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Background and Purpose
Vessel graft failure is typically associated with arteriosclerosis, in which endothelial dysfunction/damage is a key event. Resveratrol has been shown to possess cardioprotective capacity and to reduce atherosclerosis. We aimed to study the influence of resveratrol on the
behavior of resident stem cells that may contribute to graft arteriosclerosis.

Experimental Approach
Vascular resident progenitor cells and embryonic stem cells were treated with resveratrol
under differentiating conditions and endothelial markers expression was evaluated. Expression of miR-21 and β-catenin was also tested and exogenously modified. Effects of resveratrol treatment in an ex vivo re-endothelialization model and on mice undergone vascular
graft were evaluated.

Key Results
Resveratrol induced expression of endothelial markers such as CD31, VE-cadherin and
eNOS in both progenitor and stem cells. We demonstrated that resveratrol significantly reduced miR-21 expression, which in turn reduced Akt phosphorylation. This signal cascade
diminished the amount of nuclear β-catenin, inducing endothelial marker expression and increasing tube-like formation by progenitor cells. Both the inhibition of miR-21 and the knockdown of β-catenin were able to recapitulate the effect of resveratrol application. Ex vivo,
progenitor cells treated with resveratrol produced better endothelialization of the decellularized vessel. Finally, in a mouse model of vessel graft, a resveratrol-enhanced diet was able
to reduce lesion formation.
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Conclusions and Implications
We provide the first evidence that oral administration of resveratrol can reduce neointimal
formation in a model of vascular graft and elucidated the underpinning miR-21/Akt/β-catenin
dependent mechanism. These findings may support the beneficial effect of resveratrol supplementation for graft failure prevention.

Introduction
Resveratrol (trans-3,4,5’-trihydroxystilbene) is a natural phytochemical also available as a dietary supplement, originally derived from grapes and naturally occurring in red wine and some
Asian medicinal herbs. Recent findings have reported a role for resveratrol in the so-called
‘French paradox’, the epidemiological observation of the relatively low incidence of cardiovascular diseases in the high saturated fat-consuming French population. In this context, resveratrol has been shown to induce an anti-inflammatory phenotype in endothelial cells [1],
protecting them from apoptosis and reducing platelet and macrophages adhesion/extravasation [2]. Furthermore, low doses of resveratrol have been shown to enhance reendothelialization and to reduce neointima formation after endothelial injury by acting on endothelial nitric
oxide synthase (eNOS) expression and activity and endothelial progenitor cells homing [1,3].
To date, no study has reported the effect of resveratrol on the differentiation of vascular resident stem/progenitor cells.
Our group has previously isolated and characterized a population of vascular progenitor
cells that participate to the repopulation of the decellularized scaffold, used in our mouse
model of vessel graft. These cells express progenitor markers, such as Sca-1 and CD90 and are
able to give rise to both endothelial and smooth muscle cells in vitro [4]. Interestingly, recent
reports demonstrated that vessel wall progenitor cells contribute to neointimal formation in
vein grafts [5–7]. Typically, the insurgence of neointimal growth after vessel graft is initiated by
the loss of the endothelial layer, due to extensive cell death, which triggers inflammatory response and vascular smooth muscle cell proliferation [8]. Studies from our group and others
have also demonstrated that damaged cells in vessel grafts can be replaced by blood and vesselderived progenitor cells [7,9]. In this process, the changes in micro-environmental clues (i.e.
VEGF) can modulate the differentiation of the resident progenitor cells and induce endothelial
differentiation, therefore reducing neointimal formation [4]. In this study, we propose a novel
mechanism of action for resveratrol in the context of graft atherosclerosis. Indeed, we established that resveratrol is able to influence stem cell and resident progenitor cell fate, inducing
endothelial differentiation and therefore reducing neointimal formation. Furthermore, we analyzed the downstream pathway leading to endothelial differentiation and established that resveratrol acts through the inhibition of the miR21/Akt/β-catenin pathway.

Material and Methods
Detailed Material and Methods can be found in the online-only Supplement.

Cell culture
Mouse embryonic stem cells ES cell (ES-D3 cell line, CRL-1934; ATCC, Manassas, VA) were
cultured as previously reported [10]. Sca-1+ vascular resident progenitor cells were obtained as
previously described by spontaneous migration from decellularized vessel grafts collected 2
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weeks after implantation [4]. Differentiation was induced by plating cells on Collagen IV-coated flasks in presence of differentiation medium (DM) containing alpha DMEM (Gibco) supplemented with 10% FBS (Gibco), 0.2mM 2-mercaptoethanol and 100u/ml penicillin and
100μg/ml streptomycin for 3 days, followed by 5 days of treatment with or without the addition
of 20μM resveratrol.

Decellularized vessel seeding
Decellularized vessel was prepared as previously described by isolating a mouse thoracic aorta
and treating it with SDS [4]. The vessel obtained was then seeded with 1×106 ESC differentiated
for 3 days in DM with or without the addition of 20μM resveratrol. Vessels were harvested
after 6 days of resveratrol or normal medium circulation.

Animal procedure and lesion measurement
Animal experiments were performed in accordance with UK and European legislation under
the Animals (Scientific Procedures) Act 1986 and European Directive 2010/63/EU and approved by King’s College London Institutional Animal Care and Use Committee. ApoE-/mice were fed with normal chow or RSV chow (0.02% in weight, calculated intake 24mg/kg/
day) for 7 days before venous graft was performed. Vein graft procedure was similar to that described previously [11]. Animals were fed with resveratrol or control diet for additional two
weeks and lesion area was measured as described before [12].

Statistical analysis
Data are presented as mean±SEM and are representative of at least three independent experiments. Student’s t-test was used to compare 2 samples, one-way ANOVA for multiple comparisons followed by pair-wise comparison.

Results
Resveratrol induces endothelial marker expression in stem/progenitor
cells
We tested the ability of resveratrol to induce endothelial marker expression in pre-differentiated embryonic stem cells. ESCs were plated on collagen IV for 3 days and then treated with resveratrol for further 5 days. Gene expression analysis showed that addition of resveratrol to the
culture medium induced the expression of endothelial markers such as CD31, VE-cadherin
and eNOS as compared to the control medium-treated cells (Fig 1A). Flow cytometry analysis
confirmed the increase in the percentage of cells positive for VE-cadherin and also showed an
increase in the number of cells expressing vascular progenitor markers, such as Sca-1 and c-Kit
(Fig 1B). Accordingly, we observed that the cells cultured in normal differentiation medium assumed an elongated morphology typical of smooth muscle cells, while in presence of resveratrol they formed small colonies with cobblestone appearance, resembling endothelial cells
(Fig 1C and 1D).
Next, we examined the effect of resveratrol on the differentiation of the resident progenitor
cell population previously described by our group to be involved in the repopulation of a decellularized vessel graft in vivo. These cells have been shown to express progenitor markers and to
be able to differentiate to both endothelial and vascular smooth muscle cells and to contribute
to neointima formation in a mouse model of graft [4]. We hypothesized that the differentiation
of these cells might influence the progression of the lesion. As previously described, graft-derived resident progenitor cells expressed Sca-1 and mesenchymal markers, when cultured in
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Fig 1. Effect of resveratrol on stem and progenitor cell marker expression. Embryonic stem cells (ESC, A-D) and vessel-derived progenitor cells (E-H)
were differentiated in the presence of 20μM resveratrol (RSV) for 5 days. In ESC, gene expression analysis showed increase in endothelial marker
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expression CD31, VE-cadherin and eNOS, as compared to control medium (A). Flow cytometry analysis showed increased percentage of cells expressing
VE-cadherin and progenitor markers Sca-1 and c-Kit (B). Microphotographs showed the different morphology of cells cultured in differentiation medium
without (C) and with resveratrol (D). In vessel-derived progenitor cells treatment with resveratrol increased the gene expression of CD31 and VE-cadherin
and eNOS (E) as well as the protein levels of VE-cadherin (F), as compared to control. Tube formation capacity was increased by resveratrol treatment, as
compared to control (G). * p<0.05 and **p<0.01. Scale bars indicate 100μm.
doi:10.1371/journal.pone.0125122.g001

non-differentiating conditions (S1 Fig). Treatment with resveratrol induced the expression of
endothelial markers in the progenitor cells, as shown at both gene expression and protein levels
(Fig 1E and 1F). Furthermore, resveratrol increased the ability of the progenitor cells to form
tube-like structure in an in vitro angiogenesis assay, as compared to control medium (Fig 1G).
Analysis of smooth muscle marker expression showed no difference at mRNA and promoter
activity level (S2 Fig).
In order to extrapolate the contribution of proliferation and cell death on the differentiative
effect of resveratrol, we cultured the graft-derived progenitor cells with or without resveratrol
and proceeded to measure cell number (proliferation), apoptosis (CaspaseGlo 3/7 activity). We
tested concentrations ranging from 5 to 100μM, including the concentration of 20μM that was
used in all the differentiation experiments. Results showed that cell number was unaffected between 5 to 20μM. Reduction in cell number was observed in presence of 100μM of resveratrol
(S3 Fig). Concomitantly, the activity of Caspase 3/7 was dramatically increased presence of
100μM of resveratrol, indicating cytotoxicity but remained unaffected in all other conditions
(S3 Fig).
Taken together, these results showed that 20μM resveratrol is able to induce markers of endothelial differentiation in both stem and progenitor cells without substantial affecting their
proliferation and apoptosis.

Resveratrol reduces miR-21 expression regulating endothelial marker
expression
Resveratrol has been previously shown to regulate the expression of miR-21 in the context of
cancer cell growth and metastasis [13,14]. On the other hand, miR-21 is known to exert a role
in angiogenesis, although its effect seems to be context dependent [15,16]. We decided to study
the role of miR-21 in the resveratrol-dependent differentiation of the vascular resident progenitor cells. Firstly, we studied the time course of miRNA-21 expression in cells treated with resveratrol and established that the expression level of miR-21 was reduced after resveratrol
treatment for up to 6 hrs (Fig 2A). In order to establish whether the modification of miR-21 expression plays a role in the differentiation, we overexpressed miR-21 using a precursor (pre21) or downregulated it using an inhibitor (inh-21). Transfected cells were cultured for 4 days
in collagen IV-coated plates to induce differentiation and endothelial marker expression and
tube formation capacity were assessed. Results showed that overexpression of miR-21 reduced
the levels of CD31 protein, while the inh-21 treatment had the opposite effect (Fig 2B). Interestingly, inhibition of miR-21 increased the ability of progenitor cells to form tube-like structures in vitro, as compared to the control (Fig 2C–2E). Furthermore, we verified the tube-like
forming capacity of the progenitors after application of resveratrol with or without miR-21
overexpression. In vitro angiogenesis assay showed that in cells treated with the control premiR, resveratrol increased the tube formation capacity (Fig 2F and 2G). The forced expression
of miR-21 sensibly reduced the tube-formation capacity of the progenitor cells, both in presence or absence of resveratrol (Fig 2H and 2I). Total tube length quantification confirmed the
observation that miR-21 reduces tube formation capacity of progenitor cells and blunts resveratrol-dependent increase in structure formation (Fig 2J).
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Fig 2. Inhibition of miR21 by resveratrol regulates induces endothelial marker expression. Treatment of the progenitor cells with resveratrol (RSV)
inhibited miR21 expression (A). Overexpression of miR21 (pre21) decreased CD31 protein level, as compared to the control transfected cells (preNC) (B).
MiR21 downregulation (inh21) increased CD31 expression, as compared to the negative control (inhNC) (B). Tube-formation was increased by Inh21 (D), as
compared to control treated cells (C), as confirmed by total tube length quantification (E). Representative pictures (F-I) and total tube length quantification (J)
showed that the resveratrol (RSV)-dependent increase in tube length was counteracted by miR-21 transfection. *p<0.05, **p<0.01 and ***p<0.001. Scale
bars indicate 50μm.
doi:10.1371/journal.pone.0125122.g002

Previous studies have demonstrated that miR-21 directly binds and induces the degradation
of phosphatase and tensin homolog (PTEN) mRNA, a well-known inhibitor of Akt
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Fig 3. Resveratrol inhibits Akt pathway through miR21. Luciferase assay of the PTEN 3’UTR showed increased activity when vessel derived progenitor
cells were treated with resveratrol (RSV) for 48h, as compared to control (Vehicle, A). Gene expression analysis confirmed increased expression of PTEN
(B). Protein analysis indicated a reduction of phosphorylation of Akt after resveratrol treatment (C), this effect was reversed by miR21 overexpression (D),
*p<0.05.
doi:10.1371/journal.pone.0125122.g003

phosphorylation [16]. We therefore analyzed the effect of resveratrol and miR-21 treatments
on the PTEN/Akt pathway. Cells were transfected with a plasmid bearing the luciferase reporter gene under the control of the PTEN 3’UTR, which contains the miR-21 binding site. Following the transfection, cells were treated with resveratrol and luciferase activity measured.
Analysis showed an increase in luciferase activity after resveratrol treatment, indicating a reduction in miR-21 binding to the promoter (Fig 3A). Consistently, gene expression levels of
PTEN were increased shortly after resveratrol stimulation (Fig 3B). Furthermore, we assessed
the levels of phosphorylation of Akt and established that treatment with resveratrol reduces
Akt phosphorylation after 60 min and this effect is maintained for 6hrs (Fig 3C). In presence of
mi-R21 overexpression, this pattern of phosphorylation was reverted and phosphorylation of
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Akt resulted to be increase after 1 and 6 hours (Fig 3D). Therefore, these data demonstrated
that miR-21 expression and its downstream target PTEN/Akt pathway are altered by resveratrol treatment and are involved in the expression pattern of progenitor cells.

Effect of resveratrol on endothelial markers expression is mediated by
the inhibition of β-Catenin
Previous studies have shown that β-catenin is directly regulated by the Akt pathway [17] and
act as a mediator of resveratrol in the induction of chondrogenic differentiation of mesenchymal stem cells [18]. We hypothesized the contribution of β-catenin in the context of endothelial
differentiation of vessel resident progenitor cells. Western blot analysis showed that resveratrol
treatment reduced the levels of active β-catenin in resident progenitor cells (Fig 4A). Additionally, we observed that cells treated with the inhibitor of miR-21 showed reduced levels of active
β-catenin (Fig 4B). To study the effect of β-catenin in the differentiation process, we employed
lentiviral-mediated silencing that allowed for long term knockdown of β-catenin (S4 Fig). Measurement of the expression of genes associated with differentiation at 3 and 7 days showed an
increase in CD31 expression after β-catenin silencing (Fig 4C) and an increase in VE-cadherin
protein expression (Fig 4D). Moreover, progenitor cells lacking β-catenin formed more tubelike structures on Matrigel, as compared to the control-infected cells (Fig 4E). In order to confirm the contribution of β-catenin in the resveratrol-dependent EC marker expression, we
treated the progenitor cells with resveratrol and stimulated the canonical Wnt pathway by adding LiCl. As shown in Fig 4F, stimulation of β-catenin pathway by LiCl blunted the effect of resveratrol on CD31 expression. Taken together, these results show that resveratrol and miR-21
modify β-catenin activation, subsequently affecting progenitor cell markers expression.

Resveratrol promotes endothelialization ex-vivo and reduces neointima
formation in a mouse model of vascular grafts
Our group has devised an ex-vivo model of vascular graft in which a decellularized vessel scaffold can be repopulated by progenitor cells, using a bioreactor connected to a pump, providing
the medium flow [19]. We used this ex-vivo system to study the effect of resveratrol on in the
ability of stem cells to differentiate into endothelial cells and repopulate the intimal layer of the
decellularized vessel. Pre-differentiated embryonic stem cells were treated for 3 days with resveratrol or control medium and then placed in the circulation of the bioreactor in the presence
of resveratrol or control medium for additional 6 days. Vessels harvested were stained for the
endothelial marker CD31, showing the development of a continuous luminal endothelial layer
specifically in the vessel treated with resveratrol (Fig 5A and 5B). Staining for smooth muscle
marker SMA showed uniform distribution in the media of the repopulated vessels, independently from the treatment (Fig 5C and 5D).
To further verify our hypothesis, we studied the effect of resveratrol in an in vivo model of
arterial graft. The vena cava was grafted into the carotid artery of ApoE-/- mice, which were
fed normal chow or resveratrol containing diet, starting 7 days before the operation. Samples
were collected after 15 additional days of different diet and the formation of neointimal lesion
was quantified on sections obtained from formalin fixed grafts. Data showed that animals fed
with diet supplemented with resveratrol presented significantly reduced neointimal lesions, as
compared to mice fed with a normal diet (Fig 5C–5E). Furthermore, staining for CD31 showed
improved endothelial coverage in the resveratrol-fed animals (Fig 5F and 5G). Thus, we demonstrated that resveratrol increased endothelialization in ex-vivo settings and reduced neointimal formation in vivo after vessel graft, potentially through the increase of endothelial
differentiation and coverage.
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Fig 4. Inhibition of β-catenin by resveratrol and inh21 enhances endothelial marker expression. Levels of activated β-catenin (ABC) were reduced by
resveratrol treatment (A). Transfection of vessel resident progenitor cells with miR21 inhibitor (inh21) decrease ABC expression, as compared to the negative
control (inhNC, B). No changes were associated with miR21 overexpression (pre21, B). Silencing of β-catenin by lentiviral infection (black bars) induced the
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expression the endothelial marker CD31 (C), as compared to control virus (empty bars). β-catenin inhibition (Shβ) increased VE-cadherin protein level, as
compared to the control virus (ShCTL, D). Representative images showing the increase in tube-formation capacity of Shβ-catenin infected cells, as
compared to control cells (ShCTL, E). β-catenin activation by LiCl (50mM) was able to counteract resveratrol (RSV)-induced CD31 overexpression (F).
*p<0.05 and **p<0.01. Data are representative of three independent experiments. Scale bar indicates 50 μm.
doi:10.1371/journal.pone.0125122.g004

Discussion
Epidemiological studies have demonstrated a sensible discrepancy in the incidence of cardiovascular events in populations consuming a moderate amount of red wine [20,21]. This phenomenon is referred as the ‘French paradox’ and has been partially attributed to the presence
of resveratrol in the red wine. While some of the mechanisms implicated in the effect of resveratrol in the context of cardiovascular diseases have been elucidated, no studies have reported
its effect on vessel resident progenitor cell differentiation. Resveratrol has been shown to reduce
thrombogenesis and atherogenesis in fat-fed hypercholesterolemic mice [22,23] and to improve the outcome of aortic aneurysm by reducing inflammation and leukocyte infiltration
[24]. Furthermore, resveratrol was able to reduce neointimal formation after endothelial injury
through its protective effect on endothelial cell integrity [1,2]. In line with previously published
findings, in the present study we established that oral administration of resveratrol was able to
reduce the formation of neointimal lesions in the context of vascular graft model in ApoE-/mice. These results have an important clinical relevance for the use of resveratrol as a supplement to improve vascular graft patency.
It was found that reduction of neointimal growth was associated with better endothelial coverage and intact intimal layer. Following this observation, we propose a novel atheroprotective
mechanism for resveratrol, through the induction of endothelial differentiation of vessel resident progenitor cells. The promotion of a prompt protective endothelialization after grafting is
important for the positive long-term outcome of vessel graft, since it limits thrombogenesis
and stenosis. We studied the effect of resveratrol on Sca-1+ progenitor cells that were previously isolated and characterized by our group. Sca-1+ progenitors were shown to participate to
graft repopulation and to be prompted by local stimuli to differentiate into both vascular
smooth muscle and endothelial cells [4]. Indeed, we established that treatment of vascular resident progenitor cells with resveratrol increased their endothelial marker expression; these results were confirmed using mouse embryonic stem cells. The role of resveratrol in angiogenesis
has been mainly studied in the context of tumorigenesis, where it was shown to reduce capillary
formation by inhibiting the release of pro-angiogenic factors by cancer cells [25,26]. Interestingly, recent papers have elucidated an important role of resveratrol in increasing the number,
viability and function of bone marrow endothelial progenitor cells [3,27,28]. It is of note that
we did not observe an overall effect of resveratrol on the vessel-derived progenitor cells proliferation, as was previously observed for blood derived endothelial progenitor cells [28–30]. This
discrepancy might reflect the different nature of the two cell types, with bone marrow endothelial progenitor cells committed almost exclusively to the endothelial lineage and therefore proliferating to produce more endothelial cells, while the mesenchymal-like vessel-derived
progenitors are activated towards the endothelial differentiation pathway. Our results shed a
new light on the role of resveratrol on endothelial cell differentiation and function by demonstrating its influence on vascular resident progenitor cells.
MiRNAs are short non-coding nucleotides that have recently been shown to regulate the expression of a large number of genes and have been therefore implicated in numerous physiological and pathological processes, including differentiation, angiogenesis and atherosclerosis.
One of the most important observations in the present study is the finding of a novel mechanism underlying the resveratrol-dependent induction of endothelial marker expression. In our
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Fig 5. Effect of resveratrol on ex vivo and in vivo re-endothelialization and neointimal formation. Embryonic stem cells were pre-differentiated for 3
days in the presence or absence of resveratrol and then seeded on a decellularized vessel in an ex-vivo bioreactor. The resveratrol treated cells were fed
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with resveratrol-containing circulating medium, while the control cells were fed normal medium. Representative images showing the lack of endothelial
coverage on decellularized vessels infused ex vivo with stem cells differentiated in presence of control medium (A) as compared to the extensive reendothelialization observed with resveratrol-treated cells (B, CD31, white arrowheads). No difference was observed in SMA staining (C and D). ApoE-/- mice
were fed normal chow or resveratrol-chow for 7 days before undergoing vascular graft (n = 5 per group). Diet as continued for further 14 days and then graft
sections were stained and analyzed. Animal fed with resveratrol-chow showed reduced neointimal area within the graft, as compared to normal diet-fed
animals (E). Representative H&E images showed thicker neointimal layer in control (F, black arrow) as compared to resveratrol-treated animals (G).
Immunostaining for CD31 on the sections showed less endothelial staining from normal diet-fed animals (H). Animals fed with resveratrol-chow showed an
intact endothelial layer (I, CD31). DAPI, blue: nuclei. Scale bars: 25μm (A-D and H and I) and 200μm (F and G).
doi:10.1371/journal.pone.0125122.g005

system, treatment with resveratrol strongly reduced miR-21 expression, leading to increased
PTEN expression and reduced Akt phosphorylation. We also demonstrated that miR-21 overexpression inhibited endothelial differentiation via the increase of Akt phosphorylation. Interestingly, this pathway is the reverse of the TGFβ-induced endothelial-to-mesenchymal
transition, where TGFβ induces miR-21 and activates the Akt pathway, decreasing endothelial
marker expression [31]. This is quite remarkable considering the mesenchymal nature of the
described resident progenitor population. Moreover, these results are in accordance with previous studies on cancer cells showing inverse correlation between resveratrol and miR-21
[13,14], while miR-21 has been shown to reduce angiogenesis in mature endothelial cells [15].
More importantly, the aberrant overexpression of miR-21 has been shown to cause increase

Fig 6. Schematic representation of the mechanism proposed. In the system, resveratrol is shown to reduce miR-21 expression and leads to the
increased expression of phosphatase and tensin homolog (PTEN), Akt inhibitor. PTEN overexpression decreased Akt phosphorylation. In parallel, β-catenin
active form was reduced, either due to the reduction in Akt activity or through an independent pathway. Reduction of β-catenin and miR-21 inhibition both
affect the status of vascular resident progenitor cells, inducing their endothelial marker expression.
doi:10.1371/journal.pone.0125122.g006
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neointimal formation in a rat model of balloon injury via PTEN inhibition [32]. In addition,
the results recently published by McDonald et al on the beneficial effect of miR-21 knockout in
a model of vessel graft complement and support our findings on the role of resveratrol in the
same model and confirm the central role played by miR-21 in this mechanism [33].
Previous work has demonstrated that Akt can directly activate β-catenin; the reduced activation of Akt observed after resveratrol treatment can therefore be at least partially responsible
for the detected diminished activation of β-catenin [34]. Inhibition of β-catenin via lentiviralmediated knockdown increased endothelial marker expression and tube-formation capacity in
the progenitor cell population, indicating a contribution of the β-catenin suppression to their
functional differentiation. In the present study, we have established that both the application of
resveratrol and the downregulation of miR-21 decreased Akt and β-catenin activation, thus
promoting differentiation in the progenitor cells. This finding is consistent with the previously
published papers showing that similar doses of resveratrol negatively regulate the activation of
β-catenin, reducing angiogenesis in mature endothelial cells and inhibiting cancer cell growth
[18,35]. The discrepancy of effects of resveratrol in different cell types can be explained by the
context-dependent function of β-catenin. Thus, the implication of β-catenin in the pathway
creates additional evidence of the link between resveratrol and miR-21 by providing a common
effector (Fig 6).
In summary, we established that resveratrol exert its role in directing stem/progenitor cell
differentiation towards endothelial lineages by inhibiting miR-21 and therefore reducing Akt
activation and β-catenin translocation. Resveratrol can also promote cell repopulation of a
decellularized vessel ex vivo and reduce neointimal formation in an in vivo model of vascular
graft. Therefore, the mechanisms elucidated in this work not only provides further insight in
the pharmacological action of resveratrol, but might also suggest new clinical applications in
vascular diseases where endothelial differentiation/coverage is affected.
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(TIFF)

PLOS ONE | DOI:10.1371/journal.pone.0125122 May 11, 2015

13 / 16

Resveratrol and Vascular Progenitors

S1 File. Supporting Materials and Methods. Additional materials and methods.
(PDF)
S1 Table. Supporting table. Primer sequences.
(PDF)

Acknowledgments
We would like to thank Mr. Z Zhang for the excellent technical work and Joshua Mendell laboratory for providing the PTEN-promoter plasmid. This work was funded by British Heart
Foundation.

Author Contributions
Conceived and designed the experiments: PC XH QX. Performed the experiments: PC XH
EDB IS YH. Analyzed the data: PC XH EDB IS YH QX. Contributed reagents/materials/analysis tools: PC XH EDB IS YH. Wrote the paper: PC XH IS YH QX.

References
1.

Breen DM, Dolinsky VW, Zhang H, Ghanim H, Guo J, Mroziewicz M, et al. Resveratrol inhibits neointimal formation after arterial injury through an endothelial nitric oxide synthase-dependent mechanism.
Atherosclerosis. 222(2):375–81. doi: 10.1016/j.atherosclerosis.2012.03.021 PMID: 22552115

2.

Zhang L, Zhou G, Song W, Tan X, Guo Y, Zhou B, et al. Pterostilbene protects vascular endothelial
cells against oxidized low-density lipoprotein-induced apoptosis in vitro and in vivo. Apoptosis. 2012
Jan; 17(1):25–36. doi: 10.1007/s10495-011-0653-6 PMID: 21928089

3.

Huang P-H, Chen Y-H, Tsai H-Y, Chen J-S, Wu T-C, Lin F-Y, et al. Intake of red wine increases the
number and functional capacity of circulating endothelial progenitor cells by enhancing nitric oxide bioavailability. Arterioscler. Thromb. Vasc. Biol. 2010 Apr; 30(4):869–77. doi: 10.1161/ATVBAHA.109.
200618 PMID: 20093623

4.

Tsai T-N, Kirton JP, Campagnolo P, Zhang L, Xiao Q, Zhang Z, et al. Contribution of Stem Cells to
Neointimal Formation of Decellularized Vessel Grafts in a Novel Mouse Model. Am. J. Pathol. 2012;
181(1):362–73. doi: 10.1016/j.ajpath.2012.03.021 PMID: 22613026

5.

Wong MM, Winkler B, Karamariti E, Wang X, Yu B, Simpson R, et al. Sirolimus Stimulates Vascular
Stem/Progenitor Cell Migration and Differentiation Into Smooth Muscle Cells via Epidermal Growth Factor Receptor/Extracellular Signal–Regulated Kinase/β-Catenin Signaling Pathway. 2013.

6.

Tigges U, Komatsu M, Stallcup WB. Adventitial pericyte progenitor/mesenchymal stem cells participate
in the restenotic response to arterial injury. Journal of vascular research. 2012.

7.

Tang Z, Wang A, Yuan F, Yan Z, Liu B, Chu JS, et al. Differentiation of multipotent vascular stem cells
contributes to vascular diseases. Nat Commun. 2012; 3:875. doi: 10.1038/ncomms1867 PMID:
22673902

8.

Nakazawa G, Finn AV, Joner M, Ladich E, Kutys R, Mont EK, et al. Delayed Arterial Healing and Increased Late Stent Thrombosis at Culprit Sites After Drug-Eluting Stent Placement for Acute Myocardial Infarction Patients: An Autopsy Study. Circulation. 2008 Jan 9; 118(11):1138–45. doi: 10.1161/
CIRCULATIONAHA.107.762047 PMID: 18725485

9.

Mayr U, Zou Y, Zhang Z, Dietrich H, Hu Y, Xu Q. Accelerated Arteriosclerosis of Vein Grafts in Inducible
NO Synthase−/− Mice Is Related to Decreased Endothelial Progenitor Cell Repair. Circulation Research. 2006 Jan 17; 98(3):412–20. PMID: 16385078

10.

Vittet D, Prandini MH, Berthier R, Schweitzer A, Martin-Sisteron H, Uzan G, et al. Embryonic stem cells
differentiate in vitro to endothelial cells through successive maturation steps. Blood. 1996 Nov 1; 88
(9):3424–31. PMID: 8896407

11.

Zou Y, Dietrich H, Hu Y, Metzler B, Wick G, Xu Q. Mouse model of venous bypass graft arteriosclerosis.
Am. J. Pathol. 1998 Oct; 153(4):1301–10. PMID: 9777962

12.

Zeng L, Zampetaki A, Margariti A, Pepe AE, Alam S, Martin D, et al. Sustained activation of XBP1 splicing leads to endothelial apoptosis and atherosclerosis development in response to disturbed flow. Proceedings of the National Academy of Sciences. 2009 May 19; 106(20):8326–31. doi: 10.1073/pnas.
0903197106 PMID: 19416856

PLOS ONE | DOI:10.1371/journal.pone.0125122 May 11, 2015

14 / 16

Resveratrol and Vascular Progenitors

13.

Liu P, Liang H, Xia Q, Li P, Kong H, Lei P, et al. Resveratrol induces apoptosis of pancreatic cancers
cells by inhibiting miR-21 regulation of BCL-2 expression. Clin Transl Oncol. 2013 Jan 29.

14.

Sheth S, Jajoo S, Kaur T, Mukherjea D, Sheehan K, Rybak LP, et al. Resveratrol reduces prostate cancer growth and metastasis by inhibiting the Akt/MicroRNA-21 pathway. PLoS ONE. 2012; 7(12):
e51655. doi: 10.1371/journal.pone.0051655 PMID: 23272133

15.

Sabatel C, Malvaux L, Bovy N, Deroanne C, Lambert V, Gonzalez M- LA, et al. MicroRNA-21 exhibits
antiangiogenic function by targeting RhoB expression in endothelial cells. PLoS ONE. 2011; 6(2):
e16979. doi: 10.1371/journal.pone.0016979 PMID: 21347332

16.

Liu L-Z, Li C, Chen Q, Jing Y, Carpenter R, Jiang Y, et al. MiR-21 induced angiogenesis through AKT
and ERK activation and HIF-1α expression. PLoS ONE. 2011; 6(4):e19139. doi: 10.1371/journal.pone.
0019139 PMID: 21544242

17.

Fang D, Hawke D, Zheng Y, Xia Y, Meisenhelder J, Nika H, et al. Phosphorylation of beta-catenin by
AKT promotes beta-catenin transcriptional activity. J. Biol. Chem. 2007 Apr 13; 282(15):11221–9.
PMID: 17287208

18.

Wang H, Zhou H, Zou Y, Liu Q, Guo C, Gao G, et al. Resveratrol modulates angiogenesis through the
GSK3β/β-catenin/TCF-dependent pathway in human endothelial cells. Biochem. Pharmacol. 2010 Nov
1; 80(9):1386–95. doi: 10.1016/j.bcp.2010.07.034 PMID: 20696143

19.

Karamariti E, Margariti A, Winkler B, Wang X, Hong X, Baban D, et al. Smooth Muscle Cells Differentiated From Reprogrammed Embryonic Lung Fibroblasts Through DKK3 Signaling Are Potent for Tissue
Engineering of Vascular Grafts. Circ. Res. 2013 May 24; 112(11):1433–43. doi: 10.1161/
CIRCRESAHA.111.300415 PMID: 23529184

20.

Renaud S, de Lorgeril M. Wine, alcohol, platelets, and the French paradox for coronary heart disease.
Lancet. 1992 Jun 20; 339(8808):1523–6. PMID: 1351198

21.

Renaud SC, Guéguen R, Schenker J, d'Houtaud A. Alcohol and mortality in middle-aged men from
eastern France. Epidemiology. 1998 Mar; 9(2):184–8. PMID: 9504288

22.

Fukao H, Ijiri Y, Miura M, Hashimoto M, Yamashita T, Fukunaga C, et al. Effect of trans-resveratrol on
the thrombogenicity and atherogenicity in apolipoprotein E-deficient and low-density lipoprotein receptor-deficient mice. Blood Coagul. Fibrinolysis. 2004 Sep; 15(6):441–6. PMID: 15311151

23.

Do G-M, Kwon E-Y, Kim H-J, Jeon S-M, Ha T-Y, Park T, et al. Long-term effects of resveratrol supplementation on suppression of atherogenic lesion formation and cholesterol synthesis in apo E-deficient
mice. Biochem. Biophys. Res. Commun. 2008 Sep 12; 374(1):55–9. doi: 10.1016/j.bbrc.2008.06.113
PMID: 18611391

24.

Kaneko H, Anzai T, Morisawa M, Kohno T, Nagai T, Anzai A, et al. Resveratrol prevents the development of abdominal aortic aneurysm through attenuation of inflammation, oxidative stress, and neovascularization. Atherosclerosis. 2011 Aug; 217(2):350–7. doi: 10.1016/j.atherosclerosis.2011.03.042
PMID: 21530968

25.

Trapp V, Parmakhtiar B, Papazian V, Willmott L, Fruehauf JP. Anti-angiogenic effects of resveratrol mediated by decreased VEGF and increased TSP1 expression in melanoma-endothelial cell co-culture.
Angiogenesis. 2010 Dec; 13(4):305–15. doi: 10.1007/s10456-010-9187-8 PMID: 20927579

26.

Garvin S, Ollinger K, Dabrosin C. Resveratrol induces apoptosis and inhibits angiogenesis in human
breast cancer xenografts in vivo. Cancer Lett. 2006 Jan 8; 231(1):113–22. PMID: 16356836

27.

Gan L, Matsuura H, Ichiki T, Yin X, Miyazaki R, Hashimoto T, et al. Improvement of neovascularization
capacity of bone marrow mononuclear cells from diabetic mice by ex vivo pretreatment with resveratrol.
Hypertens. Res. 2009 Jul; 32(7):542–7. doi: 10.1038/hr.2009.67 PMID: 19444278

28.

Wang X-B, Huang J, Zou J-G, Su E-B, Shan Q-J, Yang Z-J, et al. Effects of resveratrol on number and
activity of endothelial progenitor cells from human peripheral blood. Clin. Exp. Pharmacol. Physiol.
2007 Nov; 34(11):1109–15. PMID: 17880362

29.

Huang P-H, Chen Y-H, Tsai H-Y, Chen J-S, Wu T-C, Lin F-Y, et al. Intake of Red Wine Increases the
Number and Functional Capacity of Circulating Endothelial Progenitor Cells by Enhancing Nitric Oxide
Bioavailability. Arteriosclerosis, Thrombosis, and Vascular Biology. 2010 Jan 1; 30(4):869–77. doi: 10.
1161/ATVBAHA.109.200618 PMID: 20093623

30.

Xia L, Wang XX, Hu XS, Guo XG, Shang YP, Chen HJ, et al. Resveratrol reduces endothelial progenitor cells senescence through augmentation of telomerase activity by Akt-dependent mechanisms. British Journal of Pharmacology. Blackwell Publishing Ltd; 2008 Jan 1; 155(3):387–94. doi: 10.1038/bjp.
2008.272 PMID: 18587418

31.

Kumarswamy R, Volkmann I, Jazbutyte V, Dangwal S, Park D-H, Thum T. Transforming growth factorβ-induced endothelial-to-mesenchymal transition is partly mediated by microRNA-21. Arterioscler.
Thromb. Vasc. Biol. 2012 Feb; 32(2):361–9. doi: 10.1161/ATVBAHA.111.234286 PMID: 22095988

PLOS ONE | DOI:10.1371/journal.pone.0125122 May 11, 2015

15 / 16

Resveratrol and Vascular Progenitors

32.

Ji R, Cheng Y, Yue J, Yang J, Liu X, Chen H, et al. MicroRNA expression signature and antisense-mediated depletion reveal an essential role of MicroRNA in vascular neointimal lesion formation. Circ.
Res. 2007 Jun 8; 100(11):1579–88. PMID: 17478730

33.

McDonald RA, White KM, Wu J, Cooley BC, Robertson KE, Halliday CA, et al. miRNA-21 is dysregulated in response to vein grafting in multiple models and genetic ablation in mice attenuates neointima
formation. Eur. Heart J. 2013 Jun; 34(22):1636–43. doi: 10.1093/eurheartj/eht105 PMID: 23530023

34.

Gantner BN, Jin H, Qian F, Hay N, He B, Ye RD. The Akt1 isoform is required for optimal IFN-β transcription through direct phosphorylation of β-catenin. J. Immunol. 2012 Sep 15; 189(6):3104–11. doi:
10.4049/jimmunol.1201669 PMID: 22904301

35.

Chen H-J, Hsu L-S, Shia Y-T, Lin M-W, Lin C-M. The β-catenin/TCF complex as a novel target of resveratrol in the Wnt/β-catenin signaling pathway. Biochem. Pharmacol. 2012 Nov 1; 84(9):1143–53. doi:
10.1016/j.bcp.2012.08.011 PMID: 22935447

PLOS ONE | DOI:10.1371/journal.pone.0125122 May 11, 2015

16 / 16

