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The development of new blood vessels, termed as angio-
genesis, is essential to embryonic growth and throughout
life for physiological repair processes. The field of angio-
genesis research was established approximately in 1970s by
the Folkman hypothesis that tumor growth is angiogenesis-
dependent [1]. In addition to the tumor growth, another
promising field where angiogenesis has drawn attention as
a critical target is cardiovascular diseases [2]. Therefore,
inhibiting angiogenesis is a promising strategy for treating
diseases like cancer, while promoting angiogenesis may
benefit the ischemic diseases such as myocardial infarction.
Molecular insights into these processes and new therapeu-
tic approaches are therefore particularly promising tools
to understand the underlying pathologies and expand the
available therapeutic options in abnormal angiogenesis. This
special issue on angiogenesis highlights recent advances in
our understanding of the molecular and cellular mechanisms
of neovascularization. The summary of this special issue
could be found in Figure 1.

With more bioassays and preclinical experiments per-
formed, progress in understanding the relationship between
tumor growth and angiogenesis has created a newperspective
on therapeutic angiogenesis. Metformin is one of the most
efficacious and safe front-line antidiabetics for type 2 diabetes
(T2D). Gao et al. provided an overview of metformin as
potential anticancer treatment by inhibiting angiogenesis.
Tumor angiogenesis also influenced tumor microenviron-
ment and C. Liu et al. described that exogenous overexpres-
sion of ATF4 (activating transcription factor 4) may facilitate

the recruitment of macrophages into tumor tissues and pro-
mote tumor angiogenesis.Though atherosclerosis will trigger
ischemia diseases, a clearer prescription of angiogenesis
accounting for the development of the plaque of atheroscle-
rosis is well recognized. F. Vasuri et al. evaluated the relation-
ship between the intraplaque angiogenesis and the clinical
plaque instability. Furthermore, L. Wang et al. reviewed
the antiangiogenesis effects of polymethoxyflavones (PMFs),
which underline the important of traditional medicine for
anticancer therapy.

Ischemic cardiovascular diseases are the major cause of
mortality andmorbidity, which appeals formore effort on the
better and more useful treatments. Therapeutic angiogenesis
with stem cell and biomaterial has appeared as a powerful
option. B. Chiara et al. described the angiogenic properties of
mesenchymal stem cells (MSCs) and further emphasized the
role of SIRT1. D. Mao et al. reported the therapeutic effects
of SKP (skin-derived precursor cell) in stroke by promoting
neurogenesis and angiogenesis. Furthermore, K. Wang et
al. developed hybrid PCL/gelatin fibrous scaffolds with sus-
tained release of VEGF, which could enhance vascularization
in vivo. D. P. Zankov et al. reviewed the involvement of actin
cytoskeleton-associated junctionalmolecules in angiogenesis
and lymphangiogenesis, which may present a new approach
to angiogenic therapy.

In general, this special issue on angiogenesis covered
both excessive angiogenesis and insufficient angiogenesis
(Figure 1). Either the reports or the reviews on angiogenesis
presented in this issue will provide a further understanding
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Figure 1: Summary of this special issue on angiogenesis. The impaired balance between pro and antiangiogenic factors causes pathological
angiogenesis. Molecular insights described in this special issue provide new therapeutic strategies in abnormal angiogenesis management.

about the real role of angiogenesis in cardiovascular diseases
or cancer.
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Stroke is one of the most common diseases that caused high mortality and has become burden to the health care systems. Stem cell
transplantation has shown therapeutic effect in ameliorating ischemic damage after cerebral artery occlusion mainly due to their
neurogenesis, immune regulation, or effects on the plasticity, proliferation, and survival of host cells. Recent studies demonstrated
that skin-derived precursor cells (SKPs) could promote central nervous system regeneration in spinal cord injury model or the
neonatal peripheral neuron. Here, we investigated the therapeutic potential of SKPs in a rat model of cerebral ischemia. SKPs
were isolated, expanded, and transplanted into rat cortex and striatum after transient middle cerebral artery occlusion. Our results
revealed that SKPs transplantation could improve the behavioral measures of neurological deficit. Moreover, immunohistology
confirmed that SKPs could secrete basic FGF and VEGF in the ischemic region and further markedly increase the proliferation of
endogenous nestin+ and 𝛽III-tubulin+ neural stem cells. Furthermore, increased angiogenesis induced by SKPs was observed by
vWF and 𝛼-SMA staining.These data suggest that SKPs induced endogenous neurogenesis and angiogenesis and protected neuron
from hypoxic-ischemic environment. In conclusion, SKPs transplantation may be a promising approach in treatment of stroke.

1. Introduction

Stroke is a neurodegenerative disorder and a leading cause of
death and disability inmany countries, but only a few options
support efficient recovery in stroke patients. Over the last
20 years, stem cell-based therapies were raising increasing
attention on the treatment of stroke [1, 2]. Administration of
stem cells resulted in beneficial effects on neuronal survival
and recovery after experimental stroke [3, 4]. But limited
stem cells for clinical application including ethical and safety
concerns associated with the use of pluripotent stem cells
have spurred great interest in the search for alternative stem
cell sources for stroke treatment.

Autologous stem cells such as bonemarrowmesenchymal
stem cells (BM-MSCs) appeared as candidate for the regen-
erative therapy in the stroke treatment [3, 5, 6]. Nevertheless,
BM-MSCs must be isolated by bone marrow aspiration,
which is traumatic and painful. Moreover, the percentage of
stem cells in bonemarrow is very low and decreases with age,
thusmaking it difficult to harvest a sufficient number of high-
quality cells for clinical application. Recently, skin-derived
precursor cells (SKPs) have attracted attention because they
aremore readily accessible from adult tissue [7] which belong
to neural crest cell populations in various locations of the
adult organism [8]. SKPs can proliferate and differentiate into
subpopulations of cells expressing neuronal, glial, smooth
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muscle, and adipocyte markers in vitro [7, 9, 10]. Moreover,
SKPs show someproperties like Schwann-like cells in the pro-
cess of somatic nerve regeneration [11–13].However, there has
been no study on whether SKPs can effectively recover func-
tion of brain after stroke.Meanwhile, the exact effect of trans-
planted SKPs on damage tissue has not been clarified [14].

Most studies have shown that the underlyingmechanisms
of functional recovery following autologous stem cells trans-
plantation are likelymediated by the release of growth factors,
which promotes endogenous repair mechanisms, rather than
stimulates neuronal differentiation or implant integration
at the ischemic site [15, 16]. Moreover, neural crest-derived
stem cells have been proved to secrete several active factors
such as brain-derived neurotrophic factor (BDNF), basic
fibroblast growth factor (bFGF), and Glial cell line-derived
neurotrophic factor (GDNF) to enhance neurogenesis in
brain after stroke [17, 18]. Besides, transplanted SKPs can be
easily became functional vascular SMCs [19] and endothelial
cells [20, 21] in the healing wound. According to these
evidences, we speculated that SKPs might protect neurons,
promote angiogenesis and neural regeneration, and further
reduce functional deficits following transplantation into
lesion areas in a rat model of transient ischemia induced
by middle cerebral artery occlusion (MCAO). Our results
suggested that SKPs exert multiple, independent effects on
the ischemic brain that may modify outcome after stroke.

2. Materials and Methods

2.1. Isolation, Cultivation, and Characterization of SKPs.
Neonatal male Sprague-Dawley rats were obtained from
the Laboratory Animal Center of the Academy of Military
Medical Sciences (Beijing, China). All experimental pro-
cedures were conducted in conformity with institutional
guidelines for the Care and Use of Laboratory Animals
in Nankai University Animal Care and Use Committee.
SKPs were isolated and cultured as described previously
[9]. Briefly, SKPs were prepared from infant rat skin (1–
3 weeks) which was cut into 2-3mm2 pieces by a sterile
razor blade and then transferred into a 50mL tube con-
taining 1mg/mL Dispase II and 0.5mg/mL collagenase I
in DMEM/F12 medium for 30min at 37∘C, mechanically
dissociated, and filtered through a 40𝜇m cell strainer. Cells
were plated at a density of 1–2.5× 104 cells/mL in proliferation
medium including DMEM/F12 (Gibco) 3 : 1 containing 0.1%
penicillin/streptomycin (Invitrogen), 40 ng/mL bFGF (Invit-
rogen), 20 ng/mL EGF(Invitrogen), and 2% B27 supplement
(Invitrogen) at 37∘C, 5% CO

2
.

To passage SKPs, floating spheres were mechanically
dissociated and reseeded in fresh medium containing B27
and growth factors at a density of 1 × 105 cells/mL. Cells
were passaged every 7 days. To characterize the isolated
SKPs, we utilized flow cytometry (FACS)method. SKPs single
cell suspensions from day 14 were obtained by treatment
with 0.5mg/mL of Dispase II (Roche, Indianapolis) at 37∘C
for 30min. Cells were passed through a 40 𝜇m cell strainer
and were incubated with triton X-100 for 10min at RT
and then, and cells were incubated for 30min at 4∘C with

mouse anti-nestin and anti-𝛼-SMA antibody, respectively.
After being washed three times, the FITC-conjugated don-
key anti-mouse secondary antibodies were added into the
cell suspensions and incubated for 1 hour at 4∘C. Cells
were analyzed using FACScan (BD Pharmingen, San Jose,
CA). To determine the differentiation potential of SKPs,
myogenic, neurogenic and adipogenic differentiation was
induced by medium (DMEM/F12 3 : 1 containing 0.1% peni-
cillin/streptomycin, 2% B27 supplement). Medium changes
were carried out every two days. Adipogenic differentiation
was assessed by the cellular accumulation of neutral lipid
vacuoles after cells were fixed with 4% formaldehyde, stained
with Oil red O (Sigma-Aldrich).

To identify undifferentiated or differentiated SKPs, cells
were centrifuged at low speed, dissociated, collected, and
adhered to a poly-D-lysine substratum overnight. For
immunocytochemistry, cells were fixed with 4% parafor-
maldehyde, washed with PBS, and treated with different
antibodies including nestin (Abcam), fibronectin (Santa
Cruz), P75 (Abcam), 𝛼-SMA (Abcam), glial fibrillary acidic
protein GFAP (Santa Cruz), and 𝛽-III tubulin (Santa
Cruz). After overnight incubation at 4∘C with primary
antibodies, cells were incubated at room temperature for
60min with secondary antibodies. The secondary antibodies
included Rhodamine-conjugated donkey anti-mouse, FITC-
conjugated anti-rabbit, and anti-goat IgG (Invitrogen). After
washing in PBS, samples were counterstained with a mount-
ing medium containing DAPI (Vector Laboratories) and
examined by fluorescence microscopy.

2.2. Animal Middle Cerebral Artery Occlusion Model. Tran-
sient middle cerebral artery occlusion (MCAO) was induced
as previously reported [22] with a slight modification.
Adult male Sprague-Dawley rats weighing 280–300 g were
anesthetized with 5% isoflurane in O

2
using an induction

chamber and maintained at 3% isoflurane using a face mask.
Temperature was maintained at 37∘C throughout the surgical
procedure, using an electronic temperature controller linked
to a heating pad. The right common carotid artery (CCA),
external carotid artery (ECA), and internal carotid artery
(ICA) were exposed through a ventral midline incision. A
4-0 monofilament nylon suture with a rounded tip was
introduced into the CCA lumen and gently advanced into
the ICA until it blocked the bifurcating origin of the MCA.
Reperfusion was accomplished by withdrawing the suture
after 60min of ischemia.

2.3. Experimental Groups and Transplantation Procedures.
The animal experiments consist of three groups: Group 1:
SKPs (0.5 × 106) (𝑛 = 6); Group 2: Saline (𝑛 = 5);
Group 3: Sham (𝑛 = 3). The injection operations were
performed 24 h after MCAO. Prior to transplantation, SKPs
were digested. Particularly, cell spheres were collected by
centrifugation and then added 1mg/mL dispase II enzyme
to digest for about 30min. The spheres were dissociated
into single cells through mechanical approach, which were
collected by centrifugation. DiI was dissolved in absolute
ethanol (2.5mg/mL) and added to the cell suspension so that
the final concentration was 40 𝜇g/mL. Cells were incubated
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in the DiI-containing medium for 30 minutes at 37∘C and
thenwashed three timeswith PBS. Stereotaxic injectionswere
performed using Hamilton microsyringe with a 26-gauge
blunt needle. Each animal received an injection of 10 𝜇L (at
the rate of 1 𝜇L/min, and concentration 50000 cells/𝜇L) of
DiI-SKPs into the striatum (from bregma: A + 1.0mm, L +
2.0mm,V 22.6mm).Theneedle was left in situ for 2min after
injection before removal. At day 7 after cell transplantation,
rats received injection of BrdU (Sigma, 10mg/mL in saline)
twice a day (50mg/kg, i.p.) for 7 consecutive days. These rats
were sacrificed 14 days after the cells injection [23].

2.4. Behavioral Testing. All animals were trained for 1 week
after MCAO. And these behavioral measurements were per-
formed every day since induction of MCAO until sacrifice. A
modified neurological severity score (mNSS) was used in this
study which includes (1) response to raising the rat-tail and
placing it on the flat surface; (2) abnormal movement such
as immobility, tremor, and seizures; (3) sensory deficit; (4)
absent reflexes such pinna, corneal, and startle. Normal score
is 0; maximal deficit score is 18 [6].

2.5. Histological and Immunohistochemical Assessment. Ani-
mals were reanaesthetized with 5% isoflurane in O

2
14 days

after surgery. Rat brains were fixed by transcardial perfusion
with saline, followed by perfusion and immersion in 4%
paraformaldehyde, and the brain were embedded in paraffin
and cut into 5 𝜇m sections. The area of both hemispheres
was measured on eight serial coronal sections per brain
(200𝜇m apart) stained with hematoxylin and eosin, and the
infarction areawas averaged over these eight levels.The lesion
size was estimated as a percentage of the whole brain by
using the following formula: [(area of contralateral hemi-
sphere) − (area of remaining ipsilateral hemisphere)/(area of
contralateral hemisphere) × 100/2]. To identify proliferating
cells, samples were incubated in 2N HCl at 37∘C for 30
minutes and then rinsed in 0.1M boric acid with pH =
8.6. Samples were incubated with primary antibodies against
BrdU at 4∘C for overnight. After washing with 0.01M PBS,
samples were incubated with secondary antibodies (FITC-
labeled polyclonal goat anti-mouse). For a morphologi-
cal analysis of vessels, a polyclonal antibody against Von
Willebrand factor (vWF; Dako) and 𝛼-SMA (Abcam) was
used.The secondary antibodies were Rhodamine-conjugated
donkey anti-mouse, anti-rabbit, and anti-goat IgG (Invitro-
gen). Slides were observed under confocal laser scanning
microscopy (Leica TSC SP8, Germany). To investigate which
cell-specific makers co-localized with BrdU-positive nucleus,
sections were treated with different antibodies including
vWF (Abcam), nestin (Abcam), and coimmunostaining with
BrdU. To detect neuroblasts, a polyclonal antibody against
nestin (Abcam) and 𝛽-III tubulin (Santa Cruz) were used.
In order to quantify the number of immunoreactive cells,
three representative sections fromeach animalwere analyzed.
The numbers of cells was blindly counted within 0.25mm2 of
subventricular zone (SVZ), ischemic border zone (IB), and
ischemic zone (IZ) using NIH image software, Image J. The
immunoreactive cells were manually marked and calculated
with Image J.

2.6. Statistical Analysis. All quantitative results were obtained
from at least three samples for analysis. Data were expressed
as the mean ± SD. An independent 𝑡-test was used for two
group comparisons and one-way ANOVA formultiple-group
comparison, with suitable post hoc analysis. The level of
statistical significance was set at 𝑃 < 0.05.

3. Results

3.1. Characterization and Differentiation of SKPs. As shown
in bright field picture (Figure 1(a)(I)), the rat SKPs developed
into sphere-like structure in suspension cultures. The
SKPs specific marker nestin (Figure 1(a)(II)), fibronectin
(Figure 1(a)(III)), neural crest stem cells marker P75
(Figures 1(a)(IV)–1(a)(VI)), and 𝛼-SMA negative were
examined by immunocytochemistry methods and FACS
(Figure 1(b)). After induction, SKP spheres began to
express neuroblast marker 𝛽-III tubulin (Figure 1(c)(I))
and astrocyte marker GFAP (Figure 1(c)(II)), indicating the
neural potential of SKP cells in vitro. Furthermore, some
cells were positively stained for 𝛼-SMA (Figure 1(c)(III)) and
Oil red O (Figure 1(c)(IV)), which revealed the mesodermal
cell types differentiation capacity.

3.2. Neurobehavioral Tests and Lesion Size. To study SKPs
induced neurogenesis and angiogenesis after cerebral
ischemia, rats were subjected to MCAO, given SKPs on day 1
and injected cell proliferation maker BrdU on days 7–14 after
ischemia injury (Figure 2(a)). Two weeks after treatment,
SKPs transplantation did not result in significant reduction
of lesion size compared to the control group by hematoxylin-
eosin staining (Figures 2(c)(I) and 2(c)(II)) and statistical
analysis (Figure 2(d)). However, the modified neurological
severity score (mNSS) was significantly improved at 7 and 14
days in the SKPs treatment group (Figure 2(e)). Compared
with control group, toluidine blue staining showed that more
neuron exhibited relatively homogenous oval shaped nuclei
in SKPs group (Figures 2(c)(III) and 2(c)(IV)). These data
suggest that SKPs may contribute to neurological function
improvement after stroke.

3.3. The Function of SKPs in Rat Brain. In order to clarify
the therapeutic contribution of SKPs, DiI+ SKPs were first
immunostained with basic FGF and VEGF. Our results
revealed that the transplanted DiI+ cells were colocalized
with trophic factors bFGF and VEGF (Figures 3(a) and 3(b)).
Meanwhile, the higher blood vessel density with marker
vWF (Figure 3(c)) and 𝛼-SMA (Figure 3(d)) were observed
around DiI+ cells, which indicated that secreted growth
factors had angiogenic capacity in the ischemic tissue and
could ameliorate the function of brain after injury.

3.4. The Neurogenesis and Angiogenesis Effect of Transplanted
SKPs. To study the proliferation of endogenous stem cells
in subventricular zone (SVZ) and ischemic boundary zone
(IBZ), animals received BrdU injection for 7 days before
sacrifice. Colocalization of BrdU-positive cells with nestin
was observed in the SVZ (Figures 4(a)(I) and 4(a)(III))
and IBZ (Figures 4(b)(I) and 4(b)(III)) areas 14 days after



4 BioMed Research International

P75

(IV)

BL

(I)

Nestin

(II)

Fibronectin

(III)

Nestin

(V)

Merge

(VI)

(a)

100

80

60

40

20

0

Nestin: 83.4%

10
0

10
1

10
2

10
3

10
4

100

80

60

40

20

0

𝛼-SMA: 15.6%

10
0

10
1

10
2

10
3

10
4

(b)

GFAP

(II)

Oil red

(IV)(I)

𝛽III-tubulin

(III)

𝛼-SMA

(c)

Figure 1: Phenotypic characterization and differentiation of SKPs. ((a)(I)) The appearance of SKPs by phase-contrast microscopy was
neurospheres-like before passaging. ((a)(II), (a) (III)) SKPs that were adhered to a poly-d-lysine substratum overnight and then separately
labeled with antibodies to nestin and fibronectin. ((a)(IV)–(VI)) Immunofluorescence colocalization analysis of SKPs showed coexpression
of nestin (red) and P75 (green), and the nuclei were stained by DAPI. (b) Flow cytometric analysis of cell markers on nestin and 𝛼-SMA.
Percentages indicate the fraction of cells that stained positive. (c) Differentiation of expanded SKPs into neural and mesodermal lineage cells
in vitro. SKPs induced method was described in the “Section 2.” ((c)(I)–(III)) Immunostaining for SKPs, 𝛽III-tubulin (red), the astrocyte
marker GFAP (green), and smooth-muscle actin (𝛼-SMA; red). ((c)(IV)) Adipogenesis was visualized by staining Oil red O. Scale bars,
10𝜇m.
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Figure 2: Transplantation of SKPs ameliorates the behavioral impairments and reduces infarct volume in stroke model of rats. (a)
Experimental study design. MCAO: middle cerebral artery occlusion; BrdU: bromodeoxyuridine. (b) Representation of the lateral ventricle
wall that includes the stem cells injection site, neural progenitor cells (NPCs), the lateral ventricle (LV), the subventricular zone (SVZ), the
ischemic boundary zone (IBZ), and the ischemic zone (IZ). ((c)(I), (c)(II)) Representative pictures of HE from animals treated with PBS or
SKPs after MCAO. Scale bar, 1mm. ((c)(III), (c)(IV)) Higher magnification showed that SKPs increased the number of cells with normal
neuronal morphology and decreased the number of shrunken and misshapen cells in cresyl violet–stained sections. Scale bar, 10𝜇m. (d)
Infarct size was measured on HE brain sections. Relative infarct size of PBS or SKPs-treated animals is presented as the mean ± S.D. The
percentage of lesion tissue in the two groups (SKPs, Saline) at 14 days after occlusion. Two-wayANOVAwith repeatedmeasurements followed
by one-way ANOVA and post hocmultiple comparison tests using Fisher’s PLSD. (e) Behavioral performance in the neurological score (NSS)
tests of PBS or SKPs injected animals from 1 to 14 days after ischemia. Statistically significant differences between the SKPs group with PBS
group were determined by ANOVA, ∗𝑃 < 0.05.
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Figure 3: Implanted SKPs secrete growth factors and differentiate into blood vessel in vivo. Immunostaining of DiI and growth factor bFGF,
VEGF and blood vesselmaker vWF, 𝛼-SMA in implantation site of IBZ. Brain sections were immunostained for ((a), (b)) bFGF, VEGF (green)
or for ((c), (d)) vWF, 𝛼-SMA (green). Arrowhead shows DiI positive cells (red) that were colocalized with bFGF and VEGF (green). Scale
bars, 10𝜇m.

stroke. The number of total BrdU+ cells had no significant
difference between cell therapy group and control group in
SVZ (Figure 4(d)). Meanwhile, BrdU+ cells also are widely
distributed in areas from SVZ to infarct boundary in both
groups. Compared with control group, the BrdU+ cells had
a 2.5-fold increase in IBZ. Moreover, nestin+ cells had a 2-
fold increase in IBZ of SKPs treated groups, but no significant
difference between two groups in SVZ (Figure 4(f)). 𝛽-III
tubulin is a marker that is expressed in newborn neuroblasts
and used to trace the nascent cells. At second week after
stroke, we observed that 𝛽-III tubulin+ cells are distributed
in SVZ (Figures 4(b)(II) and 4(b)(IV)) and IBZ (Figures
4(b)(II) and 4(b)(IV)). Compared with control group, the
number of 𝛽-III tubulin+ cells was increased 2-fold in SVZ,
1.4-fold in IBZ of SKPs group (Figure 4(e)). The increased
BrdU+ cells and migrated neuroblasts indicated ameliorated
microenvironment in the infract region which promoted
neurogenesis in SVZ.

The number of 𝛼-SMA+, vWF+ vessels and vWF+/BrdU+
cells at 14 days after transplantation in IBZ (Figure 5(a))
and ischemic zone (IZ) (Figure 5(b)) were analyzed by

double immunofluorescence staining and visualized by laser
scanning confocal microscopy respectively. By counting the
number of 𝛼-SMA+ vessels, which represent large blood
vessel, the results were significantly higher than that of
control group in IBZ but not in IZ (Figure 4(d)). Meanwhile,
the vWF+ vessel density of SKPs group has followed the same
trend (Figure 5(e)). However, the numbers of vWF+/BrdU+
cells were increased 2.3-fold in IBZ, 2-fold in IZ (Figure 5(f)).
These data demonstrate that SKPs have an obvious effect on
revascularization of ischemic damage.

4. Discussion

In this study, we demonstrated that injection of 0.5× 106 SKPs
(24 h after brain ischemia) significantly improved functional
outcome compared with control group at day 7 and day 14.
Morphological analysis indicated that paracrine signaling of
SKPs played a major role to enhance vessel density, cellular
proliferation, and neurogenesis along the lateral ventricle
and in the striatal ischemic boundary zone, which likely
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Figure 4: SKPs increase SVZ and IBZ neurogenesis and neuronal progenitor migration to the ischemic lesion 14 days after MCAO.
Immunostaining of neural stem cells markers and colocalization of BrdU in (a) SVZ and (b) IBZ of the ischemic rat brain. Brain sections were
immunostained for both ((a)(I); (a)(III); (b)(I); (b)(III)) BrdU (green) and nestin (red) or for ((a)(II); (a)(IV); (b)(II); (b)(IV)) 𝛽III-tubulin in
SKPs group (top) and PBS (bottom). ((i), (ii)) Higher magnification of indicated by the white box. Arrowhead shows BrdU positive cells that
were colocalized with nestin. Scale bars, 10 𝜇m. (c)The pattern of implanted SKPs after cerebral brain ischemia. SVZ and IBZ were indicated
by the black box, shadow area, and infracted zone. Quantitative analysis of (d) BrdU, (e) 𝛽III-tubulin, and (f) nestin positive cells in the SVZ
and IBZ (𝑛 = 5 for control and SKPs group). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus control.

contributed to the improvement of neurological functional
recovery in rat after stroke.

SKPs were initially derived from neural crest and dis-
played multidirectional differentiation capacity including
mesodermal and neural progeny during long-term culture
[24]. However, the ability of differentiation into electrophysi-
ologically active neural cells has not been proved by animal
model just through hippocampal slices culture [14]. Here,
we do not observe any DiI+ neural cells differentiation in
injection area perhaps due to low cell viability after trans-
plantation. In the present research, the fact that transplanted
SKPs improved functional restoration without the reduction
of lesion area in the ischemic brain of rats would be more
probably due to neurorestorative effects of proteins released

by transplanted SKPs, which resulted in neurogenesis and
angiogenesis in the ischemic boundary zone.

It was known that NSCs reside in the specific region of
brain. When damaged, NSCs will be mobilized and migrate
toward injury site immediately in the first two weeks [25]
and yet were hard to survive due to low blood-supply
level and hypoxia in the local microenvironment [26]. To
overcome this problem,MSCs [27] and olfactory ensheathing
cells [28] were applied to neuroprotective in stroke animal
models of stroke. Noteworthy this is the first report in
which the treatment outcome was found in ischemic brain
tissue after SKPs transplantation. Results showed that SKPs
also secrete VEGF and bFGF, which could help in vascular
remolding. Increased vWF-immunoreactive vessel density
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Figure 5: SKPs increase IZ and IBZ revascularization in MCAO model of rats. BrdU immunoreactive endothelial cells, 𝛼-SMA, and vWF
vessels were detected in (a) IBZ and (b) IZ. Brain sections were immunostained for ((a)(I), (a)(III); (b)(I), (b)(III)) 𝛼-SMA or for ((a)(II),
(a)(IV); (b)(II), (b)(IV)) bothBrdU (green) and vWF (red) in SKPs group (top) andPBS (bottom). ((i), (ii), (iii), and (iv))Highermagnification
of indicated by the white box. Arrowhead shows BrdU positive cells that were colocalized with vWF. Scale bars, 10 𝜇m. (c) The pattern of
implanted SKPs after cerebral brain ischemia. SVZ and IZ were indicated by the black box, shadow area, and infracted zone. Quantitative
data of number of (d) vWF or (e) 𝛼-SMA immunoreactive vessels and (f) BrdU immunoreactive endothelial cells. Injected SKPs (𝑛 = 5)
significantly (𝑃 < 0.05) increased the number of endothelial cells and the density of vessels in the IZ and IBZ compared with group treated
with PBS (𝑛 = 5).

and the number of BrdU+ vWF+ cells in the rats treated with
SKPs indicated that SKPs modulated vascular system and
stimulated endothelial cells proliferation.

Previous study reported that, compared to MSCs, SKPs
were able to secrete more neurotrophic molecules (like
BDNFs, GDNFs, and bFGF) that exhibit substantial effects on
neuron survival and functions [29]. Neurotrophic molecules
not only stimulates neurite outgrowth for several neuronal
cell types in vitro but also stimulates regrowth of multiple
descending axon tracts within the spinal cord following
injury [30]. In addition, transplantation of neural stem cells
overexpressing GDNF enhanced neurogenesis in rats after
stroke [31]. We also demonstrated that treatment with SKPs
significantly increased the number of BrdU incorporating
cells, nestin-immunoreactive cells, and the 𝛽-III tubulin-
immunoreactive cells in the SVZ suggesting that SKPs
treatment enhanced endogenous neurogenesis. Moreover,
H&E and toluidine blue staining showed that most neuron
exhibited relatively homogenous oval shaped nuclei in SKPs
group and less extent of inflammation in SKPs group than the
control group. It has been reported that extracellular matrix

(ECM) affects cells survival, proliferation, andmigration [32].
Fibronectin is a crucial component of the ECM that has
been demonstrated to stimulate nerve fiber growth in vitro
and exert a neural protective effect after stroke [33]. In our
study, SKPs expressed fibronectin in culture. Therefore, it is
possible that fibronectin may participate in neuron survival
and differentiation and involve the functional restoration
by activating integrin signal transduction and reestablishing
new neuronal circuits in host brain tissue. Taken together,
these data further explain why SKPs could enhance neuro-
logical function recovery.

5. Conclusion

Transplantation of SKPs into rat brain after stroke improved
neurological function recovery by promoting neurogenesis
and neovascularization, because SKPs are readily accessible
pluripotent sources and possess various therapeutic capaci-
ties, whichmay become a promising candidate cell source for
treatment of stroke.
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Angiogenesis plays an important role in the progression of tumor. Besides being regulated by tumor cells per se, tumor angiogenesis
is also influenced by stromal cells in tumor microenvironment (TME), for example, tumor associated macrophages (TAMs).
Activating transcription factor 4 (ATF4), amember of the ATF/CREB family, has been reported to be related to tumor angiogenesis.
In this study, we found that exogenous overexpression of ATF4 in mouse breast cancer cells promotes tumor growth via increasing
tumor microvascular density. However, ATF4 overexpression failed to increase the expression level of a series of proangiogenic
factors including vascular endothelial growth factor A (VEGFA) in tumor cells in this model. Thus, we further investigated
the infiltration of proangiogenic macrophages in tumor tissues and found that ATF4-overexpressing tumors could recruit more
macrophages via secretion ofmacrophage colony stimulating factor (M-CSF).Overall, we concluded that exogenous overexpression
of ATF4 in breast cancer cells may facilitate the recruitment of macrophages into tumor tissues and promote tumor angiogenesis
and tumor growth indirectly.

1. Introduction

Angiogenesis plays an important role in the progression
of tumor. Insufficient oxygen supply to meet the demands
of proliferating cancer cells gives rise to hypoxic tumor
microenvironment (TME). And oxygen-deprived cancer
cells respond to the hypoxic stress by inducing a series
of cellular responses leading to angiogenesis [1–4]. Besides
being regulated by tumor cells per se, it has been found
that stromal cells in TME also play significant roles in
tumor angiogenesis [5–8]. Among them, tumor associated
macrophages (TAMs) are most intensively studied. Via
either producing proangiogenic factors or physically assisting
angiogenic sprouting, TAMs have been found to promote
tumor angiogenesis directly or indirectly [8–11].

Activating transcription factor 4 (ATF4) belongs to the
ATF/CREB family. It has been found that ATF4 expression
is increased in response to tumor microenvironment stresses
including oxygen deprivation [12–15], and it takes part in
the adaptation to hypoxia [16, 17]. In previous studies,
ATF4 was shown to mediate the VEGF-dependent tumor
growth and angiogenesis triggered by osteopontin (OPN)
[18]. However, it has not been discussed before whether
exogenous overexpression of ATF4 in tumor cells can also
influence tumor angiogenesis via regulating stromal cells in
TME.

In this study, we overexpressed ATF4 in mouse breast
cancer 4T1 and 4TO7 cells. In these two models, ATF4 over-
expression facilitates the macrophage infiltration into breast
cancer tissues via enhanced secretion of M-CSF and thus
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promotes tumor angiogenesis and tumor growth indirectly
via recruiting proangiogenic macrophages.

2. Materials and Methods

2.1. Cell Culture. Mouse breast cancer cell lines 4T1 and 4TO7
and mouse macrophage cell line Raw264.7 were cultured
with 1640 medium (ThermoFisher Scientific, Hudson, NH)
supplemented with 10% fetal bovine serum (FBS) (Corning,
Lowell, MA) and 1% penicillin-streptomycin solution (Gibco,
Rockville, MD). All cell lines were maintained at 37∘C in
a 5% CO2 incubator. To be tracked in vivo, 4T1 cells were
transduced with a self-inactivating lentiviral vector carrying
a ubiquitin promoter driving firefly luciferase reporter gene
to obtain the 4T1-Luc cells.

2.2. Plasmid Constructs. The lentivirus system including
three packaging vectors (pCMV-VSVG, pRRE, and pRSV-
REV) and the expression vector (pLV-EF1𝛼-MCS-IRES-Bsd)
were purchased from Biosettia Company (San Diego, CA,
USA). Full-length mouse ATF4 was cloned from 4T1 cell
cDNA, and the PCR-amplified fragment was inserted into the
MCS of pLV-EF1𝛼-MCS-IRES-Bsd vector to obtain the pLV-
ATF4-Bsd plasmid.

2.3. Lentivirus Packaging and Generation of Stable Transfec-
tants. 293T cells were transfected with the lentivirus pack-
aging vectors and pLV-ATF4-Bsd plasmid using Lipo-2000
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. 40 hours after transfection, the supernatant was
collected and stored at −80∘C until use.

4T1-Luc or 4TO7 cells were seeded into 6-well plates at
a density of 105 per well. 24 hours later, the medium was
changed with the mixture of 2mL complete medium and
1mL lentivirus supernatant, and the cells were centrifuged at
1600 rpm for 1 h at 37∘C. After centrifugation, the lentivirus
was discarded, and the tumor cells were cultured for another
48 h before the selection medium with Bsd (Sigma, St. Louis,
MO) was added. Four days later, the protein of the selected
4T1-Luc-ATF4 or 4TO7-ATF4 cells was collected to detect the
ATF4 expression level.

2.4. Cell Counting Kit-8 (CCK-8) Assay. CCK-8 assay kit was
bought from Dojindo Molecular Technologies (Kumamoto,
Japan). Cells for assay were cultured in 96-well plates, and
the culture medium was changed with 100 𝜇L fresh medium
per well before each measurement. 10 𝜇L CCK-8 working
solution was added to each well, and the cells were incubated
for another 2 hours. Two hours later, the absorbance of
the samples at 450 nm was measured using GloMax-Multi
Detection System (Promega, Madison, WI).

2.5. Western Blot Analysis. Total cell protein was prepared by
lysis of cells with the radioimmunoprecipitation assay (RIPA)
buffer, and the protein concentrationswere determined by the
bicinchoninic acid (BCA) protein assay kit (ThermoFisher
Scientific). Proteins were examined with specific antibodies
against ATF4 (1 : 1000 dilution, Santa Cruz Biotechnology,

Santa Cruz, CA), luciferase (1 : 1000 dilution, Promega), Ki67
(1 : 1000 dilution, Abcam, Cambridge, MA), M-CSF (1 : 1000
dilution, Santa Cruz Biotechnology), and 𝛽-actin (1 : 5000
dilution, Santa Cruz Biotechnology), followed by peroxidase-
conjugated secondary antibodies (Abcam). The reactions
were detected using Immobilon Western Chemiluminescent
HRP Substrate (Millipore, Billerica, MA).

2.6. Real-Time PCR. Total RNA was extracted using TRIzol
reagent (Invitrogen) and reverse transcribed with Prime-
Script RT reagent (TaKaRa, Shiga, Japan). SYBR Premix
Ex Taq (TaKaRa) was used to amplify cDNA for real-
time PCR. The primers used for real-time PCR are as
follows: mouse hypoxia inducible factor 1 alpha (mHIF-
1alpha) (5󸀠-GTGCACCCTAACAAGCCGGGG-3󸀠/5󸀠-AGC-
ACCAAGCACGTCATGGGT-3󸀠), mouse vascular endothe-
lial growth factor A (mVEGFA) (5󸀠-AGGGCTATACTG-
CCCTCCAA-3󸀠/5󸀠-ACGCGAGTCTGTGTTTTTGC-3󸀠),
mouse placenta growth factor (mPlGF) (5󸀠-CACTTGCTT-
CTTACAGGTCC-3󸀠/5󸀠-CACCTCATCAGGCTATTCAT-
3󸀠), mouse platelet derived growth factor, B polypeptide
(mPDGF-B) (5󸀠-TGTAATCGCCGAGTGCAAGA-3󸀠/5󸀠-
CATTGCACATTGCGGTTATTG-3󸀠), mouse angiopoietin
1 (mANG-1) (5󸀠-AGCTACCAACAACAACAGCA-3󸀠/5󸀠-
GCAAAGGCTGATAAGGTTATGA-3󸀠), mouse angiopoi-
etin 2 (mANG-2) (5󸀠-AGCCACGGTCAACAACTCGC-
3󸀠/5󸀠-TCTTCTTTACGGATAGCAAC-3󸀠), mouse granulo-
cyte colony stimulating factor (mG-CSF) (5󸀠-CGTTCCCCT-
GGTCACTGTC-3󸀠/5󸀠-TAGAGCCTGCAGGAGACCTT-
3󸀠), mouse macrophage colony stimulating factor (mM-CSF)
(5󸀠-GCAACTCAGCCACCCCCGTT-3󸀠/5󸀠-AAAACGGGC-
CACAGGCCTGG-3󸀠), and mouse granulocyte-macrophage
colony stimulating factor (mGM-CSF) (5󸀠-CTCCGGAAA-
CGGACTGTGAA-3󸀠/5󸀠-AGGGCTATACTGCCCTCCAA-
3󸀠). Data analysis was performed using GelDoc XR (BioRad,
Berkeley, CA, USA).

2.7. Transwell Migration Assay. 1 × 105 Raw264.7 cells in
200𝜇L basic medium were seeded upon the 24-well Millicell
Hanging Cell Culture Inserts (Millipore) with conditioned
medium of ATF4 overexpressing tumor cells or control cells
in the lower chamber. After incubation for 24 hours, the
inserts were taken out, and the cells were removed from the
upper chamberwith a cotton swab. Cells which havemigrated
through the pores and attached to the reverse side of the
membranewere fixedwith 4% formaldehyde in PBS, followed
by staining with 0.5% crystal violet for 20min. Cells of 5
randomly chosen fields per membrane were counted under
the microscope at 200x and statistically analyzed.

2.8. Animal Works. Six-week-old female Balb/c mice were
purchased from the Experimental Animal Institute, Chi-
nese Academy of Medical Sciences (Beijing, China). All
experimental procedures were conducted in conformity with
institutional guidelines for The Care and Use of Laboratory
Animals in Nankai University, Tianjin, China, and con-
formed to the National Institutes of Health (NIH) Guide
for Care and Use of Laboratory Animals. 4T1-Luc-ATF4
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Figure 1: ATF4 promotes the growth of breast cancer in vivo. (a) ATF4-overexpressing breast cancer grew faster thanMCS group in vivo. (b)
Representative tumor tissues from ATF4 group and MCS group on day 16 and day 31. (c) Fluc imaging of subcutaneous breast cancers from
ATF4 group and MCS group on day 0, day 4, day 7, day 10, and day 13. For each group, a representative mouse at each time point was shown.
(d) Quantitative analysis of BLI signals in (c) was shown as photons/sec/cm2/sr. MCS is the abbreviation of multiple cloning sites, and MCS
group is used as control here.

or 4T1-Luc-MCS cells (5 × 104 per mouse) were injected
subcutaneously to the mice. Bioluminescence imaging was
performedonday 0, day 4, day 7, day 10, andday 13.The tumor
volume was measured with microcalipers from day 8 to day
31. Mice were sacrificed on day 16 or day 31, and the tumor
tissues were embedded withinOCT and stored at −80∘Cuntil
use.

2.9. Bioluminescence Imaging. Bioluminescence imaging of
Fluc was performed using the IVIS Lumina II system (Xen-
ogen, Alameda, CA). After intraperitoneal injection of D-
Luciferin (150mg/kg) (Invitrogen), each mouse was imaged
for 1–5 minutes under anesthesia with isoflurane. Biolu-
minescence signals were quantified in units of maximum
photons per second per cm square per steradian (photons/
sec/cm2/sr).

2.10. Immunofluorescence Staining. For immunofluorescence
staining, specific antibodies against F4/80 (1 : 50 dilution,
Abcam) and mouse CD31 (1 : 100 dilution, BD Biosciences,
Bedford, MA), followed by Alexa Fluor 594 labeled-
secondary antibodies (Invitrogen), were used for detection.
Then the sections were counterstained with 4󸀠,6-diamidino-
2-phenylindole (DAPI), mounted, and observed under the
microscope.

2.11. Immunohistochemical Staining. Specific antibody against
M-CSF (1 : 50 dilution, Santa Cruz Biotechnology) followed
by peroxidase-conjugated goat anti-mouse IgG (Vector Lab-
oratories, Burlingame, CA) was used. DAB Peroxidase Sub-
strate Kit (Vector Laboratories) was employed for detection.
Then the sectionswere costainedwith hematoxylin, hydrated,
mounted, and observed under the microscope.
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Figure 2: ATF4 does not influence the proliferation of mouse breast cancer cells in vitro. (a) ATF4 overexpression did not influence
the proliferation of 4T1-Luc cells in vitro. (b) ATF4 overexpression did not influence the proliferation of 4TO7 cells in vitro. (c) ATF4
overexpression did not influence Ki67 expression level in 4T1-Luc and 4TO7 cells.

2.12. Statistical Analysis. Statistics were calculated using Sig-
maStat for Windows Version 3.5. For comparison between
two groups, two-tailed Student’s 𝑡-test was used. Differences
were considered as significant at 𝑃 values of less than 0.05.

3. Results and Discussion

3.1. ATF4 Promotes the Growth of Breast Cancer In Vivo
without Influencing Breast Cancer Cell Proliferation In Vitro.
First, to study the influence of ATF4 on the growth of breast
cancer, we overexpressed ATF4 in mouse breast cancer 4T1-
Luc cells and injected the 4T1-Luc-ATF4 cells subcutaneously
to Balb/c mice. Western blots were used to confirm the
overexpression of ATF4 (Figure S1(a), available online at
http://dx.doi.org/10.1155/2014/974615). And the expression
level of Luc was not influenced by ATF4 overexpression
(Figure S1(b)).

The growth rate of ATF4-overexpressing tumors was sig-
nificantly enhanced compared to MCS tumors (used as con-
trol here), and the average volume of ATF4-overexpressing
tumors was nearly twice that of MCS tumors on day 31
(Figure 1(a)). Figure 1(b) shows the representative tumor
tissues from ATF4 group and MCS group on day 16 and day
31. For it is not an exact method to measure the volume of

tumors with microcalipers in early stage, we also employed
bioluminescence imaging (BLI) to assess the growth rate of
tumors. Via BLI, we found that even in early stage ATF4-
overexpressing tumors grewwith amuch higher rate (Figures
1(c) and 1(d)).

To investigate whether the promotion effect on breast
cancer growth depends on the influence of ATF4 on cancer
cell proliferation, CCK-8 cell proliferation assay was per-
formed. Figure 2(a) shows that ATF4 overexpression did not
significantly influence the proliferation of 4T1-Luc cells in
vitro. Similarly, overexpression of ATF4 in another mouse
breast cancer cell line, 4TO7, also did not obviously influence
its proliferation (Figures S1(a) and 2(b)). We also detected
the expression of Ki67, a proliferation marker in ATF4-
overexpressing breast cancer cells by western blots. In either
4T1-Luc cells or 4TO7 cells, ATF4 overexpression failed
to enhance the Ki67 expression level (Figure 2(c)). Overall,
these data demonstrated that ATF4 could not influence
the proliferation of mouse breast cancer cells. Thus, we
hypothesized that ATF4 may promote the growth of breast
cancer in vivo through regulation of TME.

3.2. ATF4 Increases theMicrovascularDensity of Breast Cancer
but Fails to Upregulate the Expression of Proangiogenic Factors
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Figure 3: ATF4 increases the microvascular density in breast cancer tissue. (a) Immunofluorescence staining of CD31 showed the increased
microvascular density in ATF4-overexpressing 4T1-Luc breast cancers. (b) Immunofluorescence staining of CD31 showed the increased
microvascular density in ATF4-overexpressing 4TO7 breast cancers. (c) ATF4 did not significantly influence the expression of proangiogenic
factors.

in Breast Cancer Cells. Angiogenesis is an important limiting
factor on tumor growth. There have been reports that ATF4
relates to tumor angiogenesis. This leads us to investigate
whether ATF4 overexpression can regulate breast cancer
angiogenesis and also promote breast cancer growth in vivo.
We sacrificed 4T1-Luc or 4TO7 tumor-bearingmice on day 31
and detected microvascular density in tumor tissues. Figures
3(a) and 3(b) show that the microvascular density of ATF4-
overexpressing tumors is much higher than MCS groups in
these two models.

For there have been reports that ATF4 can regulate the
expression of VEGF [16–18], we initially speculated that
maybe exogenous ATF4 overexpression can promote tumor
angiogenesis via upregulation of proangiogenic factors in
breast cancer cells. However, to our surprise, real-time PCR
showed that ATF4 failed to enhance the mRNA level of most
proangiogenic factors we detected in breast cancer cells. In
fact, the expression level of VEGF-A, PlGF, PDGF-B, Ang-1,

and Ang-2 even tended to decrease in ATF4-overexpressing
breast cancer cells.The only exceptionwasHIF-1alpha, whose
expression level was upregulated by ATF4 less than two times
(Figure 3(c)). Consistentwith our results, it has been reported
that ablation of ATF4 in mice leads to dramatic decrease of
HIF-1alpha expression in osteoblasts [17].

3.3. ATF4 Facilitates the Recruitment of Macrophages via
Enhanced Secretion of M-CSF. Besides being regulated by
tumor cells per se, tumor angiogenesis can also be influenced
by stromal cells in TME. In previous studies, it has been
reported that TAMs in TME are proangiogenic. Thus we
detected whether the infiltration of macrophages in tumor
tissues was influenced by ATF4 overexpression. Immunoflu-
orescence staining for F4/80, a macrophage marker, showed
that there were more macrophages recruited into ATF4-
overexpressing breast cancer tissues in both 4T1-Luc and
4TO7 model (Figures 4(a) and 4(b)). And this phenomenon
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Figure 4: ATF4 facilitates the recruitment of macrophages both in vitro and in vivo. (a) Immunofluorescence staining of F4/80 showed
more macrophages infiltrating into ATF4-overexpressing 4T1-Luc breast cancer tissue compared to MCS group. (b) Immunofluorescence
staining of F4/80 showed more macrophages infiltrating into ATF4-overexpressing 4TO7 breast cancer tissue compared to MCS group. (c)
More Raw264.7 cells were recruited by the conditioned medium of ATF4-overexpressing 4T1-Luc cells. Data were representative of three
independent experiments. (d) More Raw264.7 cells were recruited by the conditioned medium of ATF4-overexpressing 4TO7 cells. Data
were representative of three independent experiments.

was further confirmed by transwell migration assay in
vitro. Compared to MCS groups, more mouse macrophage
Raw264.7 cells were recruited to the lower chamber by the
conditioned medium of ATF4-overexpressing breast cancer
cells (Figures 4(c) and 4(d)).

In most malignant tumors, macrophages compose the
most prominent component of stromal cells in TME. Once
infiltrated into tumor tissues, macrophages undergo pro-
found changes in gene transcription, thus resulting in the
proangiogenic “tumor associated macrophages (TAMs).”The
overall TAMs number has been found to be correlated
with increased microvascular density in a variety of tumors,
for example, pulmonary adenocarcinoma [19], endometrial
carcinoma [20], and also breast cancer [21]. And our results
further confirmed this phenomenon in breast cancer.

Further, wewanted to uncover the soluble factors through
which more macrophages were recruited to ATF4-overex-
pressing tumors. By real-time PCR, we found that among G-
CSF, M-CSF, and GM-CSF, which have been reported to be

related to the recruitment and development of macrophages,
only M-CSF expression level was significantly elevated
in ATF4-overexpressing breast cancer cells (Figure 5(a)),
which was also confirmed in protein level by western blots
(Figure 5(b)). Furthermore, immunohistochemical staining
also demonstrated the elevated level of M-CSF in ATF4-
overexpressing breast cancer tissues (Figure 5(c)).

A series of previous studies implicate M-CSF derived
from breast cancer cells as a potent chemoattractant for
macrophages [22–25]. There have been reports that ATF4
was largely modulated by M-CSF signaling and was also
crucial for M-CSF induction of RANK expression in bone
marrowmonocytes [26].However, there have beenno reports
whether M-CSF can also be regulated by ATF4 before. In
our study, ectopic overexpression of ATF4 in breast cancer
cells led to the enhanced expression of M-CSF and also
the increased infiltration of macrophages into tumor tissues.
And it needs further investigation to reveal the underlying
mechanisms.
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Figure 5: ATF4 increases the expression ofM-CSF in breast cancer cells. (a)ThemRNA level ofM-CSFwas increased inATF4-overexpressing
breast cancer cells. (b) The protein level of M-CSF was increased in ATF4-overexpressing breast cancer cells. (c) Immunohistochemical
staining showed increased M-CSF level in ATF4-overexpressing breast cancer tissues.

4. Conclusions

In this study, we demonstrated that exogenous overexpres-
sion of ATF4 in mouse breast cancer cells can increase
proangiogenic macrophages infiltrating into tumor tissues
via the secretion of M-CSF, thus promoting the tumor
angiogenesis and also tumor growth indirectly. These results
provide interesting observations that ATF4 can affect tumor
angiogenesis via the recruitment of macrophages into TME
of breast cancer and also novel insights into the role of
ATF4 on tumor angiogenesis besides the direct regulation of
proangiogenic factors.
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Vasculature is present in all tissues and therefore is indispensable for development, biology, and pathology of multicellular
organisms. Endothelial cells guarantee proper function of the vessels and are the original component in angiogenesis.
Morphogenesis of the vascular systemutilizes processes like cell adhesion,motility, proliferation, and survival that are closely related
to the dynamics of actin filaments and actin-tethered adhesion complexes. Here we review involvement of actin cytoskeleton-
associated junctional molecules of endothelial cells in angiogenesis and lymphangiogenesis. Particularly, we focus on F-actin
binding protein afadin, an adaptor protein involved in broad range of signaling mechanisms. Afadin mediates the pathways of
vascular endothelial growth factor- (VEGF-) and sphingosine 1-phosphate-triggered angiogenesis and is essential for embryonic
development of lymph vessels inmice.We propose that targeting actin-tethered junctionalmolecules, including afadin,may present
a new approach to angiogenic therapy that in combination with today used medications like VEGF inhibitors will benefit against
development of pathological angiogenesis.

1. Introduction

Endothelial cells (ECs) in mature vascular system are qui-
escent, nonproliferating (with some exceptions, e.g., uterus)
heterogenic population. The endothelium generated by a
single layer of ECs separates the blood and lymph from other
components of the vessel wall and serves wide variety of
functions, specific not only for the vascular bed but also for
the tissue they populate [1, 2]. ECs are the first component
of blood vasculature that is formed in the embryo by differ-
entiation of mesodermal precursor cells angioblasts (process
defined as vasculogenesis, VG), thus creating the primary
capillary plexus [3]. Subsequently, the embryonic vasculature
evolves from the existing vessels by remodeling (termed as
angiogenesis, AG) [4]. In contrast, lymphangiogenesis (LAG)
starts withmigration, proliferation, and differentiation of ECs
pool residing in cardinal vein [5, 6].

Intercellular junctions between the adjacent ECs and
between ECs and surrounding non-EC wall components

(e.g., pericytes) maintain the organization of EC layer and
vessel integrity. Their function is beyond just mechanical
support involving at least inhibition of ECs proliferation and
neovasculogenesis in mature vessels as well as regulation of
ECs gene expression and survival [7]. Adhesive machinery of
ECs includes adherens and tight junctions and focal adhe-
sions [8], all associated with intracellular F-actin network.
Morphogenesis of vasculature relies on processes like cell
adhesion, motility, and proliferation that inevitably include
the actin cytoskeleton and associated junctional molecules,
making the majority of these complexes a requisite of VG,
AG, and LAG [9–14].

In this review we focus on the involvement of actin-
associated molecules at the junctional apparatus in AG and
LAG and, in particular, afadin, an adaptor protein with
multiple roles in cellular physiology [15]. Small GTP-binding
proteins (GTPases) Rap1 and RhoA are discussed in the
context of afadin signaling. The role of GTPases related
to actin cytoskeleton organization and AG is beyond the
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scope of this paper. The interested readers may refer to a
number of outstanding publications [16–18].Wehave selected
this particular view on vascular development, because those
adherent complexes are deeply interwoven with the sig-
naling of the “prime switches” of AG: vascular endothelial
growth factors (VEGFs) and their receptor-tyrosine kinase
VEGF receptors [19], which makes them appealing target for
pro/antiangiogenic therapy.

2. Afadin in the Pathways Controlling
AG and LAG

Afadin is an adaptor protein discovered in 1997 by Mandai
et al. and holds two RA (Ras association), a FHA (forkhead-
associated), a DIL (dilute), a PDZ (postsynaptic density,
Drosophila disk large tumor suppressor, zonula occludens-
1), three PR (proline-rich), and F-actin structural domains
(Figure 1) [20]. Two isoforms are described at present: l-
afadin and s-afadin. s-Afadin truncates the C-terminal F-
actin and the third PR domains. l-Afadin is expressed ubiq-
uitously, whereas s-afadin is expressed mainly in the nerve
tissue [21]. F-actin and PDZ domains link actin filaments and
Ig-like transmembrane junctional proteins nectins, respec-
tively. Resulting cell-cell adhesion assembly is crucial for
establishment and part of adherens and tight junctions in
epithelia, fibroblasts, and ECs [15, 22]. In addition, afadin
functions independently of nectins to promote cell move-
ment and neuronal physiology [23–26]. Due to the multitude
of interacting domains and fundamental role of cell-cell junc-
tions for tissue organization [27], afadin is involved in various
biological phenomena ranging from embryonic development
to cancer progression. Complexity of those processes creates
a broad field of constantly increasing information of afadin
roles [28–32].

Physiological AG, the formation of blood vessels from
existing ones, occurs not only in the embryo but also in post-
natal life (e.g., in uterus, during wound healing). Pathological
AG accompanies some chronic inflammatory diseases (e.g.,
rheumatoid arthritis), cancer, and atherosclerosis [4, 33, 34].
During physiological AG, there is fine-tuned balance between
stimulating and suppressing factors in order to maintain
vascular and tissue integrity and assure effective vessel forma-
tion [35]. Pathological AG results in disorganized, abnormal
vasculature with disturbed regulation [4].

Undeniably, the prime molecular machinery that stimu-
lates VG and sprouting AG is comprised of VEGF and VEGF
receptor in ECs [4, 33, 34, 36]. VEGF receptor interacts with
key ECs adhesion molecules (e.g., VE-cadherin, neuropilin,
and integrins), guides tip ECs to VEGF signal, and activates
a myriad of intracellular signaling during all phases of AG.
Genetic inhibition of VEGF or VEGF receptor in mice
prevents successful vessel formation and cause embryonic
death [37–39].

VEGF signaling is also critical for tumor AG. At present
the most extensively applied medication in human cancer
treatment is VEGF inhibitors [40]. One of the downstream
targets of activated VEGF receptor is Rap1 GTPase that is
also indispensable for the vessel formation [41]. In epithelial

cells Rap1 associates with afadin and recruits epithelial (E)-
cadherin to adherens junctions [42]. Understanding of the
partners of activated Rap1 in ECs had not been extensive
when we investigated Rap1-driven mechanisms in VEGF
and sphingosine 1-phosphate- (S1P-) induced AG [43]. By
studying VEGF- or S1P-stimulated human umbilical vein
ECs (HUVECs) and conditional knockout (cKO) mice with
endothelial-specific afadin gene disruption, we found that (i)
in HUVECs, intracellular localization of afadin was Rap1-
dependent and colocalization of activated (GTP-containing)
Rap1 and afadin was observed in the cell-cell contacts and
the leading edge of polarized moving cells; (ii) afadin or Rap1
knockdown in HUVECs reduced VEGF- or S1P-stimulated
capillary-like network formation in Matrigel and 3D gels,
suppressed migration and proliferation of HUVECs, and
increased the number of apoptotic cells; (iii) equivalent to the
epithelial cells, Rap1 and afadin played key roles in accumula-
tion of adherens and tight junction proteins since absence of
afadin or Rap1 in HUVECs removed the fluorescent signal
in the cell membrane for nectin-2, VE-cadherin, claudin-
5, and junctional adhesion molecule A; (iv) in VEGF- or
S1P-stimulated HUVECs, afadin and Rap1 controlled specif-
ically phosphorylation of Akt and endothelial nitric oxide
synthase (eNOS) but not extracellular signal-regulated kinase
or p38. The subsequent experiments revealed that afadin
is essential for the interaction between phosphoinositide 3-
kinase (PI3K) regulatory subunit p85 and VEGF or S1P
receptors. That interaction recruits catalytic subunit p110 of
PI3K and Akt/eNOS phosphorylation follows (schematically
drawn in Figure 2). Akt/eNOS signaling is proangiogenic and
downstream of VEGF and S1P in ECs [44, 45].

We have also found that, in endothelial afadin cKO
mice, postnatal development of retinal vessels is initially
delayed, that small vessels network decreased, and that VE-
cadherin staining in ECs became discontinuous. Even in
heterozygous KO mice, recovery of blood flow and neofor-
mation of capillary networks after hind limb ischemia were
diminished compared to control mice. Those in vivo data
validated the vital role of afadin in postnatal AG. Moreover,
afadin is involved in maintaining epithelial and endothelial
barrier function [46–48], migration of cancer cells [29, 32],
elongation and lumen formation of the developing nephron
[49], andmodulation of integrin levels in epithelial cells [50].
All those findings provide evidence that afadin is one of the
main participants in the mechanisms of cellular adhesion,
motility, and proliferation, processes implicated in AG but
also in a broad variety of other physiological and pathological
events.

VEGF receptor-Rap1 activation signal in ECs is trans-
mitted not only to afadin/Akt but also to p42/44 ERK1/2
and p38 MAPK [51]. Those tyrosine kinases are important
for ECs proliferation and actin cytoskeleton remodeling and
are absolutely required for placental AG [52, 53]. In Rap1b-
deficient mice AG is disturbed resulting in embryonic and
perinatal mortality [54]. The mechanisms for the defective
AG comprise ECs dysfunction (decreased activation, migra-
tion, and proliferation) that coincides with lower levels of
p42/44 ERK1/2 and p38MAPK in ECs. Another downstream
target of Rap1 in ECs is RAPL, protein that associates with
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Figure 2: Proposed function of afadin in the VEGF or S1P receptor signaling during AG. In HUVECs, activated Rap1 (by still unknown
mechanism) binds and recruits afadin to cell membrane where the complex between VEGF receptor, afadin, Rap1, and sequentially p85
and p110 subunits of PI3K assembles. Activated PI3K phosphorylates Akt and downstream signaling follows. Similar events occur after S1P
receptor activation (not drawn). In addition, Rap1 stimulates different proteins (e.g., RAPL) that may contribute to proangiogenic signal.

GTP-bound Rap1 to activate integrins [55]. This pathway
has proved essential in angiogenic sprouting, ECs migration
(HUVECs), adhesion, and in vivo neovascularization (hind
limb ischemia model in mice) [56]. The role of RAPL in AG
is attributed to inside-out integrin signaling: RAPL promotes
𝛽1 integrin affinity, thereby stimulating ECs adhesion and
migration (for the role of integrins in AG and LAG, see the
next section of this review).

The mice with EC-targeted deletion of afadin [43]
were born in a significantly reduced ratio (3.6% versus
25% expected), showing that afadin is also important for

embryonic AG. That observation became the topic of our
investigation [57], in which we found that most of the
endothelial afadin cKO mouse embryos died at embry-
onic day (E) 16.5. Until E13.5, no detectable dissimilarities
between cKO and control embryos could be observed, but
at E14.5–E16.5, cKO mice developed diffuse subcutaneous
edema and dot-like skin hemorrhages. Series of immunoflu-
orescence experiments demonstrated that lymphatic vessels
in the skin of afadin cKO embryos were largely dilated
and that lymphatic endothelium exhibited defect in VE-
cadherin staining but preserved ability to differentiate and
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Figure 3: Sequence of regulatory steps leading to damage of lymph endothelial barrier in afadin cKO mouse embryos. In the absence of
afadin-mediated inhibition of RhoA activity, actin stress fibers are formed. Thick actin filaments alter the cell shape, dislocate VE-cadherin
from cell membrane, compromise adherent junctions, and damage lymph EC barrier.This results in generalized edema and embryonic death.

proliferate. To investigate afadin-induced dysfunction of
lymphatic endothelium, human dermal blood and lymphatic
microvascular ECs (BMVECs and LMVECs, resp.) were used
as a model. Knockdown of afadin in LMVECs triggered
cell-shape alteration, disorganization of cell-cell contacts,
reduction of VE-cadherin staining, and formation of thick
F-actin fibers at the cells periphery. All of these effects were
not produced in BMVECs. Afadin-associated F-actin/VE-
cadherin rearrangements in LMVECs depended on RhoA
activity: GTP-bound (active) RhoA was increased in afadin-
knockdown LMVECs and dominant negative RhoA mutant
rescued the phenotype in LVMECs. Thus, afadin stabilizes
adherens junctions/VE-cadherin by suppressing RhoA activ-
ity and stress fibers formation to maintain EC barrier in
embryonic lymphatic vessels (Figure 3). Actin fibers organi-
zation is reported as condition that defines the localization
of VE-cadherin in cell junctions. Actin depolymerization
or hyperpolymerization has been shown to decrease VE-
cadherin in ECs and compromise endothelial barrier [58].
Contraction of cortical actin-myosin cytoskeleton in ECs
stimulated by Rho GTPase has similar effect [59]. Actin
bundles in ECs formed after cAMP/Epac/Rap1 stimulation
anchor VE-cadherin and strengthen cell-cell adhesions, the
effect that results in reduction of endothelial layer permeabil-
ity [60, 61].

Our reports described above complement the knowl-
edge about signaling in embryonic LAG and postnatal AG.
Lack of afadin in lymphatic ECs of the mouse embryo
does not impede vessel morphogenesis but compromises
intercellular junctions of ECs. This effect is secondary to
F-actin stress fiber synthesis and VE-cadherin dislocation.
Contrary to adhesion structures in blood ECs, lymphatic
ECs have “button-like” intercellular contacts that facilitate
the transport of intercellular fluids [62]. This functional
specialization may also include unique RhoA regulation by
afadin. In addition, RhoA-dependent actin rearrangement

and disruption of cell-cell adherens junction resemble the
mechanism exploited by thrombin to damage barrier func-
tion in lung ECs [47]. Afadin/Rap1 complex was essential for
recovery of cell-cell contacts and actin network in lung ECs.

Participation of afadin in the signaling downstream of
VEGF and S1P receptors as well as its involvement in tubulo-
genesis and apoptosis might focus attention on this molecule
in the context of tumor AG and cancer therapy. Afadin is
also important antiapoptotic guard in embryogenesis, and
platelet-derived growth factor (PDGF) receptor binds PI3K
regulatory subunit p85/afadin in a similar way as shown for
VEGF and S1P receptors to activate Akt [63].

3. Other Actin-Associated Adhesion
Complexes in relation to AG and LAG

Many transmembrane adhesion molecules in ECs and their
intracellular partners that link the molecular assembly to
actin filaments contribute to the complex sequence of events
in the process of VEGF-induced AG. Studies with cKO
mice that eliminate the function of selected molecule in
ECs demonstrated the individual role of excluded junctional
component inAGor LAG and revealed its unique phenotype.

3.1. VE-Cadherin. VE-cadherin communicates through its
cytoplasmic segment with 𝛽-catenin, plakoglobin, and p120-
catenin. 𝛽-Catenin and plakoglobin interact with 𝛼-catenin
that anchors (although recently questioned [64]) VE-
cadherin to actin cytoskeleton [65, 66]. p120-Catenin stabi-
lizes VE-cadherin by preventing its endocytosis [67]. VE-
cadherin deficiency in ECs of mice created by cKO technique
has caused embryonic lethality at E9.5 because of increased
EC apoptosis and defective AG [68]. VG was not disturbed,
but lack of VE-cadherin stopped the remodeling of primary
capillary plexus. Some vessels of the embryos had narrow or
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no lumen, whereas others were dilated. Throughout the vas-
culature, ECs were detached from the basement membranes,
disconnected each other, and could be seen in the lumen
of the vessels. Those observations resulted from a failure to
form the EC survival complex amid VEGF, VE-cadherin, 𝛽-
catenin, and PI3K, missing Akt phosphorylation and thus
inactive antiapoptotic machinery [69].

VE-cadherin is crucial for the functional integrity of
endothelial layer [70] and contributes to all phases of AG.
Upon initiation of VEGF-mediated AG and activation of
VEGF receptor, VE-cadherin is target for Src phosphory-
lation, a modulation that leads to adherens junction disas-
sembly and increased permeability of ECs. Simultaneously,
molecular complex consisting of integrin 𝛼v𝛽3, syndecan-1,
and insulin-like growth factor-1 receptor is activated. These
molecular events facilitate early adhesion and migration of
ECs in VEGF-induced AG [71]. During sprouting neovas-
cularization, the tip and stalk ECs are recognized in the
developing branches [72]. It has been found that tip and
stalk ECs are not static but they exchange their positions
and phenotypes in the process of elongation of the vessel
[73]. VE-cadherin dynamics under contrasting control of
VEGF and Notch signaling drives this ECs behavior and
is necessary for the coordination of physiological AG. VE-
cadherin mobility is lost in certain pathology, for example,
cancer [74]. VE-cadherin is important for establishing the
functional vessels by inhibiting VEGF-signaling (p44/p42
MAPK) and ECs proliferation after ECs contact and adherens
junction formation [75].

3.2. 𝛽-Catenin. Mice embryos with inactivated 𝛽-catenin in
ECs die at E11.5–E13.5 [10]. VG and early AG developed, but
after E9.5 vessels showed lumen irregularities and hemor-
rhage. Vitelline vessels had smaller diameter. The pattern of
the vasculature of primitive neural plexus was defective, and
the placenta was less vascularized compared to control mice.
ECs had morphological changes, impaired junctions, and
abundant fenestrations. In cultured ECs of 𝛽-catenin cKO
mice, immunofluorescence of plakoglobin was increased, 𝛼-
catenin decreased, and desmoplakin was found at EC con-
tacts but not at those of control mice. The shift of molecular
composition of junctional proteins in the 𝛽-catenin cKO
mice has led to the authors’ interesting hypothesis: lack of
𝛽-catenin forces creation of extra VE-cadherin/plakoglobin
complexes and plakoglobin/desmoplakin/vimentin interac-
tion analogous to that in complexus adhaerentes in lym-
phatic vessels [76]. In addition, proliferation of cultured
ECs stimulated by VEGF receptor was not inhibited by
confluency in the absence of 𝛽-catenin [75]. ECs express
an array of Frizzled/Lrp (low-density lipoprotein receptor-
related protein) receptor complexes, a target of Wnt (Wing-
less and Int-1) ligand [77]. Canonical Wnt signaling includes
𝛽-catenin transcriptional activity through interaction with T-
cell factor (Tcf)/Lef transcription factors [78]. Wnt canonical
system is involved in embryonic AG [79] and the vascular
phenotype of 𝛽-catenin cKOmice may partially be a result of
Wnt signal failure. Interestingly, the constitutively active 𝛽-
catenin mutant in ECs also impairs embryonic AG because
of overactivity of Notch-related pathways [80].

3.3. p120-Catenin. p120-Catenin stabilizes membrane local-
ization of VE-cadherin by preventing endocytosis [81]. Dele-
tion of p120-catenin in ECs of mice is also embryonically
lethal starting at E12.5 (40% of mutated embryos) [11]; how-
ever, some of them survive without obvious abnormalities.
p120-Catenin deletion causes defects in microvasculature
after E9.5; reduced microvascular density, disorganized vas-
cular networks with impaired branching and blind-ending
vessels, and hemorrhages were found in the brain and other
organs. Pericytes recruitment, VE-cadherin, and N-cadherin
expression were decreased. Cultured ECs from p120-catenin
cKO mice exhibited proliferation deficiency.

3.4. Integrins. Integrins are large family of adhesive proteins
that interact with extracellular matrix components and some
adhesionmolecules in the cell membranes and are critical for
cell motility and survival [82].They are heterodimers of𝛼 and
𝛽 subunits that upon activation cluster to form focal adhe-
sions and assemble intracellular signaling molecules that are
linked to actin cytoskeleton and specific cellular functions. In
addition, integrins regulate VE-cadherin/catenin complexes
during cell movement [83]. A vast number of reports show
the importance of particular integrins in AG [8, 84, 85].
Integrin 𝛼v𝛽3 is coreceptor of VEGF receptor in AG [86]
and null or cKO mice (ECs) for several integrin subunits
like 𝛼v, 𝛼3, 𝛼5, 𝛽1, and 𝛽3 demonstrate their obligatory
role in AG [87–89]. Deficiency of those subunits causes
severe defects in vascular development: disturbed vessel
organization, defective tubulogenesis, hemorrhage, vessel
wall rupture, and embryonic death. Intracellular adaptor
molecules linked to integrin dimers also control AG.Deletion
of talin-1, which directly associates with𝛽 subunit of integrins
and mediates coupling to actin, in ECs of mice produced
severe defect in AG with diffuse hemorrhages and disrupted
vascular trees, leading to embryonic death [90]. Kindlin-
2, the newly discovered 𝛽 subunit partner important for
integrin activation [91], is also critical for AG. In mice,
heterozygous deletion of kindlin-2 resulted in formation
of immature vessels in implanted tumors. ECs from those
mice showed reduction of integrin 𝛽3-dependent adhesion,
migration, and tube formation. Another key component of
integrin activation, focal adhesion kinase (FAK), induced
tumor AG [91].

Integrin 𝛼9𝛽1 appears to have specific role in LAG.
Integrin 𝛼9-null mice suffered insufficiency of the valves
in collecting lymph vessels, developed chylothorax, and
inexorably died by postnatal day 12 because of respiratory
failure [92].The valves hadmalformed leaflets due to missing
integrin 𝛼9𝛽1/fibronectin interaction that is necessary for the
leaflets matrix organization [93]. Integrin 𝛼9𝛽1 has unique
property of binding directly VEGF to promote ECs adhesion
and migration [94].

ECs in lymphaticmicrovasculature have specialized junc-
tions that apparently reflect specific functionality of lymph
capillaries [62]. Those “button-like” structures form discon-
tinuous line of adhesions that allow easy flow of interstitial
constituents into the lumen. During embryonic development
ECs in lymphatic capillaries have continuous intercellular
junctions that evolve to the “buttons” soon after birth [95].
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Themolecular composition of the junctions in lymphatic ECs
is mixture of adherens and tight junctional proteins (VE-
cadherin, occluding, claudin, afadin, etc.). Contrary to the
role of those proteins in AG, importance of actin-associated
junctional molecules in LAG (except partially for afadin)
remains to be elucidated.

4. Necessity for Clarifying the Role of
Similar Molecules in Developmental and
Pathological AG and LAG

Pathological AG and LAG are considered dysregulated pro-
cesses utilizing similar molecular repertoire as AG and
LAG during embryogenesis [4]. However, there is still little
knowledge about the specificity of signaling mechanisms in
pathological AG and LAG. Available reports have demon-
strated altered functionality of certain angiogenic molecules
like placental growth factor (PIGF), VEGF receptor-1, and
VEGF-B in the context of diseased state [96–98]. Those
pathology-associated investigations of the key angiogenic
molecules such as VEGF ligands and receptors are the
actual basis for understanding and eventually discovering the
targets for antiangiogenic therapy. Actin-related junctional
molecules are probably not exception and they may have
additional/changed functionality in diseased conditions: for
example, VE-cadherin in neoplastic vascular ECs expresses
epitope that normally is obscured and thismolecular segment
allows specific targeting of tumor ECs [99]. Promising objec-
tive for antiangiogenic therapy especially in cancer is integrin
𝛼v𝛽3, essential molecule for tumor AG. At present, several
groups of pharmacological inhibitors of integrin 𝛼v𝛽3 are in
the different stages of testing and the results show favorable
effects in preclinical and clinical settings [100].

5. Conclusion

AG and LAG are attractive targets for influencing pathologi-
cal conditions that present with excessive/abnormal vascular
proliferation (chronic inflammation, cancer) or ischemia
(atherosclerosis). The growth of vessels in AG demands
fundamental processes of cell biology and morphogenesis:
cellular adhesion, migration, proliferation, and survival. All
of these functions utilize as essential effector actin filaments
and associated junctional molecules that assure intercellu-
lar or cell-matrix communication. As a part of the same
machinery, actin-tethered molecular complexes appear to be
highly integrated, and they cooperate to regulate organization
or disorganization of particular adhesion structure. Further-
more, the main switch of AG, VEGF signaling, is intimately
dependent on these molecular complexes. Because of these
properties, molecular assemblies including VE-cadherin,
integrin, and nectin as well as actin may be considered as
(co)targets of VEGF-related pro- or antiangiogenic therapy.

Afadin functions downstream of angiogenic signals
translated by VEGF and S1P in ECs and also may represent
target for modulating AG. Afadin has multiple roles in
cellular processes, which may broaden the effects of its
inhibition. Not only physiological AG but also pathological

AG (e.g., neovascularization in tumors) might be affected
by modulating the afadin-related signals. However, there
are many unanswered questions at present to justify this
strategy: compromising intercellular adhesions may promote
metastasis in cancer, whereas dysfunctional actin-related
machinery might have opposite effects by preventing cell
adhesion and promoting apoptosis; fundamental roles of
cell junctions most probably will require targeted approach,
delivery of active substances only to the diseased location;
mechanisms involving afadin in pathological AG could have
altered effects. Nevertheless, the proposed hypotheses might
be worth testing in translational studies with hope that it will
help in reducing the resistance to VEGF receptor inhibitors
in VEGF-induced (or other) pathological AG.

Conflict of Interests

All the authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] W. C. Aird, “Phenotypic heterogeneity of the endothelium: I.
Structure, function, andmechanisms,”CirculationResearch, vol.
100, no. 2, pp. 158–173, 2007.

[2] K. L. Marcelo, L. C. Goldie, and K. K. Hirschi, “Regulation
of endothelial cell differentiation and specification,” Circulation
Research, vol. 112, no. 9, pp. 1272–1287, 2013.

[3] L. Coultas, K. Chawengsaksophak, and J. Rossant, “Endothelial
cells and VEGF in vascular development,” Nature, vol. 438, no.
7070, pp. 937–945, 2005.

[4] A. S. Chung and N. Ferrara, “Developmental and pathological
angiogenesis,” Annual Review of Cell and Developmental Biol-
ogy, vol. 27, pp. 563–584, 2011.

[5] T. Tammela and K. Alitalo, “Lymphangiogenesis: molecular
mechanisms and future promise,” Cell, vol. 140, no. 4, pp. 460–
476, 2010.

[6] S. Schulte-Merker, A. Sabine, and T. V. Petrova, “Lymphatic vas-
cular morphogenesis in development, physiology, and disease,”
The Journal of Cell Biology, vol. 193, no. 4, pp. 607–618, 2011.

[7] E. Dejana, “Endothelial cell-cell junctions: happy together,”
Nature ReviewsMolecular Cell Biology, vol. 5, no. 4, pp. 261–270,
2004.
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Creating a long-lasting and functional vasculature represents one of the most fundamental challenges in tissue engineering. VEGF
has been widely accepted as a potent angiogenic factor involved in the early stages of blood vessel formation. In this study,
fibrous scaffolds that consist of PCL and gelatin fibers were fabricated. The gelatin fibers were further functionalized by heparin
immobilization, which provides binding sites for VEGF and thus enables the sustained release of VEGF. In vitro release test confirms
the sustained releasing profile of VEGF, and stable release was observed over a time period of 25 days. In vitro cell assay indicates that
VEGF release significantly promoted the proliferation of endothelial cells. More importantly, in vivo subcutaneous implantation
reflects that vascularization has been effectively enhanced in the PCL/gelatin scaffolds compared with the PCL counterpart due
to the sustained release of VEGF. Therefore, the heparinized PCL/gelatin scaffolds developed in this study may be a promising
candidate for regeneration of complex tissues with sufficient vascularization.

1. Introduction

Blood vessels can provide necessary oxygen and nutrients
to cell by diffusion processes, but the effective distance of
diffusion is 100–200 𝜇m around a capillary [1]. Sufficient vas-
cularization has a decisive effect on maintaining the survival
of regenerated tissue in the field of tissue engineering. So far,
only a few thin tissues, such as skin, cartilage, or cornea, can
successfully survive after implantation [2]. Vascularization
in three-dimensional tissue engineering scaffolds, such as
bones, remained an important challenge in both research
and clinic practice [3]. For the regeneration of blood vessels,
immature and regressed capillaries within the wall of blood
vessel also led to calcification after a long period of implanta-
tion, which resulted in the restenosis failure finally [4].

Recently, several approaches have been employed to
improve vascularization of tissue engineering scaffolds,
including optimization of 3D structures [5, 6]; preseeding
of mesenchymal stem cells (MSCs) [7], endothelial cells
(ECs) [2], and endothelial progenitor cells (EPCs) [8]; and
the loading of bioactive molecules, such as NO donor [9],

angiogenic factors [10, 11], or peptides [12] to the scaffold.
However, until now none of them have been proven fully
successful in development of long-lasting vasculature (blood
vessels).

Rational design of physical structure of tissue engineering
scaffold (pore size and interconnectivity) is fundamental for
tissue regeneration and vascularization. Published results
indicate that enhancing pore sizes within fibrous scaffolds
fabricated by electrospinning can effectively promote cellu-
lar infiltration [13, 14]; thus, the vascularization has been
improved thereafter. However, due to the bioinert character-
istic of scaffolds, the integrity and stability of de novo vascula-
ture are not satisfactory.More importantly, the capillaries will
regress over long-term implantation as mentioned before.

In addition to the physical structure, bioactivity and func-
tion of the scaffold are more important for the vasculariza-
tion. Of the known angiogenic factors, vascular endothelial
growth factor (VEGF) is themost studied and effective one. It
has been reported that loading VEGF onto tissue engineering
scaffolds is an effective strategy to promote vascularization.
However, due to the short half-life (about 50min), high
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doses are often required, which results in a number of side
effects (such as vasodilation and hypertension, inappropriate
blood vessel growth, atherosclerotic plaque development,
and neovascularization of tumors) [15, 16]. In addition,
sustained local concentration of VEGF is also necessary for
the development of mature blood vessels.Therefore, it is very
important to develop functional fibrous scaffold that could
load and release VEGF in a sustained and controlled manner.

Heparin possesses a special binding affinity to a variety
of growth factors, including platelet-derived growth factor-
BB (PDGF-BB) [17], fibroblast growth factor (FGF) [18],
transforming growth factor-𝛽 (TGF-𝛽) [19], and VEGF [20].
The binding affinity of heparin-binding growth factors with
heparin is mainly based on electrostatic interactions [21],
which is critical for storage, release, and protection of the
growth factor from degradation [22]. For these reasons,
heparin has been widely utilized as a functional molecule for
the delivery of growth factors to achieve sustained releasing
property.

In this study, a hybrid scaffold that consists of syn-
thetic PCL fibers and native gelatin fibers was designed
and prepared by coelectrospinning. Gelatin fiber was further
crosslinked and functionalized by heparin in one step. Then
VEGF was immobilized onto the heparinized PCL/Gel scaf-
folds by the aid of affinity interaction between heparin and
VEGF. The sustained release of VEGF was confirmed by in
vitro releasing test. The effect of released VEGF from the
heparinized PCL/Gel scaffolds on enhancing vascularization
has been investigated by both in vitro cell experiment and in
vivo subcutaneous implantation.

2. Materials and Methods

2.1. Materials. Poly(𝜀-caprolactone) (PCL: 𝑀
𝑛
= 80,000),

gelatin, and 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) were purchased from Sigma-Aldrich (Shang-
hai, China). 1,1,1,3,3,3-Fluoro-2-propanol (HFIP) was pur-
chased from Tianli Technology Co. Ltd (Zhuhai, China).
Heparin and 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-dipheny-
tetrazoliumromide (MTT) were bought from Lianxing
Biotechnology Company (Tianjin, China). 3,3󸀠-Dioctadecyl-
oxacarbocyanine perchlorate (DiO) and 1,1󸀠-dioctadecyl-
3,3,3󸀠,3󸀠-tetramethylindocarbocyanine perchlorate (DiI)
were products of Molecular Probes (Eugene, OR). Human
vascular endothelial growth factor (VEGF) was purchased
from R&D Systems (Minneapolis, MN). Other reagents were
purchased from Tianjin Sixth Reagent Company and used as
received without further purification.

2.2. Electrospinning of PCL/Gel Fibrous Scaffolds. The hybrid
fibrous scaffolds were prepared by coelectrospinning. A
25%w/v solution of PCLwas prepared in a 5 : 1 (V/V)mixture
of chloroform and methanol by stirring overnight. Gelatin
was dissolved in the HFIP with stirring at room temperature
for 6 h to obtain 6%w/v solution. Two 10-mL syringes were
filled with PCL or gelatin solution and connected to a 21 G
blunt-ended needle that served as the charged spinneret. The
apparatus consists of a syringe pump (Cole Parmer, Vernon

Hills, IL), a high-voltage generator (DWP503-1AC, Dong-
WenHighVoltage power supply Factory, Tianjin, China), and
a spinneret-mandrel as collector. The voltages between the
needle tip and the rotating mandrel were set as 11 kV for PCL
and 17 kV for gelatin. The distances between the needle tip
and collector were 25 and 15 cm, respectively. The obtained
electrospun scaffolds were vacuum-dried over 48 h at room
temperature before further treatment.

2.3. Functionalization of PCL/Gel Fibrous Scaffolds. Cross-
linking and heparization of electrospun PCL/Gel scaffolds
were performed in 50% ethanol (v/v) containing 30mMEDC
and 0.5mg/mL heparin for 12 h with gentle shaking in ice
bath.The heparinized PCL/Gel scaffolds were washed 3 times
with distilled water for 24 h in order to remove unreacted
EDC and heparin completely. Then, the scaffolds were dried
at room temperature before use.

The heparinized PCL/Gel scaffolds were cut into circular
discs (1 cm in diameter) and placed in 48-well cell culture
plate. Samples were sterilized by immersion in 75% v/v
ethanol solution for 1 h and air-dried at room temperature.
They were incubated in VEGF solution (100 ng/100 𝜇L in
PBS) at 4∘C overnight. Then, samples were quickly washed
three times with fresh PBS.

2.4. Fiber Morphology and Distribution. The electrospun
PCL/Gel scaffolds were mounted on an aluminum stubs and
sputter coated with gold and palladium. They were observed
by scanning electron microscope (SEM, HITACHI, X-650,
Japan) at an accelerating voltage of 15 kV. Based on the SEM
images, the pore diameter was determined according to the
method described by Wang et al. [23]. At least six pores per
image, three images per sample, and three samples per group
were included to perform the calculation.

To visualize the distribution of the PCL and gelatin fibers,
two different fluorescent dyes were incorporated into each
fibers of the scaffold. DiI (1mg/mL, orange-red fluorescent)
was added to PCL solution and DiO (1mg/mL, green fluores-
cent) was added to gelatin solution. After coelectrospinning,
the PCL/Gel scaffolds were visualized using a laser scanning
confocal microscope (CLSM; Zeiss LSM710).

2.5. Water Contact Angle (WCA) Measurements. The sessile
drop method was used to measure WCA at room temper-
ature through an optical contact goniometer (Harke-SPCA,
Beijing, China). The scaffolds were pasted on glass slides
and fixed onto the sample holder. Each measurement was
performed using a 10 𝜇L drop of ddH

2
O on the surfaces

of the scaffolds after 20 s. The average values of WCA were
averaged based on four values at different positions of the
sample surface.

2.6. Quantification of Immobilized Heparin. Circular samples
(1 cm in diameter) of heparinized PCL/Gel were incubated
with 5mL of toluidine blue solution (0.04 g/100mL 0.1M
HCl) for 4 h at room temperature with gentle agitation to
form dye-heparin complex. Samples were rinsed with PBS
twice for 5min, and the residual dye that was bound to the
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heparin was solubilized with 5mL mixed solution of ethanol
and 0.1M NaOH (4 : 1 v/v). The absorbance of the resulting
solution was measured at 530 nm using a spectrophotometer,
and the results were used to calculate the heparin concentra-
tion based on a calibration curve obtained from a series of
graded dye-heparin complexes.Thefinal heparin amountwas
normalized to the dry weight of each sample (𝑛 = 3).

2.7. Mechanical Test. Mechanical properties were measured
on a tensile-testing machine with a load capacity of 100N
(Instron-5865, Norwood, MA). The 1 cm × 4 cm electrospun
PCL/Gel scaffolds were clamped and pulled longitudinally at
a rate of 10mm/min. The tensile strength and elongation at
break were measured. The Young’s modulus was obtained by
measuring the slope of the stress-strain curve in the elastic
region.

2.8. VEGF Release. TheVEGF loaded specimens were placed
in 5mL centrifugal tube, and 2mL of release media (0.1%
sodium azide in PBS) was added to each tube. They were
maintained at 37∘C with gentle shaking for up to 25 days. At
predetermined time points, buffer in each tube was collected
and replaced with fresh PBS. The amount of released VEGF
was analyzed using a human VEGF ELISA kit according to
the manufacturer’s instructions. The cumulative amount of
VEGF released from each scaffold was normalized to the dry
weight of each sample (𝑛 = 3).

2.9. Cell Proliferation. Specimens were cut into circular discs
(1 cm in diameter) and then placed in 48-well plate. Human
umbilical vein endothelial cells (HUVECs) (ScienCell, USA)
were seeded on the scaffolds at a density of 5.0× 103 cells/well.
The endothelial culture medium (ECM, ScienCell, USA) was
changed every 24 h. After cell culture for 1, 3, and 5 days,
50𝜇L of MTT reagents (5mg/mL in PBS) was added to
each well and incubated for 4 h. Then, the supernatant was
discarded and the cell-scaffold constructs were washed with
PBS. 300 𝜇L of DMSO was added, and the plate was placed
on a shaker for 15min to dissolve the formazan salts. Finally,
100 𝜇L of dissolved solution from each well was transferred to
a 96-well plate.The absorbance at 490 nmwasmeasured with
a Bio-Rad Microplate Reader (iMark, Bio-Rad, USA).

2.10. Subcutaneous Implantation in Rats. Sprague Dawley
(SD) rats (male, weight 250–300 g) were purchased from
the laboratory animal center of the Academy of Military
Medical Sciences (Beijing, China). All animal experiments
were approved by the Animal Care and Use Committee of
Nankai University.The rats were anesthetized with intraperi-
toneal injection of chloral hydrate (0.3mg/kg body weight).
Three circular specimens (1 cm in diameter) were implanted
subcutaneously at one side of the backbone. The grouping of
animals was based on the type of scaffolds and duration of
observation for 2 and 4 weeks.

2.11. Histological Analysis. Upon explantation, the surround-
ing tissues of the scaffolds were excised together and then

fixed with 4% paraformaldehyde at 4∘C overnight, dehy-
drated in a 30% sucrose solution for 24 h, and finally embed-
ded in optimal cutting temperature compound (OCT) for
sectioning. One part of sections was stained by H&E to assess
cellularization. The cell migration rate was calculated by the
following equation:

The cell migration rate = 𝑊
𝑊
0

%, (1)

where𝑊 is the area of the cellmigration into scaffolds and𝑊
0

is the area of the scaffold. The other sections were stained by
immunofluorescence to assess vascularization. Monoclonal
antibody to vWF was used as primary antibodies, and
Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen) was
used as the secondary antibody. The nuclei were counter-
stained with DAPI containing mounting solution (Dapi-
Fluoromount-G, Southern Biotech, England). The sections
without incubation with primary antibody were used as
negative controls. Slides were observed under a fluorescence
microscope (Zeiss Axio Imager Z1, Germany) and a digital
camera (AxioCam MRm, Germany). The mean blood vessel
number was determined based on the fluorescence images.
At least six images per section, four sections per sample,
and three samples per group were included to obtain the
calculation.

2.12. Statistical Analysis. All data were presented as means ±
standard deviations. A two-tailed paired Student’s 𝑡-test was
used to compare the differences. A value of 𝑃 < 0.05 was
considered statistically significant.

3. Results and Discussion

3.1. Characterization of the Structure and Composition of the
Scaffolds. In this study, PCL/gelatin scaffolds with hybrid
fibrous structure were designed and fabricated by coelectro-
spinning. Of the two fiber components, synthetic polymer
PCL provides mechanical support, while native polymer
gelatin contributes the functional groups for further hep-
arization and VEGF loading. By controlling the flow rate of
PCL solution (Table 1), two types of PCL/Gel scaffolds with
different compositons were prepared.

SEM images show two types of fiberswith contrast in fiber
size (Figures 1(a) and 1(d)). The fibers of large diameter are
attributed to PCL, while those of small diameter correspond
to gelatin, by comparing with the SEM images of neat
PCL and gelatin [24]. The pore size of scaffolds was also
determined based on the SEM images (Table 2).

In order to better discern the fibers distribution, two
types of fibers were fluorescently stained, respectively. As
shown in Figure 1(i), red PCL and green gelatin fibers were
distributed randomly and uniformly.The relative ratio of two
fiber componets was quantified through selective leaching of
gelatin. Results indicate that the gelatin ratio was 6.87wt%
and 19.00wt% for PCL/Gel-1 and PCL/Gel-2, respectively,
which agrees well with the theoretical value determined
according to the feeding ratio [25].
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Table 1: Preparation of heparinized PCL/Gel fibrous scaffolds.

Sample code 𝐶PCL (g/mL) 𝐶Gel (g/mL) Flow rate
PCL (mL/h)

Flow rate
Gel (mL/h)

Immobilized heparin
(𝜇g/cm2)

PCL 0.25 0 8 0 0
PCL/Gel-1 0.25 0.06 8 4 0
PCL/Gel-2 0.25 0.06 4 4 0
Hep-PCL/Gel-1 0.25 0.06 8 4 39.28 ± 4.24
Hep-PCL/Gel-2 0.25 0.06 4 4 84.11 ± 9.24

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 1: Structure characterization of electrospun PCL/Gel scaffolds. SEM images of PCL/Gel-1 (a), Hep-PCL/Gel-1 (b), and Hep-PCL/Gel-
1 degraded in PBS for 14 days (c) and PCL/Gel-2 (d), Hep-PCL/Gel-2 (e), and Hep-PCL/Gel-2 degraded in PBS for 14 days (f) (scale bar =
20 𝜇m). Fluorescent images of PCL/Gel-1 with red PCL fibers labled with DiI (g), and green gelatin fibers labled with DiO (h), as well as the
merge one (i) (scale bar = 20 𝜇m).



BioMed Research International 5

Table 2: The average pore sizes of the scaffolds.

Scaffolds Averaged pore size (𝜇m)
PCL 37.61 ± 12.19
PCL/Gel-1 12.43 ± 5.96
PCL/Gel-2 8.07 ± 3.31
Hep-PCL/Gel-1 13.37 ± 6.46
Hep-PCL/Gel-2 8.46 ± 4.24
Hep-PCL/Gel-1 in PBS for 14 d 26.94 ± 14.76
Hep-PCL/Gel-2 in PBS for 14 d 20.94 ± 16.57

The electrospun scaffolds were further functionalized
by immobilizing heparin under the catalysis of zero-length
crosslinking agent, 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC). Within this process, gelatin component
was also crosslinked, which is necessary for gelatin fibers to
maintain the stable structure [20, 26, 27]. After the function-
alization, PCL fibers remained the well-fined morphology,
whereas the gelatin fibers showed some degree of collapse and
deformation, but fiber morphology could still be identified
(Figures 1(b) and 1(e)). The average pore size did not show
detectable change before and after the functionalization
(Table 2).

The stability of heparinized PCL/Gel scaffolds was eval-
uated by in vitro degradation for 14 days. Significant degra-
dation of gelatin fibers could be identified based on the SEM
images (Figures 1(c) and 1(f)), which results in enhanced pore
size of the scaffold (Table 2).

The heparization was quantified by Toluidine blue assay,
and results indicate that the amount of immobilized heparin
was consistent with the gelatin content (Table 1).

3.2. Surface Hydrophobic/Hydrophilic Property. Surface
hydrophilicity was analyzed by static contact angle
measurement. In general, PCL is a hydrophobic polymer
with water contact angle (WCA) of 130.52 ± 1.56∘. After
the incorporation of gelatin component, the hydrophicity
was improved; that is, the mean WCA of PCL/Gel-1 and
PCL/Gel-2 decreased to 70.85 ± 1.93∘ and 58.18 ± 1.73∘,
respectively. Heparization further enhanced the surface
hydrophilicity, and PCL/Gel-1 and PCL/Gel-2 became fully
hydrophilic; that is, the drop was completely absorbed within
20 seconds (Figure 2).

3.3. Mechanical Properties. The mechanical properties were
evaluated by tensile test (Figure 3 and Table 3). Neat PCL is
a ductile polymer with high degree of elongation, that is,
614.90 ± 13.34%. The incorporation of gelatin component
fails to alter the flexiblemechanical characteristic; only tensile
strength was slightly lowered because the weight ratio of
the gelatin in the scaffold is relatively low. Heparization
strengthens the PCL/Gel scaffolds effectively with evidently
enhanced tensile strength and Young’s modulus. At the
same time, the elongation at break was adversely decreased
due to the formation of 3D molecular network during the
crosslinking. Similar trends in mechanical properties have
been reported before [21]. However in this case the elongation
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Figure 2: Surface hydrophilic/hydrophobic performance analyzed
by water contact angle analysis (𝑛 = 5) and the corresponding
images of water droplets on the different surfaces after contact of
20 seconds.
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or without heparization.

for heparinized PCL/Gel is still higher than 100%, which is
higher than the normal displacement of the artery during
the physiological dilation and constriction, and satisfies the
requirement of artificial vascular grafts. In a word, the
mechanical properties of the scaffolds could be readily tuned
within a wide range to satisfy the requirement of vascular
grafts.

3.4. In Vitro Release of VEGF. Figure 4 shows in vitro releas-
ing profile of VEGF from heparinized PCL/Gel scaffolds with
neat PCL as control. Sustained release of VEGF was observed
in the Hep-PCL/Gel scaffolds within time period of 25 days.
The release rate is quite stable, and the cumulative amounts
of VEGF approach 2.48±0.11 ng/mg for Hep-PCL/Gel-1 and
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Figure 4: In vitro release of VEGF from heparinized PCL/Gel
scaffolds and PCL (𝑛 = 3).

Table 3: Mechanical properties of the scaffolds (𝑛 = 3).

Sample code Tensile strength
(MPa)

Young’s modulus
(MPa)

Elongation at
break (%)

PCL 1.18 ± 0.14 4.41 ± 2.05 614.90 ± 13.34
PCL/Gel-1 0.55 ± 0.04 3.02 ± 0.04 741.78 ± 35.12
PCL/Gel-2 0.76 ± 0.01 5.85 ± 0.01 551.37 ± 10.56
Hep-PCL/Gel-1 0.73 ± 0.02 7.57 ± 0.20 394.52 ± 29.36
Hep-PCL/Gel-2 1.42 ± 0.11 14.80 ± 1.47 126.69 ± 15.18

2.7±0.31 ng/mg forHep-PCL/Gel-2, respectively. In contrast,
PCL shows burst release during the initial 5 days due to the
passive physical adsorption of VEGF on the scaffold, and
nearly no additional release occurred within the following
time period.

The sustained releasing behavior could be attributed to
the stabilization effect provided by the heparin. The high
binding affinity between VEGF and heparin could effectively
delay the dissociation of VEGF from the scaffolds; thus,
sustained release of VEGF has been realized.

Heparin also demonstrates high affinity towards a wide
range of cytokines and growth factors; therefore, it has been
widely utilized for the construction of biomaterial-based
delivery system [20, 28–30]. The specific interaction also
effectively protects growth factors from thermal denatura-
tion, enzymatic degradation, and inactivation at acidic pH,
which mainly comes from the conformational change in the
growth factor molecule during the binding with heparin
[31, 32]. In addition, it has been reported that heparin also
shows binding affinity towards some cytokines secreted by
the inflammatory response, which has a positive effect on
inhibiting inflammatory reaction [33].

During the implantation of blood-contacting materi-
als or devices in clinic, heparin was often administrated
with the aim of anticoagulation. However, the half time of
exogeneously supplied free heparin is short (less than 2.5
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Figure 5: MTT assay for cell proliferation of human umbilical
vein endothelial cells (HUVECs) on the VEGF loaded PCL and
heparinized PCL/Gel scaffolds. Neat PCL and tissue culture plate
(TCP) were used as control (𝑛 = 5). ∗𝑃 < 0.05; #𝑃 < 0.001.

hours) [34]. They will be eliminated from the body rapidly
[35]; hence, the presence of them cannot alter the releas-
ing kinetics of VEGF from heparinized PCL/Gel scaffolds
markedly.

3.5. In Vitro Endothelial Cell Proliferation. The effect of sus-
tained release of VEGF on the endothelial cell proliferation
was investigated by in vitroMTT assay. As shown in Figure 5,
the cell proliferation was significantly (𝑃 < 0.05) accelerated
on VEGF loaded Hep-PCL/Gel scaffolds compared with that
on the neat PCL throughout the entire culture process. In
addition, cells grew faster on theVEGF loadedHep-PCL/Gel-
2 than on the VEGF loaded Hep-PCL/Gel-1 scaffold, which
may be due to the higher VEGF loading. VEGF loaded on the
PCL scaffold slightly increases the cell proliferation, but the
effect is not pronounced. The enhanced proliferation on the
VEGF loaded Hep-PCL/Gel scaffolds also confirms that the
bioactivity of VEGF released from the scaffolds was higher
than PCL scaffolds due to the protective effect provided by
immobilized heparin.

3.6. In Vivo Angiogenesis. Angiogenesis in the VEGF loaded
PCL/Gel scaffolds was evaluated by subcutaneous implanta-
tion in rats. After 4 weeks of implantation, the H&E images
clearly show that the scaffold was almost fully cellularized
(Figures 6(b), 6(d), 6(f), and 6(h)). As mentioned before,
rapid and sufficient cellularization is the prerequisite for vas-
cularization. Previous studies have shown that the relatively
small pore size in electrospun scaffolds often limits the cell
infiltration. In this study, the pore size was optimized by the
method previously developed [14], making the scaffold favor-
able for cell infiltration and migration. The cell migration
rates in all groups exceed 90% after 4 weeks (Figure 6(i)).
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Figure 6: Representative hematoxylin and eosin (H&E) staining of explanted scaffolds after subcutaneous implantation for 2 (a, c, e, and
g) and 4 (b, d, f, and h) weeks (𝑛 = 3): PCL (a and b); VEGF loaded PCL (c and d); VEGF loaded Hep-PCL/Gel-1 (e and f); VEGF loaded
Hep-PCL/Gel-2 (g and h) (scale bars = 1mm), and the corresponding quantitative analysis of cell migration (i). ∗𝑃 < 0.05; #𝑃 < 0.001.

The blood vessels in the cellularized area were analyzed
by immunofluorescent staining with vWF (Figures 7(a)–
7(h)) and further quantified based on the image. More
capillaries could be clearly identified on the VEGF loaded
PCL/Gel scaffolds (arrow indicated). The quantitative result
further demonstrates that VEGF loaded PCL/Gel scaffolds
significantly enhanced the vessel density compared to PCL
and VEGF loaded PCL (𝑃 < 0.001) after 4 weeks. This
enhancement is closely associated with heparin for VEGF
loading and protecting, which agrees well with in vitro cell
proliferation (Figure 5).

Recently, numerous strategies have been developed to
deliver VEGF in tissue engineering scaffolds in order to

promote angiogenesis. Among these approaches, covalent
binding is a robust one, achieving stable binding of VEGF
[36]. However, it involvesmultiple steps, which is tedious and
may compromise bioactivity of the protein [37]. The physical
absorption by polymer-based carrier is a convenient and
effective alternative [38]. This strategy can achieve sustained
release of VEGF to some extent [37], but the simple adsorp-
tion fails to provide protection for VEGF. In contrast, the
affinity delivery of VEGF based on the heparinized scaffold
can not only effectively release VEGF in a controlled manner
but also can protect it from degradation. The heparin con-
jugated PCL/Gel scaffolds therefore demonstrated excellent
vascularization in vivo.
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Figure 7: Representativemicroscopic images showing the blood vessels immunostained by vWF in the explanted scaffolds after subcutaneous
implantation for 2 (a–d) and 4 (e–h) weeks (𝑛 = 3): PCL (a and e); VEGF loaded PCL (b and f); VEGF loaded Hep-PCL/Gel-1 (c and g);
VEGF loaded Hep-PCL/Gel-2 (d and h) (scale bars = 50 𝜇m). Quantitative analysis on the density of blood vessel (i). ∗𝑃 < 0.05, #𝑃 < 0.001.

4. Conclusions

In summary, a type of tissue scaffold with hybrid fibrous
structure was successfully prepared in this study using
two fiber components. Synthetic PCL provides optimal
mechanical strength, and native polymer gelatin has been
further heparinized in order to deliver VEGF in a con-
trolled manner. The scaffolds show well-defined fiber mor-
phology and homogeneous distribution before and after
heparin-functionalization. The physical properties of as-
prepared scaffolds, including mechanical properties and
surface hydrophilicity, have been evaluated and satisfy the
requirement of tissue engineering scaffolds. Heparinized
scaffolds demonstrate sustained release of VEGF, which
proceeded beyond a time period of 25 days. The sustained
release of VEGF can evidently promote the vascularization,

which has been confirmed by both in vitro cell proliferation
and in vivo subcutaneous implantation assay.
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Metformin is one of the most widely prescribed antidiabetics for type 2 diabetes. A critical role of metformin against tumorigenesis
has recently been implicated, although several studies also reported the lack of anticancer property of the antidiabetics. Given the
controversies regarding the potential role of metformin against tumour progression, the effect of metformin against breast, cervical,
and ovarian tumour cell lines was examined followed by in vivo assessment of metformin on tumour growth using xenograft
breast cancer models. Significant inhibitory impact of metformin was observed in MCF-7, HeLa, and SKOV-3 cells, suggesting an
antiproliferative property of metformin against breast, cervical, and ovarian tumour cells, respectively, with the breast tumour cells,
MCF-7, being the most responsive. In vivo assessment was subsequently carried out, where mice with breast tumours were treated
with metformin (20mg/kg body weight) or sterile PBS solution for 15 consecutive days. No inhibition of breast tumour progression
was detected. However, tumour necrosis was significantly increased in the metformin-treated group, accompanied by decreased
capillary formation within the tumours. Thus, despite the lack of short-term benefit of metformin against tumour progression, a
preventive role of metformin against breast cancer was implicated, which is at partially attributable to the attenuation of tumour
angiogenesis.

1. Introduction

In recent years, epidemiological analyses have indicated a
positive association between long-term diabetes and elevated
risk of malignant neoplasms [1]. In particular, patients with
preexisting type 2 diabetes (T2D) present a higher risk of
cancer development and cancer-related mortality. Moreover,
cancer patients with diabetes also showed increasedmortality
compared to nondiabetic cancer patients. Given the potential
causal relationship between T2D and cancer, multiple plasma
glucose lowering agents have been selected to be tested for
potential anticancer effects, with metformin showing the
most promising result.

Metformin is one of the most efficacious and safe front-
line antidiabetics for type 2 diabetes (T2D). In addition
to its antiglycaemic impact, recent reports also implicated
critical role of metformin in tumourigenesis [1, 2]. Indeed,
antiproliferative effects of metformin have been reported in
multiple tumour cell lines via several molecular pathways,

including the adenosine monophosphate kinase (AMPK)
pathway, the insulin receptor cascade, and the AMPK-
independent RagGTPase-dependent 3mTORC1 signalling
network [1, 3]. Evidence also supports an anti-inflammatory
role of metformin against cancer progression by inhibiting
cancer stem cells [4]. In contrast, some studies observed no
association between metformin and cancer-related mortality
[5]. Results from a newly published epidemiological analysis
also reported no direct association between metformin and
cancer outcome [6].Given the controversies regarding the use
of metformin as potential anticancer treatment, we examined
the effect of metformin against selective tumour cell lines
followed by in vivo assessment of metformin on tumour
growth.

2. Methods and Materials

2.1. Cell Culture and Viability Assay. Human breast (MCF-
7), ovarian (SKOV-3), and cervical (HeLa) cancer cells
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Figure 1: Metformin inhibits tumour cell growth. Human ovarian (SKOV-3), breast (MCF-7), and cervical (HeLa) cells were exposed to a
series of concentrations of metformin for 24 h ((a), (b), and (c)) and 5 days ((d), (e), and (f)). Cell viability was assessed using a cell viability
(CCK-8) assay. Data are presented as means ± SD, 𝑛 = 6.

were cultured in DMEM media (Hyclone, Beijing, China)
supplemented with 10% foetal bovine serum (Gibco, Beijing,
China), 100 units/mL penicillin, and 100 𝜇g/mL streptomycin
(Sigma-Aldrich, Beijing, China). Cells were seeded at a den-
sity of ∼5000 cells per well in 96-well plates and maintained
at 37∘C under standard culturing conditions. Cells were
exposed to a series of concentrations of metformin (Sigma-
Aldrich, Beijing, China) continuously and cell viability was
determined at the end of 24 h and 5 days using a cell counting
kit-8 (CCK-8; Dojindo, Japan).

2.2. In Vivo Assessment. Xenograft breast tumour models
were established by injecting MCF-7 cells into 6-week-old
female BALB/c nude mice (Charles River Laboratories, Bei-
jing, China). Once the tumour size reached ∼100–150mm3,
mice were randomly assigned to either control group or
metformin-treated group. Local injection of metformin
(20mg/kg body weight) or sterile PBS was administered for
15 consecutive days. Changes of body weight were monitored
and tumour volumes weremeasured and corrected according
to standard formula [7].

2.3. Histomorphological and Immunofluorescence Analysis. 15
days after initial injection, tumours were dissected and fixed
in 4% paraformaldehyde before being paraffin embedded.
Consecutive sections (thickness, 5 𝜇m) were cut onto micro-
scope slides. Haematoxylin and eosin (H&E) staining was

employed to examine tumour morphology and immunoflu-
orescent staining using an antibody raised against vonWille-
brand factor (vWF; 1 : 200 dilution; Dako, Shanghai, China)
was also carried out to evaluate capillary formation. The
staining data were analysed with a fluorescent microscope
(Leica, Germany) and fluorescent intensity was quantified
using ImageJ software (National Institute of Health, USA).

3. Results

3.1. Metformin Inhibits In Vitro Tumour Cell Growth. Given
the high prevalence of ovarian, cervical, and, particularly,
breast cancers in pre- and postmenopausal women, 3 female
tumour cell lines, MCF-7, SKOV-3, and HeLa, were initially
selected to investigate the potential anticancer effect of
metformin in vitro. As shown in Figures 1(b) and 1(c), 24 h
exposure to metformin significantly reduced cell viability in
all 3 tumour cell lines, with a maximum response of 42 ±
8%, 38 ± 2%, 14 ± 2% for SKOV-3, MCF-7, and HeLa cells,
respectively (Figures 1(a)–1(c)). Similar inhibitory responses
were also observed from cells treated with metformin for 5
days (Figures 1(d)–1(f)). For both SKOV-3 and HeLa cells,
themetformin-exerted attenuation of cell growth appeared to
be concentration-dependent, in contrast to MCF-7, of which
the inhibitory responses were similar once the administrative
dose of metformin was over 20mM. However, as noted by
the National Cancer Institute some years ago, the activity of a
pharmacological agent in vitro does not necessarily reflect its
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Figure 2: In vivo assessment of metformin treatment on tumour growth. Metformin (20mg/kg body weight; Metformin group) or sterile
PBS (Control group) was injected locally to mice with breast carcinoma for 15 consecutive days. (a) Average tumour size and (b) body weight
were monitored and plotted against time for Metformin (closed circle) and Control group (open circle). Total changes of tumour volume (c)
and body weight (d) were also presented as area under curve (AUC). Data are presented as means ± SD, 𝑛 = 4-5.

in vivo performance [8], and subsequent in vivo assessment
was carried out.

3.2. Effect of Metformin on In Vivo Tumour Progression
and Tumour Angiogenesis. Our in vitro cytotoxicity assay
demonstrated marked inhibitory impact of metformin on
ovarian, breast, and cervical cancer cell lines, with breast
tumour cells, MCF-7, being the most responsive. Indeed,
several studies have implicated a positive correlation of short-
term use of metformin and breast carcinoma remission [9–
11]. A clinical trial study also demonstrated anticancer impact
of metformin in nondiabetic postmenopausal women with
estrogen receptor positive breast tumours [12]. In contrast,
another report observed no inhibitory benefit of metformin
on multiple subtypes of breast tumours under euglycaemic
condition [13], which was further supported by epidemiolog-
ical studies also demonstrating a lack of anticancer property
of metformin against breast carcinoma [14].

Given the high prevalence of breast cancer and the cur-
rent controversies concerning the exact impact of metformin
use against breast carcinoma, human xenograft breast tumour
mouse models were used in the present study for in vivo
evaluation. Thus, local injection of PBS (Control group) or
metformin (20mg/kg body weight; Metformin group) was
administered daily at the tumour site for two weeks. No
changes of tumour volume were detectable between the con-
trol and metformin-treated groups (Figures 2(a) and 2(b)).
No attenuation of tumour progression was observed either
as superimposable tumour growth profiles were obtained
from both groups (Figure 2(a)). In addition, no significant
difference in animal body weight was detected between the
two groups (Figure 2(b)).

Despite the lack of inhibitory impact of metformin on
tumour growth, subsequent histological analyses revealed
marked increase of tumour necrosis in metformin-treated
mice (143 ± 11% over control group, 𝑃 < 0.01; Figures
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Figure 3: Effect of metformin treatment on tumour necrosis and angiogenesis. H&E staining of tumours obtained from Metformin and
Control groups. Scale bar: 200 𝜇m ((a), upper panels) and 100𝜇m ((a), lower panels). (b) Immunofluorescent staining of vWF (green) in
tumours obtained from Metformin and Control groups. Scale bar: 100 𝜇m. Nuclei were counter-stained with DAPI (blue). Area of tumour
necrosis (c) and tumour blood vessel density (d) were quantified. Tumour necrosis was indicated by black arrows. Data are presented asmeans
± SD, 𝑛 = 4-5. Images are representative of 4-5 animals from 3 separate experiments.
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3(a) and 3(c)). Furthermore, immunofluorescence staining
of vonWillebrand factor (vWF), a microvascular endothelial
marker, also revealed reduced average blood vessel density
in tumours obtained from the metformin-treated animals
(69 ± 29% over control group, 𝑃 < 0.02; Figures 3(b) and
3(d)), implicating an antiangiogenic impact of metformin.

4. Discussion

The cytotoxicity ofmetforminwas observed in all 3 cell types,
with breast tumour cells being the most responsive, although
cautions need to be exercisedwhendrawing conclusions from
in vitro results since cultured tumour cells are morphologi-
cally and functionally different from native tumours.

Subsequent in vivo assessment showed no detectable
tumour reduction after local injection of metformin
(20mg/kg body weight) for 15 days. In fact, the effect of
metformin against breast cancer has long been extensively
investigated albeit contradictory as summarized in a recent
review [2]. Most studies have reported decreased incidents
and severity of mammary cancer in rodent models after
long-term oral or intravenous administration of metformin.
Similarly, attenuated tumour progression was observed in
humans following treatment with high dosage metformin
[2]. In contrast, no inhibition of tumour growth and latency
was also recorded, often when low dosage of metformin was
applied. Considering the potential implications of different
dosage and administrative routes of metformin treatment
on cancer outcome, 20mg per kg body weight metformin
was used in the present study and the drug was directly
injected to the tumour sites to minimize non-tumour-site
distribution caused by different routes of administration [2].
We observed no attenuation of tumour growth after short-
term administration of a moderate level of metformin, which
suggests limited short-term anticancer ability of metformin
treatment per se. However, this result may not reflect long-
term effect of the drug as the necrosis area was considerably
larger in tumours obtained from metformin-treated mice.

In addition, significant attenuation of capillary formation
was also evident from the metformin-treated group, con-
sistent with a previous report proposing an AMPK/mTOR-
dependent antiangiogenic effect of metformin on ovarian
cancer [15]. Thus, despite the lack of short-term benefit of
metformin in tumour regression in vivo, a preventive role
of metformin against breast cancer was implicated, which
is at least partially attributable to the attenuation of tumour
angiogenesis. Further investigation is required to evaluate
whether the antiangiogenic effect of metformin is tumour-
specific, particularly since metformin is widely prescribed
as an antidiabetic and T2D patients have an elevated risk
of vascular disorders. Furthermore, considering the diversity
of metformin action, the exact mechanisms underlying the
antiangiogenic property of metformin are also required to be
elucidated.
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Background. Neoangiogenesis is crucial in plaque progression and instability. Previous data from our group showed that Nestin-
positive intraplaque neovessels correlatedwith histological complications.The aimof the present work is to evaluate the relationship
between neoangiogenesis, plaque morphology, and clinical instability of the plaque.Materials and Methods. Seventy-three patients
(53 males and 20 females, mean age 71 years) were consecutively enrolled. Clinical data and 14 histological variables, including
intraplaque hemorrhage and calcifications, were collected. Immunohistochemistry for CD34 and Nestin was performed. RT-PCR
was performed to evaluate Nestin mRNA (including 5 healthy arteries as controls). Results. Diffusely calcified plaques (13/73)
were found predominantly in females (𝑃 = 0.017), with a significantly lower incidence of symptoms (TIA/stroke (𝑃 = 0.019)
than noncalcified plaques but with the same incidence of histological complications (𝑃 = 0.156)). Accordingly, calcified and
noncalcified plaques showed similar mean densities of positivity for CD34 and Nestin. Nestin density, but not CD34, correlated
with the occurrence of intraplaque hemorrhage. Conclusions. Plaques with massive calcifications show the same incidence of
histological complications but without influencing symptomatology, especially in female patients, and regardless of the amount of
neoangiogenesis.These results can be applied in a future presurgical identification of patients atmajor risk of developing symptoms.

1. Introduction

The vulnerable atheromatous plaques have been originally
described as characterized by a large lipid core, a thin
fibrous cap, a rich infiltrate of macrophages, and little
smooth muscle cell component [1]. Neoangiogenesis began
to stand out as one of the most important pathological
processes involved in the plaque progression only in the
recent years [2], when neovessel formation was related to an
increased plaque vulnerability and to the onset of clinical
symptoms [3, 4]. In particular, the intraplaque hemorrhage
and the incidence of symptomatic plaques were directly

related to the neovessel density, simply measured by means
of immunohistochemistry (IHC) for CD34 [3]. If the density
of neovessels is likely to be directly relatedwith plaque growth
and progression [5], the morphology of the neoangiogenetic
structures plays a key role in the onset of the plaque instability.
In fact plaque neovessels are reported to lack extracellular
junctions [6]; moreover, symptomatic plaques show larger
and more irregular neoangiogenetic structures compared to
the neovessels of asymptomatic plaques [7]. Recently we
described the IHC and immunofluorescence positivity for
Nestin and WT1 in vasa vasorum from healthy arteries,
hypothesizing that they might represent the starting point of
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the neoangiogenesis during atherosclerosis [8]. Afterwards
we actually confirmed the expression of Nestin and WT1
in diseased arteries but together with the observation that
nearly 36% of the neovessels showed positivity for Nestin and
negativity forWT1 (Nestin+/WT1−). As amatter of fact, hem-
orrhagic plaques showed significantly more Nestin+/WT1−
neoangiogenesis than uncomplicated plaques at both IHC
and RT-PCR [9].

The aims of the present study were (i) to evaluate
the relationship between the intraplaque neoangiogenesis
(as quantified by CD34 and Nestin IHC) and the main
histopathological plaque characteristics (especially complica-
tions and calcifications) and (ii) to evaluate the relationship
between the immunohistochemical and histopathological
characteristics and the clinical plaque instability.

2. Materials and Methods

2.1. Patients and Clinical Data. This study was carried out
in conformity to the ethical guidelines of the 1975 Decla-
ration of Helsinki (and following modifications); informed
consent was obtained from all patients before surgery. We
evaluated all consecutive cases of carotid endarterectomy
specimens that came to our Surgery Unit in 2 years, from
January 2011. According to the European Society for Vas-
cular Surgery (ESVS) and the Society of Vascular Surgeons
(SVS) recommendations [11, 12], the patients were submitted
to carotid endarterectomy (CEA) for either symptomatic
carotid plaques ≥50% or asymptomatic carotid stenosis
≥70%. For each patient the following clinical data were col-
lected: occurrence of symptoms related to the carotid disease,
that is, transient ischemic attack (TIA) and stroke, association
with chronic ischemic cardiopathy, chronic obstructive bron-
chopneumonia and/or chronic renal failure, smoke, diabetes,
dyslipidemia, and therapy with acetylsalicylic acid or statins.

2.2. Histopathological Analysis. Endarterectomy specimens
were sent to our Pathology Unit, fixed in formalin, routinely
processed, and paraffin embedded. Two 𝜇m thick slices were
cut from the paraffin blocks for haematoxylin-eosin and
trichrome stains. For each case, the following histopatholog-
ical features were collected as single variables, as previously
reported [9]: the occurrence of intraplaque complications
(hemorrhage, thrombosis, and/or surface defects) which
put the plaque into the AHA type VI [10], maximum and
minimum size of the fibrous cap, extension of the lipid core,
and extension of the inflammatory infiltrate. For the purposes
of the study, the amount of calcifications was assessed and
graded from 0 to 4+ in relation to their extension along
the vessel circumference; the intraplaque calcification was
therefore simplified in low-grade (if 0 to 2+) and high-grade
(if 3+ or 4+).

2.3. Immunohistochemistry. Themonoclonal antibodies used
in this study are listed in Table 1. Immunohistochemistry
(IHC) for Nestin was performed manually, as previously
described [8, 9]. IHC for CD34 was performed automatically,

Table 1: Technical characteristics of the antibodies used for
immunohistochemistry.

Antibody Clone Manufacturer
Nestin 10C2 (mouse IgG) Millipore
CD34 QBEnd/10 (mouse IgG) Roche Ventana

bymeans of Benchmark XT (VentanaMedical System), using
the XT ultraView DAB v3 program.

The microvessel “density of positivity” [9] for Nestin
was evaluated after the identification of specific Regions
of Interest (ROI). ROI were defined as areas with CD34-
positive neoangiogenesis, and at 20x magnification each ROI
was divided into 1 mm2 fields using an Olympus ocular
micrometer (1 length unit = 5 𝜇m, which means that an area
of 100 × 100 units is equal to 0.25mm2). Firstly, CD34 and
Nestin microvessel positivity were counted separately; the
Nestin-positive vessels were counted in the same ROI where
CD34 was evaluated. Afterwards we calculated the “density
of positivity” for CD34 and Nestin by dividing the sum of all
the positive vascular structures observed by the number of
the counted fields in each section. Finally we calculated the
ratio between the densities of positivity of Nestin and CD34
in each case: the Nestin/CD34 ratio represents how many
CD34-positive neovessels concomitantly express Nestin in
the intraplaque neoangiogenesis.

2.4. RT-PCR. Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) for the product of the Nestin gene
was carried out on 5 type V and on 5 type VI plaques, in
order to evaluate the different expression in complicated
and uncomplicated carotid plaques. A pool composed of
5 healthy carotid arteries was used as controls. Healthy
carotids were kindly provided by the Cardiovascular Tissue
Bank of S. Orsola-Malpighi University Hospital of Bologna
from 5 multiorgan donors (3 males and 2 females, mean
age 33.8 ± 13.2 years, range 18–53 years), without known
comorbidities.

Tissues were homogenized with an Ultraturax and incu-
bated with 800 ul of Trizol reagent (TRIzol Life Technologies,
Carlsbad, CA, USA) for 5min at RT. RNA extraction with
Trizol was performed following manufacturer instructions.
RNA quality and concentration were measured by using an
ND-1000 spectrophotometer (NanoDrop,ThermoFisher Sci-
entific, Wilmington, DE, USA). Reverse transcription assay
was performed using 2.0𝜇g of starting total RNA quantity
per 25 𝜇L ofmix, following themanufacturer’s protocol (High
capacity cDNA Archive kit, Life Technologies). The cDNA
was stored at −20∘C until RT-PCR was performed. RT-
PCR was carried out following MasterMix TaqMan Protocol
(TaqMan Univ PCR MasterMix, Life Technologies). Four
𝜇L of neat cDNA was amplified using specific probes for
Nestin (NC 000001.10) and GUSB (NM 000181.3) in the RT-
PCR mix (TaqMan Gene Expression Assay, Life Technolo-
gies, respective ID assay: Hs04187831 g1, Hs00939627 m1).
Reactions were run on ABI PRISM 7900HT Sequence Detec-
tion System (Life Technologies). Cycling conditions were as



BioMed Research International 3

Table 2: Summary of the baseline clinical characteristics of the 73
patients.

Number of
patients Percentage

Stroke 11 15.1%
Transient ischemic attack 18 24.6%
Hypertension 65 89.0%
Dyslipidemia 51 69.9%
Diabetes 20 27.4%
Smoke 6 8.5%
Chronic ischemic cardiopathy 25 34.2%
Chronic obstructive pulmonary Disease 4 5.5%
Chronic renal failure 4 5.5%
Acetylsalicylic acid use 64 87.7%
Statins use 42 57.5%

follows: 10min at 95∘C, 50 cycles at 95∘C for 15 s, and 60∘C
for 60 sec. Each assay was carried out in triplicate and the
transcription level was normalized using GUSB as a reference
gene.

2.5. Statistical Analysis. All statistical analyses were carried
out with SPSS software for Windows, version 20. All contin-
uous variables are expressed as means, standard deviations,
and ranges; all categorical variables (both nominal and
ordinal) are expressed as number of cases and percentages.
The Spearman test, the chi-square test, the Mann-Whitney𝑈
test, and the Kruskal-Wallis test were used when appropriate.
The mRNA expression values for atheromatous type V and
type VI plaques are presented as fold expression in relation to
healthy arteries; the actual values were calculated using the
2−ΔΔCT equation, where ΔΔCT = [CT Target − CT GUSB]
(atheromatous sample V or VI) − [CT Target − CT GUSB]
(healthy sample). RT-PCR data were analyzed assuming the
null hypothesis that the CT differences between target and
reference genes will be the same in type V tissue versus type
VI tissue. If the null hypothesis is not rejected, then the
ΔΔCT would not be significantly different from 0. Analyses
of differences between the three groups (healthy, class V, and
class VI plaques) were performed with one-way ANOVA
test, followed by Tukey’s test. All the 𝑃 values are derived
from testing the null hypothesis that ΔΔCT are equal to 0
(at 𝑃 = 0.05). SEM, SD, and the confidence interval (CI) of
2−(ΔΔCT) are all derived from the SEM, SD, and CI of ΔΔCT
as explained by Yuan et al. [13].

3. Results

3.1. Patients and Histopathological Analysis. Seventy-three
patients were finally enrolled, 53 (72.6%) males and 20
(27.4%) females, with a mean age at the time of endarterec-
tomy of 70.8 ± 8.7 years (range 42–86 years). The clinical
characteristics of the patients, including ongoing therapy, are
summarized in Table 2. Notably, 29 (39.7%) plaques were
symptomatic, since 11 (15.1%) patients had a stroke as clinical

presentation and 18 (24.6%) had a transient ischemic attack
(TIA).

At histopathological analysis, mean maximum cap size
was 1132.8 ± 485.6 𝜇m (range 120–2500𝜇m) and mean
minimum cap size was 284.3±199.7 𝜇m (range 40–1125 𝜇m);
the lipid core was not evident in 8 (11.0%) cases, 1/4 in
16 (21.9%), 2/4 in 18 (24.7%), 3/4 in 23 (31.4%), and 4/4
in 8 (11.0%); the inflammatory infiltrate was mild/focal or
absent in 14 (19.2%) cases, moderate in 20 (27.4%) cases, and
severe/diffuse in 39 (53.4%) cases. Fifty-two (71.2%) plaques
were classified as AHA type VI [10]: the most common
complication observed was intraplaque hemorrhage, present
in 41 cases, followed by endothelial erosion in 22 cases and
thrombosis in 4 cases. Eight (11.0%) further noncomplicated
plaques were classified as type VII due to the prevalently
calcified core in 8 (11.0%) cases, while the remaining 13 (17.8%)
cases were classified as type VIII (prevalently fibrotic core) or
type V (fibroatheroma) [10].

Intraplaque calcifications were graded 0 in 11 (15.1%)
cases, 1+ in 21 (28.8%), 2+ in 20 (27.4%), 3+ in 16 (21.9%), and
4+ in 5 (6.8%). According to this semiquantitative assessment
of the calcification extent, low-grade calcifications (up to
2+) were recorded in 52 (71.2%) plaques, and high-grade
calcification (3+ and 4+) was recorded in 21 (28.8%) plaques
(Figure 1).

Finally, according to the occurrence of intraplaque com-
plications and/or calcifications, our cases were sorted in
noncalcified complicated plaques (type VI-nc, 𝑁 = 39),
calcified and complicated plaques (type VI-c 𝑁 = 13),
calcified noncomplicated plaques (type VII, 𝑁 = 8), and
noncalcified noncomplicated plaques (types V–VIII, 𝑁 =
13). No correlations were found between plaque morpholog-
ical criteria used in the present study (i.e., calcifications and
histological complications) and the occurrence of chronic
ischemic cardiopathy, chronic obstructive bronchopneumo-
nia, chronic renal failure, smoke, diabetes, hypertension,
dyslipidemia, or therapy with acetylsalicylic acid or statins
(data not shown, chi-square test).

3.2. Nestin-Positive Neoangiogenesis. Two cases had no
appreciable intraplaque neoangiogenesis after IHC for CD34.
In the remaining 71 cases, the mean density of positivity for
CD34 was 10.1 ± 3.9 structures/field (range 3.5–22.1/field).
The mean density of positivity for Nestin, evaluated in the
same ROI, was 6.8±3.7 structures/field (range 1.4–18.5/field).
Themean Nestin/CD34 ratio was 0.7± 0.2, which means that
70% of the CD34-positive neovessels examined coexpressed
Nestin.This result is in line with what is previously described
[9].

The total amount of neoangiogenesis, expressed as CD34-
positive vessels, was not significantly different between type
VI plaques and uncomplicated plaques (𝑃 = 0.111, Mann-
Whitney𝑈 test), while the density of Nestin-positive neoves-
sels was significantly higher in type VI (𝑃 = 0.015, Table 3).

The calcified plaques (including complicated and uncom-
plicated) showed overall less neoangiogenesis,measuredwith
both CD34 andNestin, than noncalcified plaques (𝑃 < 0.001,
Table 3; Figure 2).
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(a) (b)

Figure 1: Details of two cases of carotid plaque with low-grade calcification (a) and high-grade calcification (b), respectively. Haematoxylin-
eosin stain, magnification 10x.

Table 3: Densities of positivity of intraplaque neovessels for CD34 and Nestin in our series of plaques, sorted by calcification and by the
occurrence of complications.

Noncalcified plaques Calcified plaques Complicated plaques Uncomplicated plaques
CD34 density 11.19 ± 3.84 7.52 ± 3.09 10.68 ± 3.79 8.99 ± 4.13
Mann-Whitney 𝑃 < 0.001 𝑃 = 0.111
Nestin density 7.69 ± 3.77 4.59 ± 2.31 7.45 ± 3.71 5.31 ± 3.09
Mann-Whitney 𝑃 < 0.001 𝑃 = 0.015

At RT-PCR, the totalmean extractedmRNA fromhealthy
tissue and typeV and typeVI plaques was 8764 ng, 5069.4 ng,
and 2172 ng, respectively.Themean CT values of endogenous
control GUSB were 36.28±0.21 in healthy tissue, 31.36±0.32
in type V plaques, and 34.20 ± 0.22 in type VI plaques. Mean
CT for tested gene Nestin were 33.04 ± 0.06 in healthy tissue,
32.37 ± 0.12 in type V plaques, and 34.21 ± 0.30 in type
VI plaques. ΔΔCT Nestin was significantly different from 0
(𝑃 = 0.0001); thus the null hypothesis was rejected, which
indicated a change in Nestin gene expression among healthy,
type V and type VI plaques. In type V and type VI plaques,
the mean ΔΔCT Nestin was, respectively, 4.25 and 3.25; this
corresponds to 2−(ΔΔCT) of 0.05 for Nestin gene expression
in type V plaques and 0.11 in type VI plaques. The type VI
plaques showed a 2-fold expression increase for Nestin gene
compared to type V plaques, as a confirmation of the IHC
results (Figure 3).

These data confirm that Nestin-positive neoangiogenesis,
studied both on the protein (IHC) and the mRNA level (RT-
PCR), plays a key role in the development of intraplaque
complications and that plaques with massive calcifications
generally have a minor density of neoangiogenesis compared
to other plaques.

3.3. Intraplaque Calcifications and Clinical Stability. Despite
the differences in neoangiogenesis, the incidence of histo-
logical complications did not differ significantly between
calcified and noncalcified plaques (𝑃 = 0.167, chi-square test;
Figure 4).

As for the clinical presentation, unsurprisingly, 25 out of
29 (86.2%) symptomatic patients (i.e., with stroke or TIA) had

a type VI plaque, versus 27 out of 44 (61.4%) asymptomatic
patients (𝑃 = 0.026, chi-square test). Interestingly, among
the 21 patients with calcified plaques, only 4 (19.0%) had
symptoms at the onset, regardless of the occurrence of
histological complications; conversely 25 out of 52 (48.1%)
patients with noncalcified plaques were symptomatic (𝑃 =
0.019, chi-square test).

The patients’ gender was correlated with the plaque
morphology and instability as well; first of all only 3 (15.0%)
of the 20 female patients in our study were symptomatic
versus 26 (49.1%) out of 53 males (𝑃 = 0.007, chi-square
test). All three symptomatic female patients had a type VI-nc
atheromatous lesion. Notably, a higher incidence of calcified
plaques was observed in female patients (𝑃 = 0.017): 10
(50.0%) females had calcified plaques (5 type VII and 5 type
VI-c) versus only 11 (20.8%) males (3 type VII and 8 type VI-
c).

4. Discussion

The severity and extent of calcification reflect the atheroscle-
rotic plaque burden and strongly predict cardiovascular
morbidity and mortality [14, 15]; in a relatively recent study,
no patients were found to have calcifications confined only
to the coronary or carotid beds [16]. The extent of calcifi-
cation is associated with a worse prognosis, albeit the real
impact of calcificationswithin a specific vascular pathological
district remains unclear [17]. For example, in the coronary
vessels small calcium depositions increase the probability
of atherosclerotic plaque rupture, especially on their edges,
while massive calcification seems to be associated with a
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Figure 2: Immunohistochemical staining for CD34 (a), (c), and (e) and Nestin (b), (d), and (f) in an uncomplicated noncalcified plaque
(a) and (b), a calcified plaque (c) and (d), and a complicated noncalcified plaque (e) and (f). Neoangiogenesis in uncomplicated plaques is
generally Nestin-negative. The overall neoangiogenesis in calcified plaques (complicated or not) is generally lower (both CD34 and Nestin)
than in complicated plaques. Magnification 20x.

decreased risk [17, 18]. Anyway, vascular calcification is
considered aworsening factor, probably due to its coexistence
with the general risk factors; a study by Iribarren et al.
[19] found that aortic arch calcification was associated with
coronary heart disease risk both in men and in women.
Thus aortic arch calcification may reflect the general burden
of disease or be a marker of more aggressive disease. At
any chance, the clinical impact of a plaque in which both
calcification and histological complications coexist is far from
being clarified.

Our aims were to evaluate the relationship between
the intraplaque neoangiogenesis, the main histopathological

characteristics (histological complications and calcifications),
and the clinical plaque instability. For these purposes, neoan-
giogenesis was evaluated and semiquantified by CD34 and
Nestin IHC, followed by RT-PCR. The majority of tissue
obtained from endarterectomy was used for the routine
histological diagnosis of surgical specimens. The remaining
tissue had to be fully processed for RT-PCR andWestern blot
analysis was not included in our protocol. However, in our
experience [8, 9] we observed that Nestin staining in IHC
is very reliable, allowing us to evaluate its cell location and
its expression at a protein level as well, without the need of
the more sensible immunoblot techniques. The correlation
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Figure 3: Difference in Nestin mRNA expression between type V (uncomplicated) and type VI (complicated) plaques (∗𝑃 < 0.001).

(a) (b)

Figure 4: An example of calcified plaque with histopathological complications (i.e., hemorrhage) with haematoxylin-eosin stain (a). The
trichrome stain highlights the hemorrhagic foci (in red (b)). Magnification 10x.

between IHC and RT-PCR confirmed that there is a direct
relationship between Nestin protein and mRNA.

According to our data calcified plaques show less inflam-
matory infiltrate, a smaller lipid core, and less neoangiogen-
esis than other plaques, but with the same incidence of hem-
orrhage, thrombosis, and surface defects, which define the
plaque as histologically complicated [10]. Yet, interestingly, in
these calcified plaques complications are not correlated with
clinical plaque instability (evaluated as symptomatology);
indeed, the incidence of TIA/stroke in patients with calcified
plaques was sensibly lower than patients with noncalcified
plaques, despite the same incidence of intraplaque com-
plications. This is noteworthy, since at least in the carotid
district the presence of calcifications seems to imply a sort
of clinical “protection” to complications, making the histo-
logical complications play second fiddle. For these reasons,
in our opinion, these plaques can be classified among the
type VII plaques, instead of type VI, at least on clinical
grounds. Alternatively, they can be classified as type VI, but
the extension of the calcifications should be stated in the
pathological report, to highlight their protective nature.

The reason why in the massively calcified plaques the
neoangiogenesis and the histological complications do not

affect symptomatology remains unclear, but it is possible that
the hemorrhages and erosions found in these plaques might
have a different pathogenesis. For example, it is possible that
they can be due directly by the mechanical stresses of the
calcified mass and not by immature neoangiogenesis and
endothelial damage. Another possible explanation is that the
“calcified type VI” plaques can represent an early stage of type
VII plaques, in which the regressive process is more recent,
and the complications have not disappeared yet (Figure 5).

The last result that emerged from our data is that 50%
of the female patients had calcified plaques, showing a sig-
nificantly lower incidence of symptoms and type VI plaques
than themale patients. Ten years ago, Allison et al. have found
53% and 30% prevalence of “zero calcification” in female and
male patients, respectively, before age of 50; after that age
the prevalence of a diffuse vessel calcification increases, in
a linear fashion in males and exponentially in females [16].
Actually, female sex hormones play an important role in bone
tissue metabolism, increasing bone density and inhibiting
osteoclast activity [20–22]. Nevertheless, it should be kept in
mind that most women in our series were postmenopausal
and their age at the moment of surgery did not differ from
males (70.2 ± 9.5 versus 71.0 ± 8.5 years), so the question
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Figure 5: Flowchart illustrating the hypothetical plaque progression in relation to the Nestin-positive neoangiogenesis and calcification
features. According to AHA classification [10], type V plaque is the uncomplicated fibroatheroma, type VI is the complicated plaque, type VII
is the calcified plaque, and type VIII is the fibrotic plaque.

whether the postmenopausal hormone therapy might play
a role in the pathophysiology of the atherosclerosis is still
open.

Study Limitations. A limitation of our study is represented by
heterogeneity in the sample size of each plaque group (e.g.,
8 cases of type VII plaques were available). However, this
is a monocentric perspective study, and our series reflects
the incidence of the different plaque types in the general
population. Moreover, the patients submitted to surgery
generally have advanced plaques, and complicated type VI
plaques are the most represented. Furthermore, there is a
discrepancy between the age of the patients with plaques and
the controls, due to obvious differences in the populations of
multiorgan donors and atheromatous patients.

5. Conclusions

In conclusion, this study confirms that the Nestin+/WT1−
phenotype characterizes the plaques with morphological
features of instability, regardless of the actual amount of the
neoangiogenesis (expressed as CD34-positive vessels). The
plaques with massive calcifications show the same incidence
of histological complications but with a lower incidence of
neurological symptoms. Female patients show amuch higher
incidence of noncomplicated or calcified plaques, receiving
de facto a sort of protection compared to male patients.

A possible indication emerging from these findings could
be a comparison between the plaque dynamic imaging and
the histological assessment of calcification, to evaluate the
possibility of a presurgical risk stratification of patients, based
on their sex, risk factors, and intraplaque calcification. The
presurgical identification of those patients at major risk of
developing stroke or brain lesions is likely to make the
priority for endarterectomy more rational.
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Citrus is a kind of common fruit and contains multiple beneficial nutrients for human beings. Flavonoids, as a class of plant
secondary metabolites, exist in citrus fruits abundantly. Due to their broad range of pharmacological properties, citrus flavonoids
have gained increased attention. Accumulative in vitro and in vivo studies indicate protective effects of polymethoxyflavones
(PMFs) against the occurrence of cancer. PMFs inhibit carcinogenesis by mechanisms like blocking the metastasis cascade,
inhibition of cancer cell mobility in circulatory systems, proapoptosis, and antiangiogenesis.This review systematically summarized
anticarcinogenic effect of citrus flavonoids in cancer therapy, together with the underlying important molecular mechanisms, in
purpose of further exploring more effective use of citrus peel flavonoids.

1. Introduction

In our daily diet, the average intake of flavonoids of every
day ranges from 150mg to 300mg [1]. As the primary source,
flavonoids from citrus fruit or juice take up to 10%, of which
juices and fruits offer 8mg and 3mg, respectively [2]. The
main components in citrus possess phenols, amino acids,
essential oils, pectin, carotenoids, flavonoids, and vitamin
C. Although flavonoids are generally considered to be non-
nutritive agents, interest in flavonoids has arisen because of
their potential role in the prevention of major chronic dis-
eases. Flavonoids are polyphenolic compounds and include a
phenyl benzopyrone structure, representing as two benzene
rings (C6) joined by a linear three-carbon chain (C3), with
a carbonyl group at the C

4
position. The citrus flavonoids

include a class of glycosides, namely, hesperidin and naringin,

and another class of O-methylated aglycones of flavones such
as nobiletin and tangeretin, which are relatively common two
polymethoxylated flavones (PMFs) [3]. PMFs exist almost
ubiquitously in citrus plants. Six PMFs and three major 5-
demethoxyflavones can be extracted from a variety of citrus
peels.Thewide biochemical functions of flavonoids in orange
peel have been studied extensively recently. They increased
serum antioxidant capacity against lipid peroxidation [4] and
reduced the elderly oxidative stress. These compounds also
performed beneficial effects of anti-inflammation, antitumor
[5, 6], and antiatherosclerosis [7]. Meanwhile, they serve as
supplementary of drug chemotherapy [8], diabetes health
food [9], and neuroprotective drug [10].

In recent years, epidemiological studies have shown that
there is a connection that flavonoid intakemay reduce the risk
of developing colon cancer [11, 12]. Moreover, it may prevent
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men against Parkinson’s disease (PD) after identifying 805
participants (438 men and 367 women) who developed PD
during 20–22 years of follow-up [13], help women get out
of the risk of gastric cancer and breast cancer with 10%
reduction in risk of breast cancer associated with high intake
of citrus fruits [14], and reduce the possibility of ischemic
stroke during 14 years of follow-up, confirmed with 1803
incident strokes. After adjusting for potential confounders,
women in the highest compared with the lowest quintile of
flavanone intake had a relative risk of ischemic stroke of 0.81
[15].

Cancer is the life threatening and dreadful disease char-
acterized by the abnormal proliferation of cells that invade
the adjacent tissues and cause the destruction of these tissues.
It is the second leading cause of death all over the world.
More than sixmillion deaths each year occurring in theworld
are due to cancer. Several lines of evidence indicated that
tumorigenesis in humans is a multistep process and these
steps reflect genetic alterations that drive the progressive
transformation of normal human cells into highly malignant
derivatives [16]. Conventional treatment chemotherapy could
cause adverse and toxic side effects on normal cells while
curing cancer and therefore fails to control the disease.
The alternative solution for the harmful effects of synthetic
agents is the use of natural plants, which provide outstanding
contribution to modern therapeutics [17]. It has been shown
by clinical studies and phytochemical investigation currently
that many herbs exhibit antitumor potential. In this review,
we center on the latest research progress on the antitumor
activities of citrus peel compounds.

2. Anticarcinogenic Properties

In the tumor microenvironment, from cancer cells initiation
to promotion and eventually progression, compelling evi-
dence indicates the potential activities of flavonoids in citrus
peel cover inhibiting oncogenesis, proliferation, neovascu-
larization, and metastasis and inducing apoptosis. Figure 1
schematizes the main anticarcinogenic pathways of citrus
peels flavonoids and different bioactivity aspects of specific
compounds stated in this review are summarized in Table 1.

2.1. Cell Cycle Arrest. Cell cycle abnormalities are closely
associated with cancer, and citrus peel flavonoids substan-
tially influence on cell cycle arrest. Cell cycle is an important
regulatory mechanism of cell growth, development, and
differentiation. In mammals, the cell cycle comprises the
G1, S, G2, and M phases. Cell cycle checkpoints keep the
maintenance of genomic integrity by inhibiting damaged or
incomplete DNA. G2/M checkpoint ensures that the cells
do not initiate mitosis before repairing damaged DNA after
replication. The cell cycle progression depends on a cascade
of enzymes by sequential activation and inactivation of cyclin,
cyclin-dependent kinases (CDKs), and cyclin-dependent
kinase inhibitors (CDKIs) [18]. Cdc2 interacts with cyclin
B1 and forms a cdc2-cyclin complex. The G2/M transition
is regulated by the sequential activation and inactivation of
the cdc2/cyclin B complex [19]. Non-small-cell lung cancer

(NSCLC) A549 cells arrest and apoptosis can be induced
by flavonoids extracted from Korean Citrus aurantium L.
[20]. Downregulation of cdc2, cdc25c, and cyclin B1 and
the upregulation of p21 resulted in G2/M arrest in A549
cell line. Actually, the mechanisms of parts of flavonoids
components are being further explained. As one of the
most prevalent flavonoids extracted from orange, hesperetin
repressed CDK2, CDK4, and cyclin D and simultaneously
enhanced p21 and p27 expression to block cell cycle in G1
phase [21]. It is also reported that hesperetin and naringenin
exhibited the same results in cervical cancer cell SiHa and
liver cancer cell HepG2, respectively [22, 23]. In human
breast and colon cancer cells, both tangeretin and nobiletin
inhibited the proliferation and led to accumulation of cells
in the G1/S cell cycle compartment and did not involve
induction of cell death or apoptosis. This finding may
provide advantageous theory basis in treating tumors as
it would restrict proliferation in a manner less likely to
induce cytotoxicity and death in normal tissues [24]. More
recently, the study on derivatives of citrus peel flavonoids
causes widely concern as well. For instance, in all three
NSCLC cells A549, H460, and H1299, 5-demethyltangeretin
mediated G2/M cell cycle arrest by upregulating p53 and
p21Cip1/Waf1 and downregulating cdc2 and cyclin B1 [25].
Among three 5-hydroxy polymethoxyflavones (5OH-PMFs),
5-hydroxy-3,6,7,8,3󸀠,4󸀠-hexamethoxyflavone (5HHMF), 5-
hydroxy-6,7,8,3󸀠,4󸀠-pentamethoxyflavone (5HPMF), and 5-
hydroxy-6,7,8,3󸀠,4󸀠-pentamethoxyflavone (5HTMF), the data
showed that the 5HTMF-induced G0/G1 arrest was the most
responsive to the change of the p21 and p53 status of the colon
cancer cells, indicating the essential role of the 4󸀠-methoxyl
group on B ring of 5HTMF in inducing cell cycle arrest [26].
The chemical structures of flavonoids in citrus peel can be
found in Figure 2. Results above inevitably support the idea
that specific structural elements of the flavonoids are the key
determinants of pharmacological activities.

2.2. Suppression of Proliferation and Proapoptosis. One of the
most basic features of cancer cells is their ability to proliferate
chronically. Apart from blocking cell cycle, flavonoids in cit-
rus peel can also inhibit cell proliferation and promote apop-
tosis, especially in triple-negative (ER-/PR-/HER2-) breast
cancer (TNBC). PMFs triggered influx of Ca2+ andmobiliza-
tion of intracellular Ca2+ store, accompanied by activation of
calpain and caspase-12 [27]. There are further researches on
mechanisms of these functions. Crude methanol extracts of
the peels of Citrus aurantium L. induced caspase-dependent
apoptosis through Akt pathway by inhibiting expression
of XIAP and Bcl-2 which are antiapoptotic proteins, pro-
viding the fact that they have anticarcinogenic activity on
human leukemia cells U937 [28]. In another leukemia cell
line NALM-6, hesperidin, as the glycoside of hesperetin,
promoted apoptosis via conducting the expression of p53 and
peroxisome proliferator-activated receptor gamma (PPAR 𝛾)
and suppressing the activation of NF-𝜅B [29]. Tangeretin-
induced caspase-3 activation and elevated surface phos-
phatidylserine exposure demonstrated tangeretin apoptosis-
inducing activity in LoVo/Dx cells, whichmight also enhance
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Figure 1: Polymethoxyflavones exert beneficial effects through antigrowth, antiangiogenesis and cell cycle arrest commands or mediate
signals to live or die by apoptosis. At one level, this depiction is simplistic, as different cancer cells are exposed to a specific complex
microenvironment, each of these pathways regulated by PMFs is connected with signals originating from other cells in the tumor
microenvironment. Schematic representation of the main molecular mechanisms of flavonoids in citrus peel on anticancer.

multidrug-resistance [30]. In HCT116 human colon cancer
cells, 5-hydroxy polymethoxyflavones (5OH-PMFs), espe-
cially 5HHMF and 5HTMF, induce cellular apoptosis in
human colon cancer cells by p53- and Bax-dependent
mechanisms [26]. Noteworthy, by looking for relationships
between chemical profiles and cell viability profiles, cyto-
toxic effects as indicated by a decrease of IC

50
values with

increasing concentration of OH-PMFs were observed in
different orange peel extracts [31]. Subsequent data showed
that when MCF-7 breast cancer cells were treated with PMF
and hydroxylated PMF separately, effective concentrations of
hydroxylated PMFs in inhibiting growth, inducing apoptosis,
and increasing intracellular Ca2+ were lower than those of
nonhydroxylated PMFs [32]. These already available results
may offer a conclusion that OH-PMFs have better potential
cytotoxic effect.

In the research of mice, oral feeding of gold lotion (GL),
a formulated product made from the peels of six citrus fruits,
decreased the number of aberrant crypt foci (ACF) in mice
colonic tissues [33].This compound is rich in flavonoids with
a total measured content of at least 450 ppm or 0.45mg/mL;

its PMFs content is as high as 106 ppm or 0.1mg/mL. Due
to its high content of flavonoids, it has also been proven to
inhibit the nuclear translocation of NF-𝜅B into the nucleus
[34]. Similarly, hesperetin has potential effect on proliferation
of cancer cell in vivo. For 1,2-dimethylhydrazine- (DMH-)
induced colon cancer model in rats, it exerted significant
inhibitory effect on proliferating cell nuclear antigen in ACF
[35]. Moreover, hesperetin inhibited growth of aromatase-
expressing MCF-7 tumor in ovariectomized athymic mice by
reducing cyclin D1, CDK4, and Bcl-x(L), while upregulating
the level of p57Kip2 [36]. Data above provided supporting
evidence that flavonoids from citrus peel could suppress
carcinogenesis in vivo.

Our latest research showed that, in MCF-7 human breast
cancer cells, 5-acetyl-6,7,8,4󸀠-tetramethylnortangeretin (5-
ATAN), which replaces the methyl groups of tangeretin
with acetyl groups at the C5 position of tangeretin, showed
more powerful abilities than its parent compound. Then, we
looked for evidence of 5-ATAN on apoptosis. Translocation
of apoptosis-inducing factor (AIF) and phosphorylation of
H2AX are commonly used for evaluating the impact of
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Table 1: Anticarcinogenic activity of citrus polymethoxyflavonoids and their derivatives.

Polymethoxyflavone Functions Mechanisms References

Naringin Cell cycle arrest G1 cycle arrest by increasing p21 and decreasing survivin in
MDA-MB-231 xenograft mice [25]

Anticancer metastasis Suppressed the upregulation of metallopeptidase-9 (MMP-9) and
repressed the PI3K/AKT/mTOR/p70S6K signaling pathway [36]

Hesperetin

Cell cycle arrest

G1-phase cell cycle arrest in human breast cancer MCF-7 cells by
downregulating CDK2 and CDK4 together with cyclin D and
upregulating p21Cip1 and p27Kip1

[19]

Induced the G2/M phase and increased expression of caspase-3,
caspase-8, caspase-9, p53, Bax, and Fas death receptor and its adaptor
protein Fas-associated death domain-containing protein (FADD) in
human cervical cancer SiHa cells

[20]

Suppress proliferation
Exerted significant inhibitory effect on proliferating cell nuclear antigen
in ACF in 1,2-dimethylhydrazine induced colon cancer model in rats [33]

Inhibited growth of aromatase-expressing MCF-7 tumor in
ovariectomized athymic mice by reducing cyclin D1, CDK4, and
Bcl-x(L), while upregulating the level of p57Kip2

[34]

Nobiletin
Cell cycle arrest Blocked cell cycle progression at G1 breast cancer cell lines

MDA-MB-435 and MCF-7 and human colon cancer line HT-29 [22]

Antiangiogenesis
Inhibited angiogenic differentiation induced by VEGF and FGF by
downregulation of ERK1/2 and c-JNK and activation of the caspase
pathway

[42, 44]

Tangeretin

Cell cycle arrest Blocked cell cycle progression at G1 breast cancer cell lines
MDA-MB-435 and MCF-7 and human colon cancer line HT-29 [22]

Suppress proliferation Led to caspase-3 activation and elevated surface phosphatidylserine in
human cocon LoVo/Dx cells [28]

Anticancer metastasis Inhibited PGDF-BB-induced proliferation and migration of aortic
smooth muscle cells by blocking AKT activation [38]

Scavenging of ROS
Inhibited cancer cell proliferation by SOD, CAT, GPx, and nonenzymatic
antioxidants and phase II detoxification in 7,12-dimethyl
benz(a)anthracene induced mammary carcinoma in rats

[45]

5-Demethyltangeretin (5DT) Cell cycle arrest Upregulated p53 and p21Cip1/Waf1 and downregulated cdc-2 and cyclin B1
leading to G2/M cell cycle arrest [23]

Sinensetin Antiangiogenesis
Inhibited angiogenesis by inducing cell cycle arrest in the G0/G1 phase
in HUVEC culture; in zebrafish embryos, it downregulated the mRNA
expressions of angiogenesis genes flt1, kdrl, and hras

[43]

5HTMF
Suppress proliferation Induced cellular apoptosis in human colon cancer cells by p53- and

Bax-dependent mechanisms in HCT116 colon cancer cells [24]

Cell cycle arrest Induced cell cycle arrest at G0/G1 phase through a p53- and
p21Cip1/Waf-dependent mechanism in HCT116 colon cancer cells

[24]

5HPMF Suppress proliferation Induced cellular apoptosis in human colon cancer cells by p53- and
Bax-dependent mechanisms in HCT116 colon cancer cells [24]

5HHMF
Cell cycle arrest Induced G2/M arrest through p53- and p21-independent mechanisms in

HCT116 colon cancer cells [24]

Suppress proliferation Induced cellular apoptosis in human colon cancer cells by p53- and
Bax-dependent mechanisms in HCT116 colon cancer cells [24]

Naringenin
Cell cycle arrest Partly formed an accumulation of cells in the G0/G1 and G2/M phases of

the cell cycle in human hepatocellular carcinoma HepG2 cells [21]

Anticancer metastasis Induced heme oxygenase-1(HO-1) expression and subsequently
decreased ROS generation and VSMC activation induced by TNF-𝛼 [37]

Hesperidin Suppress proliferation Promoted apoptosis via conducting the expression of p53 and PPAR 𝛾
and suppressing the activation of NF-𝜅B in leukemia cell NALM-6 [27]

Flavonoids extracted from
Korean Citrus aurantium L.

Cell cycle arrest Induced non-small-cell lung cancer (NSCLC) A549 cells arrest at the
G2/M checkpoint [18]

Suppress proliferation Induced caspase-dependent apoptosis through AKT pathway by
inhibiting expression of XIAP and Bcl-2 in human leukemia cells U937 [26]
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Table 1: Continued.

Polymethoxyflavone Functions Mechanisms References

Gold lotion

Suppress proliferation

In azoxymethane-induced aberrant crypt foci formation, it
downregulated the protein levels of iNOS, COX-2, ornithine
decarboxylase, VEGF, and matrix metallopeptidase 9 in colonic tissues
of mice

[31]

Anticancer metastasis
Downregulated MMP-2 and MMP-9 protein expression levels and
reduced tumor volumes and weights in human prostate tumor xenograft
mouse model

[39]

Antiangiogenesis Significantly suppressed the protein expression level of VEGF [39]
Reduced the protein levels of VEGF in AOM-induced colonic tissues [31]
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natural compounds-induced caspase-independent apopto-
sis pathway [37, 38]. Our results clearly supported the
notion that proapoptosis of 5-ATAN acted through caspase-
independent mechanisms in case AIF translocation and
H2AX phosphorylation took place in MCF-7 cells when 5-
ATAN was added. Allowing for apoptotic extrinsic pathway,
no clear evidence had been found about activation of caspase-
8, cleavage of BID, and regulation of FADD, indicating
extrinsic pathway was not required under this circumstance.
Strikingly, we also found that increase of Bax/Bcl-2 ratio,
Δ𝜓m dissipation, release of cytochrome C, and cleavage of
caspase-9 after exposure to 5-ATAN in a time-dependent
manner which indicated caspase-dependent intrinsic path-
way were also required in the MCF-7 cells [39]. All these
researches together point to a possible protective effect
of citrus flavonoids and their derivatives against sustained
proliferation of cancer cells.

2.3. Combined Chemotherapy. Traditional treatment of can-
cer has been facing a huge number of problems, in view of its
complex molecular pathophysiology that varies according to
each type. Several ways in the treatment of breast cancer have
been developed that are surgery, chemotherapy, hormonal
therapy, and radiation. Doxorubicin, a chemotherapeutic
agent commonly used in breast cancer treatment, showed
low effectivity, rendering its resistance and toxicity on normal
tissues [40]. An approach in overcoming such problem is the
development of agents used in combination with chemother-
apeutic agents to lead to better result. Cochemotherapy
may increase chemotherapeutic agents’ efficacy, allowing the
use of lower dosage of chemotherapeutic agent, resulting
in the decrease of toxicity on normal tissues compared to
chemotherapeutic agent alone [41]. In terms of medicine,
hesperidin, tangeretin, and nobiletin could all improve
doxorubicin cytotoxic chemotherapy [8]. When combining
concentration of 200 nMdoxorubicin and 100𝜇Mhesperidin
together in treating with MCF-7 cells, they increased cyto-
toxic effect, modulated cell cycle, and induced apoptosis
of MCF-7 cells [42]. Meanwhile, tangeretin synergistically
increased the cytotoxic effect of doxorubicin by inducing
cells death and arresting cell cycle’s phase both in MCF-
7 and T47D breast cancer cells. Different from tangeretin,
nobiletin increased doxorubicin’s cytotoxic activity in MCF-
7 cells, but not in T47D cells [8]. Cyclophosphamide is
a cytotoxic alkylating drug with a high therapeutic index
and is effective against a variety of cancers. Despite its
effectiveness for the treatment of cancer, it induces a wide
range of adverse side effects and toxicity, such as nausea,
vomiting, and hematopoietic toxicity, which limit the use of
this drug in clinic. In animal experiments, hesperetin can
decrease the genotoxic effect of mice bonemarrow cells when
synergistically functioned with cyclophosphamide [43].

2.4. Anticancer Metastasis. Invasion and metastasis are a
multistep process and are described as a series of discrete
steps, usually called invasion—the metastatic cascade [44].
It describes a process of continuous change of cell biology,
local invasion from the beginning, followed by intravasation

into surrounding blood and lymphatic vessels, and transit
and extravasation of cancer cells through the lymph or
blood transport system and lumina vessels, then cancer
nodules formation, and finally into the solid tumor growth.
Metastasis of malignant tumors and proliferation of vascular
smooth muscle (VSMC) are greatly related to inflammatory
cell adhesion. As for matrix metallopeptidase-2 (MMP-2)
and metallopeptidase-9 (MMP-9), they contribute greatly
to tumor metastasis and invasion and are considered to
be predictive markers for cancer. Naringin, a major flavon-
oid extracted from grapefruit and other citrus fruits, sup-
pressed the upregulation of MMP-9 and repressed the
PI3K/AKT/mTOR signaling pathway. Furthermore, naringin
suppressed TNF-a-mediated release of interleukin-6 and
interleukin-8 (IL-6 and IL-8) [45]. AKT, a serine/threonine
protein kinase, is a downstream target of PI3K and it plays
a pivotal role in cell migration, growth, and antiapoptotic
events in various types of cells [46]. Tangeretin inhibited
platelet-derived growth factor- (PGDF-) BB-induced prolif-
eration andmigration of aortic smoothmuscle cells by block-
ing AKT activation in a dose-dependent manner [47]. As the
aglycone moiety of naringin chemical structure, naringenin,
induced heme oxygenase-1 (HO-1) expression and subse-
quently decreased ROS generation and VSMC activation
induced by TNF-𝛼 [48]. Besides, in human prostate tumor
xenograft mouse model, intraperitoneal injection or oral
administration GL can downregulate MMP-2 and MMP-9
protein expression levels and dramatically reduce both the
weights (57%–100% inhibition) and volumes (78%–94% inhi-
bition) of the tumors without any observed toxicity in the
meantime [49].

2.5. Antiangiogenesis. Angiogenesis is a physiological pro-
cess of forming new blood vessels from preexisting vessels,
which involves the induction of new sprouts, coordinated
and directed endothelial cell migration, proliferation, sprout
fusion, and lumen formation [50]. Similar to normal tis-
sue, tumors need supplies like nutrients and oxygen. They
also need to remove metabolic waste. Tumor-associated
neovasculature delivers these needs. In fact, angiogenesis
is essentially required at almost every step of tumor pro-
gression and metastasis. In some physiological processes
such as wound repair, angiogenesis starts only in the adult
temporarily. Oppositely, in tumor growth, angiogenic switch
is almost always activated and continuing to generate new
blood vessels, which in turn support the tumor growth
[51]. Tumor angiogenesis is a complex process and involves
the crosstalk of tumor cells, endothelial cells, phagocytes,
and their secreted factors, which may act as promoters or
inhibitors of angiogenesis [52]. So, a balance between proan-
giogenic and antiangiogenic growth factors and cytokines
tightly controls angiogenesis.

As one of the angiogenesis inducers, vascular endothe-
lial growth factor-A (VEGF) can be used as a marker of
angiogenesis. VEGF-A gene encodes the ligand involved
in neovascularization during the embryonic and neonatal
development, homeostasis, and survival of endothelial cells,
as well as physiological and pathological state of adult [50].
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When mice with human prostate tumor xenograft were
intraperitoneally injected with GL, the protein expression
level of VEGF was suppressed significantly [49]. In addition,
oral administration of GL strongly and dose dependently
reduced the protein levels of VEGF in AOM-induced colonic
tissues. GL suppressing the ACF formationmight be through
inhibiting the colonic mucosa cellular proliferation and
angiogenesis [33].

Through combined inhibition of multiple angiogenesis-
related endothelial cells (EC) functions, nobiletin had been
demonstrated to have concentration-dependent inhibitory
effects on angiogenic differentiation induced by VEGF and
FGF (fibroblast growth factors). In a chick embryo chorioal-
lantoic membrane assay, nobiletin showed an antiangiogenic
activity with the ID

50
value being 10 lg (24.9 nmol) per egg

[53].
With human umbilical vein endothelial cells (HUVECs)

in vitro and zebrafish in vivo models, PMFs showed different
degrees of potency of antiangiogenesis activity. Sinensetin,
which showed the most potent antiangiogenesis activity
and the lowest toxicity, inhibited angiogenesis by inducing
cell cycle arrest in the G0/G1 phase in HUVEC culture
and downregulating the mRNA expressions of angiogenesis
genes flt1, kdrl, and hras in zebrafish [54]. Nobiletin differs
from sinensetin by having methylation at the C8 position.
Together with previous research of nobiletin [55], structure-
activity relationship analysis indicated that the absence of a
methoxylated group at the C8 position offers lower lethal
toxicity in addition to enhancing the antiangiogenesis activity
via observing intersegmental vessel development in zebrafish
embryos [54].

2.6. Scavenging of ROS. Flavonoids also exert their chemo-
preventative effect via inhibition of certain phase Imetaboliz-
ing enzymes, such as cytochrome P450 which metabolically
activates a large number of procarcinogens triggering car-
cinogenesis. The chemopreventative effects of flavonoids are
closely linked to their anticancer properties that involve the
scavenging of reactive oxygen species (ROS) and growth pro-
moting oxidants which are the major catalysts for tumor pro-
motion. Tangeretin, a polymethoxylated flavone, can inhibit
cancer cell proliferation by improving antioxidant properties
such as decreasing the levels of lipid peroxide, enzymatic
antioxidants SOD, CAT, andGPx, and nonenzymatic antioxi-
dants such as GSH, vitamin C, and vitamin E in 7,12-dimethyl
benz(a)anthracene (DMBA) induced mammary carcinoma
in rats [56]. Otherwise, the propensity of a flavonoid to
inhibit free radical mediated events is governed by its chem-
ical structure. Specific structural elements of the flavonoids
determinate antioxidation activity of these compounds. Free
radical scavenging capacity is primarily attributed to the high
reactivity of hydroxyl substituents. Flavonols and flavanols
with a 3-OH group both have planarity, which increased
flavonoid phenoxyl radical stability correspondingly [57].
Furthermore, methoxy groups introduce unfavorable steric
effects and increase lipophilicity andmembrane partitioning.
A double bond and carbonyl function in the heterocycle or
polymerization of the nuclear structure increased activity by

affording amore stable flavonoid radical through conjugation
and electron delocalization [58]. Remarkably, glycosylation
of flavonoids reduced their in vitro antioxidantive activity
compared to the corresponding aglycones [59]. The same
results were observed in O-methylated flavonoids, which
showed weaker antioxidation than their respective aglycones
[60]. As an example, 5,3-didemethylnobiletin showed much
stronger inhibitory effect on human colon cancer cell growth
than 5-demethylnobiletin by cell viability assay [61]. These
correlations between the flavonoid structure and their free
radical scavenging activity need to be further investigated for
better understanding and clinical application.

3. Pharmacokinetics of PMFs and
Cancer Therapy

Pharmacokinetics describes how the body affects a specific
drug after administration throughmechanisms of absorption
and distribution, as well as the chemical changes of the
substance in the body. At a practical level, a drug’s bioavail-
ability can be defined as the proportion of the drug that
reaches its site of action. Poor absorption and extensive con-
jugative metabolisms greatly limit bioavailability of dietary
flavonoids.

3.1. PMF’s Bioavailability. The bioavailability is an overall
effect of absorption, distribution, metabolism, and excretion
and plays an important role in dictating cancer preventive
efficacy of dietary components in humans. Bioavailability
testing can be divided into in vitro and in vivo bioavailability.
In vitro bioavailability test can be a goodpredictor of the latter
one.

Currently, human colon adenocarcinoma cell line caco-
2 cell model is established to simulate the human intestinal
absorption so as to test permeability and study absorption
mechanism. The caco-2 data of 3󸀠-hydroxy-5,6,7,4󸀠-tetrame-
thoxyflavone, 3,5,6,7,8,3󸀠,4󸀠-heptamethoxyflavone, and 3-hy-
droxy-5,6,7,8,3󸀠,4󸀠-hexamethoxyflavone showed superb per-
meability [62]. Meanwhile, the lyophilisation solubility assay
(LYSA), a rapid method to test drugs and active nutrients
compounds, was adapted to measure the solubility of PMFs.
The solubility data showed that hydroxylated PMFs were
better than their fully methoxylated counterparts. Consider-
ing the solubility and permeability together, the overall high
absorption of PMFs contributes to their good bioavailability.

Also, in NSCLC A549 cell line, 5-hydroxylated PMFs
had much stronger inhibitory effects on cancer cells in
comparison with their permethoxylated counterparts, for
IC
50
value of 5-demethyltangeretin (5DT)was 78.9-fold lower

than that of tangeretin. Since cancer cells can pump the
cytotoxic agents out via overexpression ofmultidrug resistant
efflux proteins, cells were treated with 5DT or tangeretin
at the same concentration. HPLC analysis revealed that the
intracellular levels of 5DT in NSCLC cells were 2.7–4.9-
fold higher than those of TAN. This suggested that NSCLC
cells may have better uptake efflux of 5DT compared with
TAN. Additionally, molecular structure showed that 5DT had
higher lipophilicity than tangeretin [63]. High lipophilicity
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could enhance 5DT binding to the plasma membrane, which
in turn could promote the uptake of 5DT into cytosol of the
cancer cells.

3.2. PMFs and Metabolites in Cancer Therapy. Biotransfor-
mation of dietary components is crucial for their in vivo
biological activities after oral ingestion because the pro-
cess of drug metabolism notably influences drugs effects
and toxicity. In the research of nobiletin metabolites, by
comparing supercritical fluid chromatography (SFC) pro-
files of metabolite mixtures with the synthesized standard
compounds, three major metabolites were proved to be
4󸀠-demethylnobiletin, 3󸀠-demethylnobiletin, and 3󸀠,4󸀠-dide-
methylnobilietin in mouse urine [64]. Further research
had demonstrated that 3󸀠,4󸀠-didemethylnobilietin exhibited
greater bioactivities than nobiletin. As another example, it
has been confirmed that 5-demethylnobiletin had strong
antiproliferative effects on cancer cells. Thus, urine samples
were collected from mice fed with 5-demethylnobiletin and
processed for HPLC-ESI-MS analysis. Three major metabo-
lites were characterized as 5,3󸀠-didemethylnobiletin, 5,4󸀠-
didemethylnobiletin, and 5,3󸀠,4󸀠-tridemethylnobiletin. Cell
viability assay in human colon cancer cells demonstrated that
these threemetabolites showed IC

50
of 0.12, 5.5, and 4.2 𝜇Min

SW620 cells, while 5-demethylnobiletin at 10 𝜇Monly caused
37% inhibition [61]. Hence, it can be concluded that PMFs
in citrus peels may produce much stronger active anticancer
compounds through biotransformation.

4. Conclusions

Taken all together, a considerable number of well-established
lines of evidence have confirmed that flavonoids in citrus
peel exhibit a remarkable spectrum of efficacious biological
activities, particularly in antitumorigenesis. Excellent perme-
ability through membrane allows citrus flavonoids to possess
great bioavailability which consequently attracts researchers
to perform scientific studies for effective disease prevention
and treatment. There are more modified flavonoids in citrus
peel being investigated, which could offer help to improve
dose-effect relationship greatly and advance the security and
stability of compounds.
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Humanmesenchymal stem cells (hMSCs) are attractive for clinical and experimental purposes due to their capability of self-renewal
and of differentiating into several cell types. Autologous hMSCs transplantation has been proven to induce therapeutic angiogenesis
in ischemic disorders. However, the molecular mechanisms underlying these effects remain unclear. A recent report has connected
MSCsmultipotency to sirtuin families, showing that SIRT1 can regulate MSCs function. Furthermore, SIRT1 is a critical modulator
of endothelial angiogenic functions. Here, we described the generation of an immortalized human mesenchymal bone marrow-
derived cell line and we investigated the angiogenic phenotype of our cellular model by inhibiting SIRT1 by both the genetic and
pharmacological level. We first assessed the expression of SIRT1 in hMSCs under basal and hypoxic conditions at both RNA and
protein level. Inhibition of SIRT1 by sirtinol, a cell-permeable inhibitor, or by specific sh-RNA resulted in an increase of premature-
senescence phenotype, a reduction of proliferation rate with increased apoptosis. Furthermore, we observed a consistent reduction
of tubule-like formation and migration and we found that SIRT1 inhibition reduced the hypoxia induced accumulation of HIF-1𝛼
protein and its transcriptional activity in hMSCs. Our findings identify SIRT1 as regulator of hypoxia-induced response in hMSCs
andmay contribute to the development of new therapeutic strategies to improve regenerative properties of mesenchymal stem cells
in ischemic disorders through SIRT1 modulation.

1. Introduction

Human mesenchymal stem cells (hMSCs) have become an
important tool for cell-based strategies.They can differentiate
into a variety of cell types such as muscle, neural precursors,
cardiomyocytes, and perivascular cells and are currently
being tested in several approved clinical trials [1]. hMSCs
can improve myocardial remodeling in infarcted heart [2] or
promote angiogenesis in critical limb ischemia [3], due to
their capacity to stimulate endothelial progenitor cells. Fur-
thermore, hMSCs support neoangiogenesis also by releasing
soluble factors that stimulate angiogenesis [4–9]. However,
the molecular mechanisms of beneficial effects from hMSCs-
based therapy remain unclear.

A recent report showed that SIRT1 might regulate MSCs
function, providing a connection between sirtuin families
and MSCs multipotency [10].

Sirtuins are classified as class III histone deacetylases
(HDACs) [11], originally identified in yeast. They modulate
a wide range of biological processes, spanning from DNA
repair and oxidative stress responses to energy metabolism.
Sirtuins activity is controlled by the cellular [NAD+]/
[NADH] ratio, where NAD+ works as an activator, whereas
nicotinamide and NADH act as inhibitors.

In mammals, the sirtuin family comprises seven mem-
bers (SIRT1–SIRT7) with different biological functions and
subcellular localizations [12–14]. SIRT1, SIRT6, and SIRT7
are mainly nuclear, whereas SIRT2 is found primarily in the
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cytosol. SIRT3, SIRT4, and SIRT5 are mitochondrial proteins
[12]. Sirtuins are generally known to regulate the acetylation
levels and the activity of histone and nonhistone regulatory
proteins.

To date, sirtuins have emerged as potential therapeutic
targets for treatment of human pathologies such as cardio-
vascular disease, inflammation, and cancer [15]. SIRT1 is the
most studied member of sirtuins. It acts in various cellular
processes and exerts its action activating and deactivating
factors such as NF-𝜅B, p53, p73, SOD, and hypoxia-inducible
transcription factors (HIFs) [16–19].

Since SIRT1 targets several proteins in distinct signaling
pathways, modulation of SIRT1 activity alters the biological
activity of entire signaling networks modifying disease pro-
gression, such as pathological angiogenesis or atherosclerosis.

An important component of pathological angiogenesis is
represented by hypoxia that alters the cellular redox state and
activates SIRT1. In addition, hypoxia works through multiple
pathways to regulate angiogenesis, for instance, through the
modulation of secreted angiogenic proteins, such as vascular
endothelial growth factor (VEGF), stimulated by increased
expression of transcription factors such as HIF-1𝛼 [20].

Furthermore, a “protective” role of SIRT1 in endothelial
cells was described [21, 22]. A recent report has investigated
the function of SIRT1 in regulating the differentiation of
mesenchymal stem cells by deacetylating 𝛽-catenin in mice
[10]. Several studies demonstrated that inhibition of SIRT1
impairs cell growth in cancer cells [23, 24]. Gorenne et al.
[25] reported that SIRT1 expression was reduced in human
atherosclerotic plaques and in vascular smooth muscle cells.
However, to the best of our knowledge, the effects of SIRT1
modulation on angiogenesis in hMSCs have not been studied
yet.

In this study, we described the generation of an immor-
talized human mesenchymal bone marrow-derived cell line
(MeBM) and we investigated whether SIRT1 has an effect on
angiogenic capability of hMSCs by inhibiting SIRT1 through
pharmacological and genetic approaches.

Since recent studies have identified SIRT1 as a critical
modulator of angiogenesis [18, 26], we tested whether the
inhibition of SIRT1 activity is associated with the reduction of
angiogenic ability of hMSCs and impaired hypoxic response
in these settings. We found that the inhibition of SIRT1 activ-
ity resulted in reduced capacity to proliferate, to migrate, and
to form three-dimensional networks of vessel-like structures.
In addition, SIRT1 inhibition reduced the hypoxia-induced
accumulation of HIF-1𝛼 and its transcriptional activity in
hMSCs.

Our results suggested that SIRT1 is involved in angiogenic
response of hMSCs in vitro and modulates the hypoxic
response through inhibiting HIF-1𝛼 activity.

Our findings may help to understand the role of SIRT1 in
hMSCs in promoting angiogenesis and may contribute to the
development of new strategies to improve the hMSCs-based
regenerative effects by modulating SIRT1 activity.

2. Methods

2.1. Reagents. Sirtinol was purchased from Selleck Chemicals
LLC (Houston, TX, USA). Culture medium and its supple-
ments including antibiotics and fetal bovine serum (FBS)
were purchased from Euroclone (Italy). Primary antibodies
against SIRT1 (Abcam, Cambridge, UK), HIF-1𝛼 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and tubulin (Sigma-
Aldrich, Milan, Italy) were used. Sirtinol was dissolved in
dimethyl sulfoxide (DMSO, Sigma-Aldrich) to the appropri-
ate concentrations according to reported procedures. DMSO
was also present in the corresponding control.

2.2. Cell Lines and Culture Medium. Human mesenchymal
stem cells (hMSCs) were obtained from bone marrow as
described by Cobellis et al. [8]. Cells were plated in RPMI
1640 growth medium (Euroclone SPA, Italy), containing 10%
heat-inactivated FBS, 1% Pen-strep, and 1% L-Glutamine.

Cells were maintained as monolayers in a humidified
atmosphere containing 5% CO

2
at 37∘C and the culture

medium was replaced every two days.
Hypoxic culture conditionswere achieved in aBDGasPak

EZAnaerobeGasGenerating Pouch System (BDBiosciences,
San Diego). As certified by the manufacturer, the Anaerobe
Gas Generating Pouch System produces an atmosphere
containing 10% carbon dioxide and 1% oxygen.

Starvation conditions were obtained incubating cells in
RPMI 1640 containing 0.2% FBS.

2.3. Infection. After plating, bone marrow cells were grown
to confluence and coinfected with HPV16 E6/E7 and hTERT
lentiviral vectors (infection number 1). After a week the
cells were split and infected again only with hTERT (infec-
tion number 2) and cultured until stabilization. Samples
were observed and photographed with DMI 6000 inverted
microscope (Leica Microsystems) using Leica LAS Image
Analysis software (Leica Microsystems). The protocol was
also reported in Miceli et al. [27].

2.4. hPV16 E6/E7 and hTERT Lentiviral Production. HIV-
1based SIN lentiviral vectors were derived from SINF-MU3-
W-S vector backbone. hPV16 E6/E7 was inserted upstream
of an encephalomyocarditis virus internal ribosome entry
site- (IRES-) yellow fluorescent protein (YFP) gene cassette
into SINF-MU3-W-S to generate SINF-MU3-E6E7-IRES-
YFPW-S. SINF-MU3-hTERT-IRES-GFPW-S was generated
by inserting hTERT cDNAupstream of an IRES-green fluore-
scent protein (GFP) gene cassette into SINF-MU3-W-S. VSV-
G-pseudotyped lentiviral vectors were generated in 150mm
tissue culture dishes by transient cotransfectionwith (1) VSV-
G-expressing construct pCMV-VSV-G (Invitrogen, USA)
(66 𝜇g), (2) packaging construct pCMVΔR8.2 (addgene)
(48 𝜇g), and (3) lentiviral vector plasmids (pSin hTERT or
Psin E6-E7) (66 𝜇g) into subconfluent HEK 293FT cells
(Invitrogen) by calcium phosphate precipitation (Clontech,
Calphos Mammalian Transfection Kit). The supernatant
containing the virus was produced in HEK-293FT, collected,
filtered, and used to infect bone marrow cells.
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2.5. Gene KnockdownUsing Lentiviral Vector. Cells (105) were
grown in RPMI 1640 medium 4.5 g/L glucose (Euroclone
SPA, Italy) supplemented with 20% FBS (Euroclone SPA,
Italy), 100U/mL Pen-strep (Lonza Group Ltd), and 2mM
L-Glutamine (Lonza Group Ltd) at 37∘C, in 5% CO

2
fully

humidified atmosphere. Cells were first grown for 24 h and
then infected with the rLV.H1.sh2Sirt1.EF1.GFP Lentivirus,
with a 2.5MOI, overnight as described by Miceli et al. [27].

2.6. RNA Extraction and qPCR. Total RNAwas isolated from
hMSCs by miRNeasy Mini kit (QIAGEN GE). 500 ng was
converted to cDNA using the Quantitect Reverse Transcrip-
tion kit (QIAGEN GE).

qPCR assays were performed using an iCycler (BioRad
Laboratories, USA) and the Sybergreen Super mix (BioRad
Laboratories, USA). The primer sequences and qPCR condi-
tions are available on request.

2.7. Protein Extraction and Western Blot Analysis. hMSCs
were incubated with 100 𝜇M sirtinol for 24 h and then we
collected lysates from cells exposed to 1% O

2
for 6 h.

Cells were lysed in buffer containing 20mM Tris HCl,
100mM NaCl, 10mM MgCl

2
, 1% NP40, 10% glycerol, 0.1M

NaF, 100 𝜇M sodium vanadate, and protease inhibitors mix-
ture (Roche LTD, GE). Equal amounts of supernatant were
separated by SDS-polyacrylamide gels. Proteins were trans-
ferred to nitrocellulose membranes (WhatmanProtran, GE
Healthcare) and membranes were blocked with blocking
buffer (TBS-Tween buffer containing 5%milk). Subsequently,
the membranes were incubated with primary antibodies
at 4∘C overnight. After three washes for 10󸀠 with TTBS
buffer (50mM Tris HCl, pH 8, 150mM NaCl, and 0.5%
Tween-20), the membranes were incubated with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit antibody
(1 : 10.000, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
for 1 h at room temperature and then washed for 30min with
TTBS buffer.The resulting immunoblots were detected using
Amersham ECL Plus (GE Healthcare).

2.8. Senescence Associated Beta-Galactosidase (SA-Beta-Gal)
Staining. Cells were cultured on 6-well plates at a density
allowing reaching 20–30% confluence and exposed for 24 h to
50 and 100 𝜇M sirtinol. After exposure, the cells were washed
three timeswith inhibitor-freemediumand cultured for up to
additional 8 days. On the ninth day, the cells were fixed with
2% (v/v) formaldehyde/0.2% (v/v) glutaraldehyde for 10min.
The cells were then washed twice with PBS and incubated
with staining solution (30mM citric acid/phosphate buffer
(pH 6), 5mM K

4
Fe(CN)

6
, 5mM K

3
Fe(CN)

6
, 150mMNaCl,

2mMMgCl
2
, and 1mg/mL X-Gal solution (all reagents were

purchased from Sigma, Milan, Italy)) at 37∘C for 24 h. The
cells were photographed and quantified with an inverted
microscope (Leica, Heidelberg, Germany).

2.9. Cell Proliferation. Cells were plated (5 × 103 cells/well
in 96 well plates) in RPMI 1640 (Euroclone SPA, Italy) and
allowed to attach overnight. The day after, hMSCs were
treated with 100 𝜇M sirtinol for 24, 48, and 72 h.The number

of living cells was measured by determination of ATP cellular
levels using ViaLight Plus Kit (Lonza Group Ltd). The kit is
based upon the bioluminescent measurement of ATP that is
present in all metabolically active cells. The bioluminescent
method utilizes an enzyme, luciferase, which catalyzes the
formation of light from ATP and luciferin. The emitted light
intensity is linearly related to the ATP concentration and is
measured using a luminometer. RLUs (relative light units) are
internal unit of the kit, proportional to the amount of light
produced for ATP unit.

All experiments were performed in triplicates.

2.10. Flow Cytometry Analysis. Cells were treated with
100 𝜇Msirtinol for 24, 48, and 72 h. Cells were resuspended in
the staining solution containing RNAseA, propidium iodide
(50 𝜇g/mL), sodium citrate (0.1%), and NP40 (0.1%) in PBS
1X for 30min in the dark. Cell cycle distribution was assessed
with a FACScalibur flow cytometer (Becton Dickinson, San
Jose, CA, USA), and 10.000 cells were analyzed by ModFit
version 3 Technology (Verity Software House, Topsham, ME,
USA) and Cell Quest (Becton Dickinson, San Jose, CA, USA)
[27].

2.11. Migration Assay. Cells were plated on 24-well plates at
a density allowing reaching 50–75% confluence and hMSCs
were treated for 24, 48, and 72 h with 100 𝜇M sirtinol. A total
of 1.5 × 104 cells were resuspended in 250𝜇L of RPMI 1640
containing 0.2% FBS and pipetted in the upper chamber of
a modified Boyden chamber (Costar Transwell assay, 8𝜇m
pore size, Corning, NY). The chamber was placed in a 24-
well culture dish containing 750𝜇L complete RPMI 1640
with 10% FBS and growth factors. After 24 h incubation
at 37∘C, transmigrated cells were counted by independent
investigators at the inverted microscope.

2.12. Capillary Tube Formation Assay in Matrigel. Cells were
plated on 6-well plates at a density allowing reaching 50–
75% confluence and hMSCs were treated for 24 h with 50
and 100 𝜇M sirtinol. For analysis of capillary tube formation,
150 𝜇L Matrigel (Becton Dickinson, San Jose, CA, USA) was
laid into a 96-well plates (BD Falcon, Heidelberg, Germany)
and incubated at 37∘C for 30 minutes. Cells were trypsinized
and 3 × 104 cells were suspended in 150𝜇L of medium
and plated onto Matrigel. Cells were incubated at 37∘C and
capillary tube formation in Matrigel was observed under an
inverted microscope (Leica, Heidelberg, Germany) after 4
and 24 h of incubation.

2.13. Statistical Analysis. All data are represented as mean
± S.D. Statistical significance was evaluated by performing
Student’s 𝑡-test and significance was accepted if 𝑃 value was
<0.05.

3. Results

3.1. Immortalization of hMSCs. The ectopic expression of
hTERT has been reported to extend the life span of cells [28].



4 BioMed Research International

However, the use of hTERT alone is not sufficient to immor-
talize hMSCs, requiring the combinatorial expression of
human papillomavirus type 16 genes (HPV16) E6 and E7 [29].

Therefore, primary hMSCswere infectedwithHPV16 E6-
E7 and hTERT lentiviral vectors expressing pSin hTERT and
pSin E6-E7 [30] using a multi-infection program, as reported
in Methods section. Two clones were obtained and tested
for the presence of hTERT and E6-E7 transcripts. Based on
RT-PCR data, both clones (MeBM1E1, MeBM1E2) showed
similar levels of hTERT and E6-E7 transcripts. No hTERT
and E6-E7 expression were detected in untransduced hMSCs
(Supplementary Figure 1(a); see the Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2014/783459).
The resulting cell linesmaintained a fibroblast-like phenotype
comparable to primary hMSCs and showed no differences in
hMSCsmarkers expression, such as CD73, CD90, and CD105
(Supplementary Figure 1(b)). Thus, these immortalized mes-
enchymal cells (MeBM1E1, MeBM1E2) represent a valuable
model that can be used for basic studies of mesenchymal
biology.

3.2. Differential Sirtuin Expression in hMSCs. Using the
MeBM1E1 clone, we assessed the expression profile of the
Sirt1–Sirt7 genes. We collected RNAs from cells exposed to
either 21% O

2
or 1% O

2
for 24 h and we performed RT-qPCR

analysis to quantify their expression. As shown in Figure 1(a),
a significant induction of Sirt1 and Sirt7 (𝑃 value ≤ 0.05) was
detected at mRNA levels in hMSCs under hypoxic conditions
compared to normoxia. No significant differences in other
sirtuin transcripts were observed under the same conditions.

Next, we evaluated the contribution of hypoxia on SIRT1
protein expression andwe collected lysates fromcells exposed
to 1%O

2
for 24 h in the presence or absence of growth factors

(i.e., serum).
As shown in Figure 1(b), Western blot analysis showed

that there was no change in SIRT1 protein levels in hMSCs
exposed to 1% O

2
for 24 h grown in presence of serum,

whereas hypoxia increased SIRT1 levels when hMSCs were
cultured in low serum conditions. These data showed that
hypoxia alone did not stimulate SIRT1 protein accumulation,
whereas depletion of growth factors in combination with
hypoxia resulted in an increase of SIRT1 protein expression.

3.3. Inhibition of SIRT1 Induces Premature Senescence-Like
Phenotype in hMSCs. To evaluate the effects of targeting
SIRT1, we decided to use pharmacological and genetic
approaches to inhibit SIRT1. Genetic inhibition was obtained
by silencing SIRT1 with lentiviral vector expressing sh-Sirt1-
GFP. In order to determine the infection efficiency, green
fluorescent protein (GFP) was monitored using fluorescence
microscopy after 10 days from infection. As shown in Supple-
mentary Figure 2(a), high levels of GFP in sh-Sirt1-hMSCs
were observedwith a concomitant reduction of SIRT1 protein
(Supplementary Figure 2(b)). In addition, pharmacological
inhibition was obtained by sirtinol, a cell permeable specific
inhibitor of SIRT deacetylase activity [19].

To investigate whether SIRT1 modulates premature
senescence-like phenotype in hMSCs, we examined the effect

of SIRT1 inhibition in our cells. hMSCs were treated with
sirtinol at 50 and 100 𝜇M for 24 h. After exposure, the
cells were washed with inhibitor-free medium and cultured
for additional 8 days. As shown in Figure 1(c), sirtinol
induced senescence-like morphological changes in hMSCs
that showed enlarged and flattened shapes with a concomi-
tant cell number reduction. Then, we evaluated SA-𝛽-gal
activity, a characteristic feature of senescence phenotype.
Sirtinol increased SA-𝛽-gal activity in hMSCs compared to
control. Importantly, sirtinol increased SA-𝛽-gal activity in a
dose-dependent manner (Figures 1(d)-1(e)). To confirm the
prosenescence role of SIRT1 inhibition, we examined SA-
𝛽-gal activity in sh-Sirt1 infected cells. As expected, similar
results were obtained in sh-Sirt1 cells (data not shown).
These results demonstrated that inhibition of SIRT1 induced
a senescence phenotype in hMSCs.

3.4. Effects of SIRT1 Inhibition on Proliferation. We then
examined the effects of SIRT1 inhibition on the proliferation
of hMSCs. Cells were treated as previously described and
proliferation was measured by intracellular levels of ATP
at different times (24, 48, and 72 h). Sirtinol significantly
inhibited the proliferation of hMSCs in a time-dependent
manner compared to control. Similar results were obtained
in sh-Sirt1 hMSCs (Figures 2(a)-2(b)).

To investigate whether inhibition of SIRT1 induced
growth arrest or cell death, a cell cycle analysis was performed
on hMSCs treated with sirtinol for 24, 48, and 72 h by
fluorescence activated cell sorting (FACS). By this analysis,
we observed a significant cell accumulation in pre-G1 phase,
corresponding to apoptotic cells after 24, 48, and 72 h of
treatment compared to untreated cells. No significant effect
was observed in G1, G2, and S phase (Figure 2(c)), compared
to control. Similar results were obtained in sh-Sirt1 cells (data
not shown). These data suggested that inhibition of SIRT1,
obtained by both pharmacological and genetic approaches,
induced apoptosis in hMSCs, without altering the cell cycle
distribution of the cells.

3.5. SIRT1 Inhibition Impairs Migration and Capillary Tube
Network Formation. Then, we examined whether inhibition
of SIRT1 impinged on the migration ability of hMSCs. Cells
were exposed for 24, 48, and 72 h to 100 𝜇M sirtinol and
we examined the migratory ability of hMSCs in presence
of growth factors. The number of migrated cells was sig-
nificantly reduced in cells treated with SIRT1 inhibitor in a
time-dependent manner (Figure 3(a)), compared to control.
Consistent with these findings, silenced SIRT1 resulted in
a significant reduction of migration compared to control
(Figure 3(b)).

These results suggested that inhibition of SIRT1 reduces
the capability of hMSCs tomigrate. To further assess whether
inhibition of SIRT1 might play a role in the ability to form
capillary-like networks, we performed a tubule formation
assay. We used Matrigel as the basement matrix to induce
tubule formation. Cells were exposed to sirtinol (50 and
100 𝜇M) for 24 h; then sirtinol was removed from the culture
media.The cells were plated onMatrigel and allowed to form
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Figure 1: SIRT1–SIRT7 expression in hMSCs and effects of SIRT1 inhibition on phenotype. (a) SIRT1–SIRT7 mRNA levels were measured
by real-time PCR (RT-PCR) analyses of total RNAs obtained from hMSCs exposed to either 21% O

2
(N) or 1% O

2
(H) for 24 h and relative

expression (±SD) were shown. (b)Western blot analysis of hMSCs grown at either 21%O
2
(N) or 1%O

2
(H) for 24 h under normal conditions

(upper panel) and serum-starved (lower panel). Antibodies against SIRT1 and tubulin were used. (c) Morphological changes in hMSCs were
examined 8 days after treatmentwith sirtinol (50 and 100 𝜇M) for 24 h (40xmagnification, scale bars = 50 𝜇m). (d) Representative photographs
of blue-stained cells for SA-𝛽-Gal activity are shown (10xmagnification, scale bars = 200 𝜇m) at 8 days after sirtinol (50 and 100𝜇M) treatment
compared to control (CTR). (e) SA-𝛽-Gal-positive cells were quantified by counting in at least 3 random fields for each condition. Results
show the mean of three independent experiments. Graph represents means ± SD, 𝑛 = 3. ∗ indicates statistical significance from control,
𝑃 ≤ 0.05.

tubule networks in vitro. As shown in Figure 3(c), we found
that hMSCs exposed to 50 𝜇M sirtinol formed less developed
tubule structures than untreated cells within a 4-hour period
and the number of branch points significantly diminished
(Figure 3(d)). Additionally, cell treatment at a concentration
of 100 𝜇M sirtinol resulted in the complete suppression of

tubule-like structure formation, in contrast to stable tubular
networks present in the control (Figure 3(c), upper panel-
3D). A reduced ability to form tubule-like formation was also
observed in sh-Sirt1 cells compared to control (Figure 3(c)
lower panel-3D). These data indicated that SIRT1 activity is
involved in tubule-like formation of hMSCs.
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Figure 2: Continued.
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Figure 2: Effects of SIRT1 inhibition on proliferation, cell cycle, and apoptosis. (a) hMSCs were treated with sirtinol 100 𝜇M (black bars) or
equivalent concentration of DMSO (white bars) for 24, 48, and 72 h. (b) sh-Sirt1 infected hMSCs were plated and proliferation was measured
for 24, 48, and 72 h. Each histogram indicates the RLUs# related to cell growth measured at different times. Error bars represent SD of
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Figure 3: Effects of SIRT1 inhibition on migration and capillary tube network formation. (a) hMSCs were treated with sirtinol 100 𝜇M (black
bars) or equivalent concentration of DMSO (white bars) for 24, 48, and 72 h. (b) sh-Sirt1-hMSCs migration (black bars) compared to control
(white bars) at 24, 48, and 72 h. Each histogram indicates the % of migrated cells measured at different times. Statistical differences were
denoted with ∗ when 𝑃 ≤ 0.05 is compared to control. (c) Tubule formation promoted by hMSCs treated with sirtinol (50 and 100 𝜇M)
(upper panel) and tubular structures of sh-Sirt1 infected hMSCs plated on Matrigel compared to control (lower panel). Magnification 10x.
Scale bar = 200 𝜇m. (d) Tubule formationwas quantified by counting the number of branch points of the capillary network. Data are expressed
as mean ± SD. ∗ denotes statistical differences when 𝑃 ≤ 0.05 is compared to control.

3.6. Impaired Angiogenic Properties of hMSCs Resulting from
SIRT1 Inhibition Are Mediated by HIF-1𝛼 Protein. To investi-
gate whether SIRT1 activity could regulate HIF-1𝛼 accumula-
tion, we analyzed the effects of SIRT1 inhibition on HIF-1𝛼.

Cells were incubated with 100 𝜇M sirtinol for 24 h and
then exposed to 1% O

2
for 6 h, known to induce HIF-1𝛼. We

then collected cell lysates and Western blotting analysis was
performed. Interestingly, as shown in Figure 4(a), inhibition
of SIRT1 led to a reduction of SIRT1 protein, as expected, and a
strong repression of HIF-1𝛼 protein accumulation in hypoxic
conditions, compared to control.

To determine if reduction in HIF-1𝛼 levels, conferred by
SIRT1 inhibition, could affect HIF-1𝛼 transcriptional activity,
we looked at the expression of known HIF-1𝛼 target genes.
Cells were treated with 100 𝜇M sirtinol for 24 h and exposed
to either 21% O

2
or 1% O

2
for 6 h. Then, we collected RNAs

from cells and RT-qPCR analysis was performed. As shown
in Figure 4(b), the treatment with sirtinol in combination
with hypoxia significantly reduced the hypoxic induction of
SIRT1 expression and HIF-1𝛼 target genes: Glut1 and VEGF.
These data indicated that inhibition of SIRT1 decreased HIF-
1𝛼 protein accumulation and its transcriptional activity under
hypoxic conditions.

4. Discussion

In the present study, we have generated an immortalized
human bonemarrow-derivedmesenchymal cell line (MeBM)
that represent a valuable tool to study mesenchymal biology
and we investigated whether SIRT1 can influence angiogenic
capacity of these cells.

Cell therapywith hMSCs is a promising and safemodality
with the potential for vascular regeneration in the treatment
of several diseases, especially critical limb ischemia. Pilot
human studies have shown that autologous transplantation
of bone marrow cells induced therapeutic angiogenesis in
patients with critical limb ischemia [3]. hMSCs are pluripo-
tent progenitors that can differentiate into a variety of cell
types and have been shown to promote angiogenesis both in
vivo and in vitro. It is widely accepted that hMSCs present
in bone marrow are therapeutic cells. Emerging evidence
suggests that most of the beneficial effects of hMSCs can
be explained by the secretion of soluble factors that induce
endogenous reparatory processes. However, the mechanisms
by which hMSCs promote angiogenesis are not clear.

The present investigation was undertaken to identify the
function, if any, of SIRT1 in hMSCs and clarify the molecular
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Figure 4: Effects of sirtinol on SIRT1 expression and HIF-1𝛼. (a) hMSCs were treated with sirtinol (100𝜇M) or equivalent concentration of
DMSO (CTR) for 24 h and then exposed to 1% O

2
for 6 h. All cells lysates were analyzed for SIRT1, HIF-1𝛼, and tubulin by Western blot.

(b) The amounts of SIRT1, VEGF, and GLUT1 mRNA of hMSCs treated with sirtinol at concentration of 100 𝜇M (black bars) or equivalent
concentration of DMSO (white bars) for 24 h and exposed to 1%O

2
(H) for 6 hwere quantified with real-time PCR.The levels of SIRT1, VEGF,

and GLUT1 mRNA of hMSCs exposed to 21% O
2
(N) for 24 h were measured. ∗ indicates statistical significance from control, 𝑃 ≤ 0.05.

mechanism by which SIRT1 regulate angiogenesis in hypoxic
conditions.

Sirtuins represent a family of NAD+-dependent protein
deacetylases involved in several pathologies. In mammals,
SIRT1 is the most closely related homologue of yeast Sir2 and
belongs to class III histone deacetylases. It regulates a wide
variety of biological functions including gene expression, cell
survival, proliferation, differentiation, metabolism, immune
response, carcinogenesis, and angiogenic response through
multiple targets [15].

Investigation of sirtuin expression was an important
preliminary step to study the selective role of class IIIHDACs.
Since sirtuins have been shown to respond to perturbations in
the ratio of oxidizedNAD+/reducedNADHand, therefore, to
modulate the response to hypoxic stress [31], we first looked at
sirtuin expression of the family members, both in normoxic
and hypoxic conditions.

Therefore, we assessed the expression profile of the Sirt1–
7 genes in our cells. We found that SIRT1 and SIRT7 were
significantly upregulated in hypoxic conditions compared to
normoxia.

SIRT1 activation improves endothelial function and sup-
presses vascular inflammation, two central pathophysiolog-
ical processes involved in the initiation and progression of
cardiovascular disease [32]. In particular, SIRT1 has been
shown to protect endothelial cells frompremature senescence
and to regulate angiogenesis and vascular tone [26]; thus we
decided to focus our study on SIRT1.

In our study, we evaluated the contribution of hypoxia
on SIRT1 protein, showing that no change in SIRT1 was
detected in hMSCs grown in presence of growth factors,
whereas SIRT1 protein expression increased in hMSCs grown
in absence of growth factors under hypoxic conditions. Other

experiments will be necessary to clarify this; however, our
findings might indicate that SIRT1 may act as a sensor of the
metabolic state ofMSCs in stress conditions (i.e., hypoxia and
absence of growth factors).

Several studies have demonstrated that SIRT1 prevents
the onset of senescence in multiple cell types, which exhibit
alterations in morphology and gene expression that extin-
guish essential cellular functions [31].

It is known that primary cells underwent senescence
when cultured in vitro, showing increased activity of 𝛽-
galactosidase (𝛽-gal) when assayed at pH 6 [22]. Therefore,
we decided to evaluate whether inhibition of SIRT1 might
play a role in undertaking a senescent phenotype in our
cells. We found that sirtinol, a cell-permeable 2-hydroxy-1-
napthaldehyde derivative that acts as a specific and direct
inhibitor of all NAD+-dependent protein deacetylases of
sirtuin family, significantly increased SA-𝛽-gal activity in
a concentration-dependent manner and sustained enlarged
and flattened cell morphology.

Our results are consistent with previous studies in human
endothelial cells [22, 33], mouse fibroblasts [34], and human
cancer cells [35], concluding that sirtuins are implicated in
cellular senescence.

It has been demonstrated that senescence alters mes-
enchymal stem cell properties, such as proliferation and
migration [36] and activity of SIRT1 has been linked to this
condition [37]. In fact, when cells undergo senescence, their
proliferation declines significantly.

Our findings showed that SIRT1 inhibition significantly
inhibited the proliferation rate of hMSCs in a time-dependent
manner and significantly induced apoptosis in hMSCs.

Going through our data, we also noticed that the effect
of genetic inhibition of SIRT1 on angiogenesis response of
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hMSCs was less pronounced than pharmacological modu-
lation of SIRT1. A possible explanation for this observation
is that sirtinol can inhibit other NAD+-dependent protein
deacetylases of sirtuin family, especially SIRT2 [22]. In con-
clusion, we suggested that inhibition of SIRT1 both by phar-
macological and genetic approaches reduces significantly
angiogenic properties in cultured hMSCs.

The connection between sirtuin and HIF proteins is
complex and the current literature is in part contradictory
[19]. Recent reports have linked HIF to sirtuin families by
demonstrating that SIRT1, SIRT3, SIRT6, and SIRT7 can
regulate the activity of HIF proteins [19, 38]. Lim et al. [18]
demonstrated that SIRT1 binds to and deacetylates HIF-1𝛼 at
lysine 674. This interaction blocks p300 recruitment to the
promoter of HIF-1𝛼 target genes and thereby represses HIF-
1𝛼 transcriptional activity, whereas Laemmle et al. reported
that SIRT1 increased HIF-1𝛼 protein levels [19].

In contrast, Dioum et al. [17] have reported that SIRT1
does not target HIF-1𝛼; it rather deacetylates HIF-2𝛼 and
their interaction promotes HIF-2𝛼 transcriptional activity.
In addition, because SIRT1 is a redox cellular sensor and
dependent on metabolic status of the cell, its regulation by
hypoxia has been a point of interest. In one report, SIRT1
is downregulated in hypoxic conditions due to decreased
NAD+ levels [18], while in another study it is upregulated in
a HIF-dependent manner [39].

Thus, the interaction between SIRT1 and HIF factors and
the resulting outcome of their interactions are still unclear.
In this study we found that HIF-1𝛼 transcriptional activity is
impaired by SIRT1 inhibition under hypoxic conditions, as
reported in [19].

5. Conclusions

Our results suggest that SIRT1 exert a role in angiogenic
properties of hMSCs. Thus, our study might have important
implications in the field of angiogenesis, possibly leading to
the identification of chemical compounds that can positively
regulate SIRT1, improving regenerative processes exerted by
hMSCs.
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