial oxidative damage [49]. Prior
studies showed that MSCs could resort the radiation-induced
low activity of antioxidant enzymes, including catalase [50].
Consistent with those observations, our study found that
the low or high dose of hBMSC treatment further enhanced
the upregulation of HO-1 and reversed the decrease of catalase induced by the radiation in the aorta (Figure 7). These
ﬁndings indicated that hBMSCs possibly suppresses ROS
generation by upregulating expression of related antioxidant
enzymes. However, there may be a concern that hBMSCs further increased the expression of HO-1 compared with the IR
group (Figure 7(a)). We speculate that irradiation as a stress
stimulating antioxidant reaction including the increase of
HO-1 expression is an adaptive response. This adaptive
response tries to provide certain protections but is not suﬃcient to completely prevent the progression of aortic pathological changes. However, upregulated levels of HO-1 in
hBMSC-treated RIAI mice are high enough to eﬃciently
reduce radiation-induced oxidative damage, as we observed
here. This speculation was also supported by the observations of astaxanthin’s protection on irradiation-induced
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hematopoietic system injury [44] and antioxidant MG132
on diabetes-induced aortic oxidative damage [51].
Radiation-induced vascular ﬁbrosis is a complex and
dynamic process, which is initiated and aggravated by proinﬂammatory and proﬁbrotic cytokines and oxidative stress.
Arteries injured by radiation could easily develop spontaneous atherosclerosis [52], which was associated with the
increased inﬂammation and ﬁbrinogen [53]. Studies have
proved that high dose of radiation can induce vascular
ﬁbrosis [54] and TGF-β, a proﬁbrotic cytokine, which
plays a critical role in the process of radiation-induced
vascular smooth muscle cells ﬁbrosis [55]. Connective tissue growth factor (CTGF) is induced by TGF-β and also
contributes to collagen synthesis and ﬁbroblast proliferation [56]. Therefore, suppression of TGF-β and CTGF may
be suﬃcient to prevent radiation-induced aorta remodeling.
Expectedly, our study found the expressions of TGF-β and
CTGF in aortas were all signiﬁcantly increased from day 3
to 84 after radiation (Figure 3), accompanied with increased
collagen accumulation in aortic tunica media (Figure 2) from
day 14 to 84. hBMSC administration partially prevented the
aortic ﬁbrosis and remodeling, reﬂected by the complete
suppression of increased TGF-β expression and partial
inhibition of CTGF expression, as well as aortic collagen
accumulation (Figures 2 and 3).
The acute phase of vascular injury occurs within hours to
weeks after irradiation is characterized by endothelial swelling, apoptosis, and vascular permeability and edema [57].
This phase is often accompanied by an inﬂammatory reaction, leading to tissue edema [58]. As time goes on, secretion
of inﬂammatory factors and inﬂammatory response was
gradually decreased. Later vascular injury appears weeks to
months postirradiation and includes thickening of basement
membranes, collagen deposition, ﬁbrosis, and scar [59].
According to this, we observed that inﬂammation-related
cytokines of ICAM-1 and TNF-α, as well as aortic cell apoptosis, were increased in aortas as early as 3 days and reached
their peaks at 7 days after irradiation. While the radiationinduced vascular ﬁbrosis reﬂected by the collagen accumulation appeared at 14 days, later than aortic inﬂammation and
cell apoptosis. Meanwhile, the tunica media thickness in the
IR group mice after irradiation was signiﬁcantly increased
at 7, 14, 28, days and without a signiﬁcant diﬀerence at 84
days, as compared with the controls. Therefore, it is suspected that the increased thickness of aortas at 7 days of postirradiation was mainly caused by inﬂammatory exudation
and tissue edema, and at 14 and 28 days, it was by inﬂammation combined with collagen accumulation. At a later stage of
84 days, slight increased aortic thickness without signiﬁcant
diﬀerence in the IR group was probably due to less inﬂammation. However, aortic thickness in hBMSC treatment groups
was always kept at the normal level.
More and more evidences show that BMSCs could directly
diﬀerentiate into vascular endothelial cells and smooth
muscle cells, even forming functional vessels [15, 60].
However, reports suggest that diﬀerentiation either by transdiﬀerentiation or cell fusion appears too low to explain the
signiﬁcant improvement of vascular repair [61]. Based on
this, we had not focused on the transdiﬀerentiation of
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hBMSCs to vascular cells in this study but observed the
expression of vascular damage-related cytokines. Recent
studies have shown the key mechanism by which MSCs
enhance tissue function is through its paracrine functions.
For example, Ortiz et al. report that BMSC inhibits TNF-α
production by the secretion of the IL-1 receptor agonist
[38]. MSCs induced an increase in antioxidant gene expression of Nrf2, which reduce ROS production decreasing oxidative stress induced by irradiation in the injured liver [20].
Extracellular vesicles derived from MSCs protect against
acute kidney injury through antioxidation by enhancing
Nrf2 activation [62] and against experimental colitis by suppressing the apoptosis via reducing the apoptotic genes of
caspase-3, 8, and 9 in rats [63]. Considering the facts that
hBMSCs signiﬁcantly diminished the expressions of proinﬂammatory molecules (TNF-α and ICAM-1) and proﬁbrotic
cytokines (TGF-β and CTGF) in the present study, as well as
the report of its paracrine activity on attenuating inﬂammation, oxidative stress, and apoptosis [63], we speculate that
hBMSCs facilitated aortic repair mainly through paracrine
actions, without largely depending on direct diﬀerentiation.
There may be also a couple of limitations of the present
study. Although publications have demonstrated that MSCs
could migrate and home to the injured large blood vessel
for vascular repair [16, 17], the location, transdiﬀerentiation,
and protective mechanism of MSCs in the irradiated aortas have not been directly observed. Parameters, strictly
correlated with the endothelial function, such as vasorelaxation and nitric oxide production, as well as vascular permeability, have not been assessed in the present study.
And it is uncertain whether the aortic injury caused by a
prolonged radiotherapy can be prevented by hBMSCs. Thus,
further experiments are needed to clarify the unknown.
In conclusion, hBMSC administration alleviated radiationinduced aortic injuries indicated by attenuated aortic
thickening, ﬁbrotic remodeling, and cell apoptosis. We
considered the protective eﬀect of hBMSCs is mainly
through the suppression of radiation-induced oxidative
stress and inﬂammation, including downregulation of TNFα, ICAM-1, TGF-β, and CTGF as well as upregulation of
antioxidant enzymes HO-1 and catalase. Therefore, hBMSCs
may be a promising therapeutic approach to treat RIAI.
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