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Abstract

Objective: Neointima (NI) formation is a primary cause of intermediate to late vein graft (VG) 

failure. However, the precise source of NI cells in VGs remains unclear.

Approach and Results: Herein we clarify the relative contributions of mature vascular smooth 

muscle cells (SMCs) and endothelial cells (ECs) to NI formation in a mouse model of VG 

remodeling via the genetic inducible fate mapping approaches. Regardless of the magnitude of NI 

formation, the recipient arterial and the donor venous SMCs contributed ~55% of the NI cells at 

the anastomotic regions; whereas only donor venous SMCs donated ~68% of the NI cells at the 

middle bodies. A small portion of the SMC-derived cells became non-SMC cells, mostly likely 

vascular stem cells and constituted 2–11% of the cells in each major layer of VGs. In addition, the 

recipient arterial ECs were the major cellular source of re-endothelialization but did not contribute 

to NI formation. The donor venous ECs donated ~17% NI cells in the VGs with mild NI formation 

and conditional media from ECs after endothelial mesenchymal transition (EndMT) suppressed 

vascular SMC dedifferentiation.

Conclusions: The recipient arterial and donor venous mature SMCs dominate but contribute 

distinctly to intimal hyperplasia at the anastomosis and the middle body regions of VGs. The 

recipient arterial ECs are the major cellular source of re-endothelialization but do not donate NI 

formation in VGs. Only the donor venous ECs undergo EndMT. EndMT is marginal for generating 

NI cells, but is likely required for controlling the quality of VG remodeling.
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The recipient arterial and donor venous mature SMCs, but not ECs, dominate and contribute 

distinctly to intimal hyperplasia at the anastomosis and the middle body regions of VGs. A small 

portion of the SMC-derived cells become non-SMC cells, most likely vascular stem cells and 

constitute 2–11% of the cells in each major layer of VGs.
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Introduction

Vein bypass graft remains the gold standard revascularization treatment for occlusive arterial 

diseases.1–3 However, the surgical injury and arterial environment initiate a sophisticated 

remodeling process in vein grafts (VGs): Within 24 h to 3 days after implantation, the VG 

exhibits significant endothelial cell (EC) loss, subendothelial and medial edema, and 

extensive smooth muscle cell (SMC) necrosis associated with inflammation and release of 

growth factors. One week to one month post-implant, there is re-endothelialization of the 

luminal surface as well as medial thickening and intimal hyperplasia or neointima (NI) 

formation, a complicated process involving diverse types of cells including vascular SMCs. 

One month to three years post-implant, there is atheromatous lesion formation and beyond 

three years, progressive intimal thickening and superimposed atheromas cause lumenal 

narrowing. Consequently, as many as 18% of VGs may fail (≥70% stenosis) within 30 days 

to years after surgery (acute vein graft failure, VGF); 20–50% of VGs fail between 2–5 years 
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after surgery (intermediate VGF); and by 10 years after surgery, 40% of VGs fail and a 

further 30% have compromised flow.1–3 Acute VGF is predominantly triggered by 

thrombosis due to surgical trauma to the graft and altered hemodynamics leading to 

endothelial damage and dysfunction; whereas intermediate VGF is most likely due to the NI 

formation, particularly at the proximal and distal anastomoses, and late VGF is ascribed to 

not only the NI formation but also the accelerated atherosclerosis. Of note, most of the VG 

lesions are focalized.2, 4 In lower extremity VGs, approximately 50% of lesions responsible 

for VGF are juxta-anastomotic and 30% are located within the body of VGs.4 In the 

coronary artery bypass VG, the majority of focal stenotic lesions often occur in the 

perianastomotic regions leading to the intermediate VGF, whereas the diffused stenosis 

within the graft body contributes to late VGF.2 Continuous improvements in surgical 

techniques have improved clinical outcome and short-term graft patency; but the overall rate 

of intermediate and later VGF has largely unchanged for several decades.

Although the major contributors to both intermediate and late VGF remain unclear, over 

exuberant intimal hyperplasia in VGs has been considered as one potential explanation.1–4 

Since the major type of NI cells in human VGs is highly proliferating SMCs, i.e., synthetic 

SMCs, the role of vascular SMCs in VGF has been a research focus.1–4 Because arterialized 

vein conduit tissue is rarely retrieved from patients, and the contemporary cell and tissue 

culture approaches to mimic the multifactorial events of human VG remodeling are still 

unavailable, animal models serve as an essential tool to explore the mechanisms of VGF. 

Several studies using different animal models have demonstrated that majority of NI SMCs 

in VGs are not derived from the bone marrow of the recipient but originated from the SMCs 

of both the donor VGs and the recipient adjacent arteries.5–9 A more rigorous study using 

genetic inducible fate mapping (GIFM) technique, i.e., smooth muscle 22 alpha (SM22α) 

knockin (Ki)-CreERT2::Rosa26Floxed-StopeYFP mice showed that ~16% of the NI cells in 

VGs are derived from the donor venous SMCs.10 However, this conclusion may need to be 

revised as the downregulation of SM22α expression due to SM22α-Ki per se in this model 

may promote SMC dedifferentiation and NI formation in the pathological setting.11–15 In 

addition, this study did not determine the contribution of recipient mature SMCs to NI 

formation in VGs.10 On the other hand, a separate study utilizing Stem Cell Leukemia (Scl)-
CreERT2::Rosa26Floxed-StopeYFP mice showed that the donor ECs may give rise to 

approximately 28% of the NI cells and roughly 85% of these EC-derived NI cells are 

synthetic SMCs via endothelial to mesenchymal transition (EndMT).10 However, this 

conclusion may also need to be revised because of the weakness associated with the fate 

mapping approach per se: 1) SCL which is also known as TAL1 (T-cell acute lymphocytic 

leukemia 1) is expressed not only in adult hematopoietic stem cells and ECs but also in 

vascular SMCs.16, 17 2) Importantly, the enhancer which is used to control CreERT2 for 

tracking the fate of adult ECs18 drives a reporter gene expression in adult vascular SMCs.17 

Therefore, it is likely that the observed Scl-CreERT2-labeled YFP+ cells in the NI are 

actually derived from both donor venous SMCs and ECs. Again, the contribution of 

recipient arterial ECs to the NI formation was not determined in this study. Another study 

using Cdh5-CreERT2::mT/mG mice demonstrated that only 3–7% of NI SMCs are derived 

from the recipient arterial ECs in the inferior vena cava graft transplanted into the aorta.19 

However, the contribution of donor venous ECs to the NI formation has not been studied. 
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Taken together, the precise contributions of the recipient arterial vs. the donor venous SMCs 

or ECs to NI formation in VGs still remain unclear.

In the present study, we applied the GIFM approach to track down the fate of both recipient 

arterial and donor venous SMCs and ECs in murine VG remodeling and demonstrated that 

both recipient arterial and donor venous mature SMCs dominate but contribute distinctly to 

intimal hyperplasia at the anastomosis region and the middle body of VGs. In addition, the 

recipient arterial ECs are the major cellular source of re-endothelialization but do not 

contribute to NI formation in VGs. Also, only the donor venous ECs undergo EndMT, but 

the direct contribution of donor venous ECs via EndMT to overall NI formation in VGs is 

marginal. EndMT is not critical for generating NI cells but likely required for controlling the 

quality of VG remodeling.

Materials and Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Animals

Wild type (WT) C57BL/6J and Rosa26Floxed-StopeYFP mice were purchased from the 

Jackson Laboratory. SM22α knockin (Ki)-CreERT2 mice were kindly provided by Dr. 

Robert Feil at Technische Universität München, Germany. Myh11-

CreERT2::Rosa26Floxed-StopeYFP mice, Cdh5-Cre CreERT2::Rosa26Floxed-StopeYFP mice 

and SM22α knockin (Ki)-CreERT2::Rosa26Floxed-StopeYFP mice were generated as 

previously reported.20–22 Since myh11-CreERT2 transgene is integrated on the Y 

chromosome, only male could carry the myh11-CreERT2 transgene. Due to the technique 

limitation, only male mice were used in this study. All animals were housed at the 

AAALAC-accredited animal facility of University of South Carolina School of Medicine. 

All animals were treated in compliance with the USA National Institute of Health Guideline 

for Care and Use of Laboratory Animals. The use of animals and all animal procedures were 

approved by the Institutional Animal Care and Use Committee (IACUC) at University of 

South Carolina.

Induction and Quantification of Cre-loxP Recombination by Tamoxifen

Tamoxifen (Cat#: T5648, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in warm 

sunflower seed oil at a concentration of 10 mg/ml and injected intraperitoneally (i.p.) into 

the reporter mice, i.e., Myh11-CreERT2::Rosa26Floxed-StopeYFP mice, Cdh5-Cre 

CreERT2::Rosa26Floxed-StopeYFP mice and SM22α knockin (Ki)-

CreERT2::Rosa26Floxed-StopeYFP mice, at age of 8 weeks at 1 mg/day/per mouse for 5 

consecutive days as previously reported.23 After at least 20 days of washout time period, the 

tamoxifen-induced YFP labeling of mature SMCs and ECs as well as their progeny were 

first quantified prior to the vein graft transplantation. Moreover, after additional 6 weeks, at 

the time of the experimental end point for lineage tracking, the tamoxifen-induced YFP-

labeling efficiencies in the reporter mice without receiving operation were assessed again. 

The labeling efficiencies were assessed by quantifying the YFP positive SMCs or ECs in 5 
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consecutive cross-sections with an interval of 100 µm were selected from each vessel (n=5). 

The expression patterns of YFP in SMCs and ECs in the other organs were analyzed via the 

staining of a few tissue sections (2–3 sections) randomly selected from these organs.

Venous Bypass Graft Procedure

Vein graft transplantation in mice was carried out as previously described.24 Briefly, in 

anesthetized recipient mice, the right common carotid artery was mobilized and divided. A 

1-mm cuff with a 1-mm handle (0.65 mm in diameter outside and 0.5 mm inside) (REF 

800/200/100/200, Portex LTD, United Kingdom) was placed on both ends of the artery, and 

the ends were reverted over the cuff and ligated with an 8–0 silk ligature. The vein segment 

which was isolated from donor mice was grafted between the 2 ends of the carotid artery by 

sleeving the ends of the vein over the artery cuff and ligating them together with the 8–0 

suture without changing the direction of blood flow.

Tissue Harvest, Immunohistochemical Staining and Morphological Analyses

Mice were euthanized with an overdose of pentobarbital (50 mg/kg, i.p., Cat#: 2821, 

Vortech, USA) or CO2 inhalation. After washing out blood, blood vessels and the other 

organs were dissected after perfusion fixation with 4% paraformaldehyde (Cat#: J19943-K2, 

Thermo Fisher Scientific, USA) for 5 min and further fixed with 4% paraformaldehyde in 

4°C overnight, and then embedded using Optimal cutting temperature (O.C.T.) compound 

(Cat#: 4585, Fisher Health Care, USA) prior to cryosection. The frozen tissue sections with 

a 5-µm thickness were subject to immunochemical staining and morphological analyses as 

described elsewhere.25 The antibodies used are listed in Online supplementary Tables S1 

and S2.

Western Blot Analysis and Polymerase Chain Reaction (PCR)

Harvested tissues were snap-frozen in liquid nitrogen and stored in −80°C. The cultured 

cells were washed with ice-cold 1x PBS and snap-frozen in liquid nitrogen and stored in 

−80°C. Genomic DNAs were also extracted from mouse tails and subjected to PCR for 

genotyping of transgene mice. PCR primers and reaction conditions for genotyping are listed 

in Online Table III. Western blot and PCR analyses were performed as described elsewhere.
25

Cell Culture and EndMT

Mouse aortic SMCs were isolated and cultured as described elsewhere.26 EndMT of human 

umbilical vein endothelial cells (HUVECs) was induced by transforming growth factor beta 

1 (TGF-β1) or bone morphogenetic protein 4 (BMP4) as previously reported.27

Statistics

Data are shown as mean ± SEM if they are not specified. Differences between 2 groups were 

evaluated for statistical significance using the Student t test. When differences among > 3 

groups were evaluated, results were compared by one-way ANOVA with Bonferroni test for 

multiple comparisons. Differences were considered significant at p < 0.05.

Details of “Materials and Methods” can be found in the online-only Data Supplement.
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Results

There are two types of VG remodeling in a mouse model of VG intimal hyperplasia

Several animal models of VG intimal hyperplasia have been established by engrafting veins 

into arteries using either sutures or cuffs.28, 29 Notably, a murine model of VG intimal 

hyperplasia using a polyethylene cuff, which was originally described by Zou, et. al. appears 

to be most feasible to quantify and obtain reproducible results.28, 29 Nevertheless, the intimal 

hyperplasia along VGs in this mouse model has not been completely characterized. Thus, we 

studied the intimal hyperplasia of entire VGs in this model. At each experimental end point, 

the entire isologous jugular VGs (n=30) with an average of 4.5-mm length were 

consecutively and completely sectioned from the proximal to the distal end, resulting in 

~900 5 µm-thick tissue cross-sections per graft (Figure 1A and Online Figure IIIA–B). 

Because of the inherently ill-defined nature of the lamina in venous tissues, delineation of 

the boundary of the media layer in veins is often difficult.30 Thus, we carried out 

morphological analyses in 90 consecutive cross-sections from the proximal to distal end 

with a 50 µm interval per graft at 3 weeks (wks) and 6 wks after transplantation (n=3), which 

were stained with hematoxylin and eosin (HE) or anti-SMA antibodies and Dapi. 

Accordingly, we established a new method by SMA and Dapi staining to quantify VG 

remodeling and named it C-method (Online Figures IV–VII). C-method revealed that overall 

NI area and thickness per VG were time-dependently increased; however, overall lumen area 

per VG was time-dependently decreased (Figure 1B). In addition, the lumen area near both 

the proximal and distal ends was usually smaller than that at the middle portion; whereas, 

the NI thickness near either the proximal or distal ends was usually larger than that at the 

middle portion (Figure 1B). These results indicate that like the clinical setting,2, 4 mouse 

jugular vein remodeling results in both focal stenotic lesions at the perianastomotic regions 

and the diffused stenosis within the bodies of VGs towards VGF.

Moreover, the ratio of the NI area to the lumen area that we named as the neointimal 

hyperplasia (Nh) index near both the proximal and distal ends, especially the nearest two 

segments (#1 & #2 or #8 & #9) at both ends were higher than that at the middle portion (#3 

to #7); whereas the ratio of the lumen area to the NI area that we named as the lumen 

patency (Lp) index exhibited the opposite results (Figure 1B). Nh or Lp index values of VGs 

were similar at 3 wks (n=13), but split into approximately two groups with either bigger 

values or smaller values after 6 wks (Figure 1D and Online Figure VIII). While Nh index 

values of both groups increased up to 12 wks, the magnitude of Nh index increase was more 

dramatic in the group with a larger Nh index compared as to the group with a smaller Nh 

index (Figure 1D). In contrast, the Lp indexes of these groups were opposite (Figure 1D). To 

find a model which well fit the data, we compared the goodness of fit of two models: (1) a 

unimodal fit, which assume data follows a single normal distribution and (2) a bimodal fit, 

which assumes data follows a mixture of two normal distributions. We found that the 

mixture model fit the data significantly better than the unimodal model (p-value+0.19E-4, 

log likelihood ratio test) (Online Figure IX). Therefore, there are two subpopulations with 

means at 0.25 and 0.58 separately (Online Figure IX). We empirically set a cutoff at 0.4 to 

split the data into two subgroups. As expected, we found these two subgroups have 

significantly different means (p-value=0.14E-12, two sample t-test). There results indicate 
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that the transplanted veins undergo at least two major types of vascular remodeling; one is 

characterized by exuberant or severe NI formation with aggressive loss of the lumen patency 

and another is characterized by modest or mild NI formation with less loss of the lumen 

patency. We referred the first one as to VG remodeling severe type (VG-S) and the other as 

to mild type (VG-M). We found that approximately 79% of VGs are the severe type and the 

other 21% are the mild type.

Mature SMCs of both donor veins and recipient arteries dominate but differentially 
contribute to intimal hyperplasia in the arteriovenous anastomosis and the middle portion 
of VGs

We tracked down the fate of mature SMCs in VG remodeling using tamoxifen-inducible 

Myh11-CreERT2::Rosa26Floxed-StopeYFP mice in which mature SMCs and their progeny 

could be permanently labeled with YFP by tamoxifen injection.31 Prior to transplantation, 

the efficiencies of tamoxifen-induced YFP labeling of SMCs in the aorta, carotid arteries, 

jugular veins and other organs were measured. Almost all of SMA+ cells in these vessels and 

the other organs were positive for YFP (Online Figure XA and XD) and quantified analyses 

revealed that around 97% of SMA+ cells in the media of the aorta were positive for YFP; 

98% of SMA+ cells in the media of the carotid artery were positive for YFP; and 95% of 

SMA+ cells in the media of the jugular vein were positive for YFP (Online Figure XA). 

Then, we performed reciprocal jugular vein transplantation between WT and Myh11-

CreERT2::Rosa26Floxed-StopeYFP after the tamoxifen injection for 6 wks. Prior to the 

assessment of SMC fate in these VGs, we checked again the genetic labeling efficiency in 

the aorta and carotid artery as well as the jugular vein and vena cava of reporter mice to 

make sure the labeling was maintained in these reporter mice during the experimental time 

period. We confirmed that YFP labeling efficiency was maintained in each reporter mouse 

(Online Figure XI).

Firstly, we analyzed the VGs of WT mice (n=12) transplanted into the carotid arteries of the 

reporter mice (arterial SMC-YFP). In agreement with the results of Figure 1C and D, 9 of 

the VGs developed severe NI and 3 of them had mild NI (Figure 2). Regardless of the 

magnitude of NI formation, SMCs (SMA+ cells) are the major cell type in the NI across the 

VGs, constituting approximately ~62%, ~81% and ~75% of NI cells at the proximal end, the 

middle body and the distal end, respectively (Figure 2, Online Table IV and Online Figures 

XII, XIII, and XIV). In addition, the recipient mature arterial SMCs gave rise to ~13% or 

~27% (YFP+ cells) of NI cells at the proximal or distal anastomotic segments, respectively; 

but to none of NI cells at the middle body (Figure 2C–D, Online Table V and Online Figures 

XII, XIII, and XIV). The majority of these arterial SMC-derived cells are SMCs (YFP and 

SMA double positive; ~62% at the proximal portion and ~82% at the distal part) (Figure 

2C–D, Online Tables V and VI, and Online Figures XII, XIII, and XIV). Secondly, we 

analyzed the VGs of the reporter mice (venous SMC-YFP) (n=13) transplanted into the 

carotid arteries of WT mice. While the incident rate of VG remodeling types in the VGs (10 

VG-S and 3 VG-M) (Figure 3A) was very consistent with the other experiments (Figures 1D 

and 2A), the percentages of SMCs (SMA+ cells) and donor venous SMC-derived cells (YFP
+ cells) at the proximal, body and distal portions are similar independent of the VG 

remodeling types (Figure 3C–D, Online Tables IV and V, and Online Figures XV, XVI and 
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XVII). In addition, while the donor mature venous SMCs gave rise to ~22% or ~47% of NI 

cells at the proximal or distal anastomotic regions, respectively; they donated to ~68% of NI 

cells at the body (Figure 3C–D, Online Tables IV and V, and Online Figures XV, XVI and 

XVII). The majority of donor venous SMC-derived cells (YFP+SMA+; ~82% at the 

proximal end, ~94% at the body and ~69% at the distal end) were also SMCs (Figure 3C–D, 

Online Tables V and VI, and Online Figures XV, XVI and XVII).

In summary, we have demonstrated that the focal nature of vein graft remodeling is linked 

with distinct contribution of recipient arterial and donor venous SMCs to the arteriovenous 

anastomotic regions and the middle body. Both the recipient arterial and donor venous 

mature SMCs give rise to approximately ~55% of the NI cells at the arteriovenous 

anastomosis (~35% at the proximal end and ~74% at the distal end). However, only donor 

venous mature SMCs contribute up to 68% of the NI cells at the middle body and more than 

94% of them are synthetic SMCs.

A novel aspect of mature vascular SMCs in VG remodeling

Intriguingly, we noticed that there were a few scattered cells positive for YFP but negative 

for SMA in the reciprocally transplanted VGs independent of the magnitude of intimal 

hyperplasia (Figure 4, Online Tables VII and VIII, and Online Figures XVIII and XIX), 

revealing that mature SMCs give rise to a novel type of non-SMC cells in VGs. Both the 

arterial and venous SMC-derived non-SMC cells constitute around 3–6% of the intimal 

cells, 6–14% of the NI cells and 9–11% of Ad cells at the arteriovenous anastomotic regions; 

whereas the donor venous SMC-derived non-SMC cells predominantly account for around 

0.5% of the intimal cells, 2% of the NI cells and 2% of the Ad cells at the middle bodies 

(Figure 4A and IVC, Online Tables VII and VIII, and Online Figures XVIII and XIX). 

These novel findings indicate that mature SMCs may not only serve as the major cellular 

source of NI formation via the well-established mechanism of SMC dedifferentiation,32 but 

also are a source of the intimal and the adventitial (Ad) cells contributing to re-

endothelialization and adventitial reconstruction via a yet unknown mechanism in VG 

remodeling.

It has been reported that mature vascular SMCs may lose the SMC identity while gaining 

stemness, thereby transforming or reprogramming themselves into stem cell-like cells.33–36 

Thus, we questioned whether or not VG transplantation may drive mature SMCs to gain 

stemness, i.e., SMC reprogramming into stem or stem cell-like cells. We carried out triple 

staining of stem cell markers (Sca1, CD44, CD45, and Gli1)37, 38 with YFP and SMA in the 

tissue cross-sections of 42-day VGs (n=13) in which mature SMCs were genetically labeled 

with YFP. We found that Sca1, CD44 or CD45, but not Gli1 are expressing in the YFP

+SMA− cells and these unique cells reside most frequently at the intima and the boundary 

areas between the NI and the adventitia (Ad) (Figure 5, Online Figures XX and XXI, and 

Online Table IX). Of note, up to 35% of YFP+SMA− cells in the intima are positive for 

Sca1, ~35% are positive for CD44, and ~23% are positive for CD45; whereas up to 78% of 

YFP+SMA− cells in the Ad are positive for Sca1, ~45% are positive for CD44, and ~25% 

are positive for CD45 (Figure 5 and Online Table IX). These findings reveal that mature 

SMCs could be transformed into stem or stem cell-like cells in VGs.
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SM22α (Ki)-CreERT2::Rosa26Floxed-StopeYFP mice are not the appropriate tool for SMC 
lineage tracking in vein graft remodeling

The homozygotes of SM22α (Ki)−/−-CreERT2 mice in which the CreERT2 gene is inserted 

into the endogenous SM22α locus39 do not express SM22α. The Ki approach per se actually 

results in global SM22α KO in mice. Thus, the reporter mice carrying SM22α (Ki)+/−-

CreERT2 heterozygous alleles are usually used for SMC lineage tracking. Notably, SM22α 
is not merely a SMC marker; instead it plays a critical role in the regulation of SMC 

phenotype modulation and vascular remodeling.11–15 Therefore, we questioned whether the 

SM22α (Ki)+/−-CreERT2 approach affects the VG remodeling of the reporter mice. We 

found that knockdown of SM22α dramatically enhanced H2O2-induced cell death in 

cultured mouse aortic SMCs (Figure 6A and Online Figure XXII). Then we performed vein 

graft transplantation using sex and age matched WT C57BL/6J mice as the recipient and 

littermates of WT (SM22α+/+), SM22α(Ki)+/−-CreERT2 (SM22α+/−) and SM22α(Ki)−/−-

CreERT2 (SM22α−/−) mice in C57BL/6J genetic background as the donor. At 4 h after 

transplantation, a substantial number of cells including SMCs were positive for Tunel 

staining in WT vein grafts, and the Tunel positive numbers were increased in both 

SM22α(Ki)+/−-CreERT2 and SM22α(Ki)−/−-CreERT2 vein grafts (Figure 6B and Online 

Figure XXIII). Importantly, the magnitude of cell death in SM22α (Ki)+/−-CreERT2 and 

SM22α(Ki)−/−-CreERT2 vein grafts were comparable (Figure 6B and Online Figure XXIII). 

These results reveal that knockdown of SM22α expression in SMCs could sufficiently 

enhance SMC death in VGs, presumably leading to adverse outcome. Indeed, loss of 

SM22α in SMCs exaggerated the NI formation in VGs at 6 wks after transplantation (Figure 

6C).

We also carefully quantified the genetic labeling efficiency of SMCs in adult SM22α (Ki)
+/−-CreERT2::Rosa26Floxed-StopeYFP mice. In aorta and carotid arteries, we found that ~26% 

of SMA+ cells were positive for YFP in the tunica media (Online Figure XXIV). In jugular 

veins, we found that ~27% of SMA+ cells were positive for YFP in the media (Online Figure 

XXIV). Considering such a low labeling efficiency and the adverse impact on NI formation 

in VGs, SM22α (Ki)+/−-CreERT2::Rosa26Floxed-StopeYFP mice may not be a reliable tool 

for tracking down the fate of SMCs in VG remodeling.

Recipient arterial, but not the donor venous ECs, repair damaged endothelium in VGs. 
Only donor venous ECs undergo EndMT contributing to the mild type, but not the severe 
type NI formation in VGs.

To verify whether ECs via EndMT serve as a major source of NI SMCs in VGs, we mapped 

the fate of both recipient arterial and donor venous ECs in the murine cuff model of intimal 

hyperplasia using Cdh5-CreERT2::Rosa26Floxed-StopeYFP mice as Cdh5-CreERT2 is the 

most established tamoxifen-inducible EC-specific Cre.40 Prior to transplantation, the 

efficiencies of tamoxifen-induced YFP labeling of ECs in the aorta, carotid arteries, jugular 

veins and other organs were measured. Almost all of intimal CD31+ cells in these vessels 

and the other organs were positive for YFP (Online Figure XXV) and quantified analyses 

revealed that ~98% of intimal CD31+ cells of the aorta were positive for YFP; ~94% of 

intimal CD31+ cells of the carotid artery were positive for YFP; and ~88% of intimal CD31+ 

cells of the jugular vein were positive for YFP (Online Figure XXV). Then, we performed 
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reciprocal jugular vein transplantation between WT and Cdh5-

CreERT2::RosaFloxed-StopeYFP after the tamoxifen injection for 6 wks. Prior to the 

assessment of EC fate in these VGs, we confirmed that the YFP labeling efficiency has been 

maintained in the reporter mice during the experimental time periods (Online Figure XXVI).

Firstly, we analyzed the VGs of WT mice (n=11) transplanted into the carotid arteries of the 

reporter mice (arterial EC-YFP). Again, there were two types of VG remodeling with a 

similar incident rates (Figure 7A) to other experiments (Figures ID, 2A, and 3A). Also, 

independent of the magnitude of NI formation, SMCs were the major cellular component of 

the NI with the percentages of ~63%, ~85%, and ~83% at the proximal end, the middle body 

and the distal end, respectively (Figure 7C–D, Online Table X and Online Figures XXVII, 

XXVIII and XXIX), which were similar to the other experiments above mentioned. 

Regardless of the VG remodeling types, the majority of intimal cells at both perianastomotic 

regions were positive for YFP with the positive percentages of ~96% and ~69% at the 

proximal and distal segments, respectively; whereas near half of the intimal cells (~47%) 

were positive for YFP in the middle body (Figure 7C–D, Online Tables XI–XIV and Online 

Figures XXVII, XXVIII and XXIX). Most of the intimal YFP+ cells at the perianastomotic 

regions were also positive for vWF; whereas around 80% of the intimal YFP+ cells at the 

bodies were positive for vWF (Figure 7D and Online Figures XXVII and XXIX). However, 

none of the NI cells were positive for YFP (Figure 7C–D, Online Tables XI–XIV and Online 

Figures XXVII, XXVIII and XXIX). These results reveal that recipient arterial mature ECs 

are not the cellular source of intimal hyperplasia; but they are the major cellular source of 

the re-endothelialization in VGs. In addition, the re-endothelialization begins at the 

perianastomotic ends and extends into the middle part of VGs over time.

Secondly, we analyzed the VGs of reporter mice (venous EC-YFP) (n=15) transplanted into 

the carotid arteries of WT mice. Compared to the other experiments, the differences 

observed were that the contributions of donor mature ECs to the re-endothelialization and 

the NI formation were distinct depending on the magnitude of NI formation in VGs. In the 

VG-S group (n=11), none of the intimal or the NI cells were positive for YFP (Figure 8B–C, 

Online Tables XI–XIV and Online Figures XXX, XXXI and XXXII), indicating a negligible 

contribution of donor venous ECs to VG remodeling towards the severe NI formation. In the 

VG-M group (n=4), only a small portion of the intimal cells at the proximal part 

(8.3±11.8%) and at the body (1.7±2.3%), but none of the intimal cells at the distal part were 

positive for YFP (Figure 9A–B, Online Tables XI–XIV and Online Figures XXXIII and 

XXXIV), suggesting a minor contribution of donor venous ECs to the re-endothelialization. 

In addition, 28.2±9.3% of the NI cells at the proximal portion and 13.4±11.1% at the middle 

body were positive for YFP, whereas the number of YFP+ cells at the distal end was 

negligible (Figure 9A–B, Online Table X and Online Figures XXXIII and XXXIV). Of 

interest, the majority of these YFP+ cells are SMCs (YFP+SMA+vWF−) (Figure 8A–B, 

Online Table X and Online Figures XXX), supporting that the survived donor venous ECs 

undergo EndMT in VGs with mild intimal hyperplasia as previously reported.41, 42 However, 

the EndMT occurred only in the sites of NI with less hyperplastic growth of the same VGs 

(Figure 9B).
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Taken together, our results demonstrate that the recipient arterial ECs are the major cellular 

source of re-endothelialization in VGs and do not contribute to NI formation in VGs 

independent of the magnitude of intimal hyperplasia. The donor venous ECs do not directly 

contribute to the re-endothelialization and NI formation in VG-S. Although the donor 

venous ECs do serve as a cellular source of 21% (13–28%) NI cells at the proximal 

perianastomotic region and the middle portion in VG-M, they do not directly contribute to 

the intimal hyperplasia at the distal perianastomotic region. Given that the incidence rate of 

VG-M is around 20% and only 17% (9~25%) of NI cells of the proximal perianastomotic 

region and a portion of the middle part in VG-M are derived from the donor venous ECs 

most likely via EndMT, the overall contribution of ECs via EndMT (~5%) to the intimal 

hyperplasia is marginal. Thus, the major role of ECs, and mostly the recipient arterial ECs, 

is to act as a cellular source of endothelium reconstruction in VG remodeling.

EndMT is likely an adaptive response in VG remodeling.

Because EndMT occurred only VG-M group, we postulated there is yet unappreciated 

mechanism responsible for the low incidence rate of EndMT in vein graft remodeling. We 

also questioned whether there is a link between the EndMT and onset of the mild type of 

vein graft remodeling. To find clues, we performed a detailed time course study of cellular 

dynamics with a focus on SMCs and ECs in VG remodeling. We found that ~99% of ECs 

and ~97% of SMCs die within 3 days after transplantation; however, the death rate of ECs is 

higher than that of SMCs (Figure 10 and Online Figures XXXA–C). The re-

endothelialization did not occur within 2 weeks after transplantation, whereas a substantial 

number of rapidly proliferating SMCs appeared, forming NI at 2 weeks (Online Figures 

XXXA–B). Thus, it is unlikely that EndMT of the survived ECs occurs and contributes to 

the generation of synthetic SMCs at an early stage of VG remodeling. Instead, EndMT may 

happen at a late stage of VG remodeling and play a regulatory role in VG arterialization or 

occlusion. To test this hypothesis, we studied the paracrine regulation of vascular SMC 

dedifferentiation by native ECs and the ECs after EndMT in vitro. Utilizing an established 

system of EndMT in cultured human umbilical vein endothelial cells (HUVECs),27 we 

prepared conditional media (CM) from cultured native HUVECs (EC CM) and HUVECs 

after EndMT induced by transforming growth factor beta 1 (TGF-β1) (EndMT-T CM) or 

bone morphogenetic protein 4 (BMP4) (EndMT-B CM) (Figure 11A and B). We then 

determined the impact of these CM on mouse aortic SMC dedifferentiation. Compared to the 

SMCs cultured in SMC growth medium, the SMCs cultured in EndMT-T CM and EndMT-B 

CM, but not in EC culture base medium (EC baseM) or EC-CM, underwent dramatic 

morphological changes characterized by decreasing the horizontal width while increasing 

the longitudinal length of the cells, resulting in an elongated and spindlleshaped 

morphology, a typical feature of mature vascular SMCs (Figure 11C). Like the SMC growth 

medium, EC CM was capable of stimulating SMC proliferation (Figure 11D) and migration 

(Online Figure 36). Compared to EC CM, however, EndMT-T CM and EndMT-B CM were 

less effective for promoting SMC proliferation (Figure 11D) and migration (Online Figure 

36). Interestingly, EC CM downregulated the expression of SMC genes including SMA, 

CNN1 and SM22α; however, EndMT-T CM was less effective for downregulating the SMC 

gene expression, and EndMT-B CM even upregulated the SMC gene expression (Figure 

11E). These results demonstrate that in the conventional 2 dimensional culture system, 
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native ECs are activated thereby releasing substances to promote SMC dedifferentiation, and 

EndMT prevents the activation of ECs as well as the subsequent release of pro-SMC 

dedifferentiating factors. Of note, the potential of EC EndMT CM in suppressing SMC 

dedifferentiation is proportional to the magnitude of EC EndMT (Figure 11). Collectively, 

our findings indicate that EndMT may be an adaptive response, at least in VG remodeling, 

towards VG arterialization.

Discussion

In the present study, we have clarified several controversial issues regarding VG remodeling 

as follows: (1) Mature SMCs are the major cellular source of intimal hyperplasia. However, 

the recipient arterial and the donor venous SMCs differentially contribute to NI formation at 

different portions of VGs. While both the recipient arterial and donor venous mature SMCs 

give rise up to 55% of the NI cells at the arteriovenous anastomosis, only donor venous 

mature SMCs contribute up to 68% of the NI cells at the middle body and more than 90% of 

them are synthetic SMCs. (2) SM22α (Ki)+/−-CreERT2 mice may not be a reliable tool for 

tracking down the fate of SMCs in VG remodeling since the Ki approach per se has great 

impact on VG remodeling. (3) Mature ECs, particularly the recipient arterial ECs are not the 

major cellular source of intimal hyperplasia; instead they are the cellular source of re-

endothelialization. The direct contribution of ECs via EndMT to NI formation is marginal; 

however, EndMT may play an important role in VG adaptation. In addition, we have found 

that there are two types of VG remodeling, i.e., up to 80% of VGs develop severe NI 

formation, termed VG remodeling severe type (VG-S); and around 20% of VGs develop 

mild NI formation, termed VG remodeling mild type (VG-M). Also, we have uncovered a 

novel aspect of mature SMCs in VG remodeling; i.e., the recipient arterial and/or the donor 

venous SMCs are transformed into the scattered non-SMC cells, most likely vascular stem 

cells, constituting ~11% of the intimal or adventitial cells at the arteriovenous anastomosis 

and~2% of the intimal or adventitial cells at the middle body. Our findings not only 

underscore a predominant role of mature SMCs in intimal hyperplasia but also reveal a 

potential role of mature SMCs in repopulating the intimal and the adventitial cells in VGs, 

providing new insight into the pathogenesis of occlusive VG remodeling towards VGF.

Given that overwhelming literatures have firmly established a central role of vascular SMCs 

in various forms of vascular lesion formation32 including the intimal hyperplasia in VGs,1–3 

it wasn’t surprising to find that mature SMCs are the major cellular source of intimal 

hyperplasia in VGs independent of the magnitude of NI formation. Considering the 

important role of SM22α per se in vascular remodeling,11–15 the limitation of SM22α (Ki)
+/−-CreERT2 approach in tracking down the fate of SMCs in VG remodeling could also be 

postulated. However, the clarification of relative contributions of the recipient arterial and 

the donor venous SMCs to the NI formation in arteriovenous anastomoses and bodies of 

VGs may provide a research guideline to understand the focal stenotic nature of VGs 

towards the intermediate and late failure observed in patients.2, 4 In this regard, our findings 

that the recipient arterial and donor venous mature SMCs contributed to up to 55% of the NI 

cells at the arteriovenous anastomosis have emphasized the necessity to understand the 

mechanism associated with the recipient arterial and/or donor venous mature SMC-mediated 

intimal hyperplasia at these specific locations which are associated with to the intermediate 
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VGF.2, 4 On the other hand, the findings that only donor venous mature SMCs contributed 

up to 68% of the NI cells at the middle body and more than 90% of them are synthetic 

SMCs have highlighted the focus to explore essential determinants of the donor venous 

SMC-mediated NI formation in the body which leads to the late VGF.2, 4

The minimal contribution of the cells derived from mature ECs via EndMT to intimal 

hyperplasia in VGs is intriguing and has challenged the emerging concept that mature ECs 

via EndMT serve as a major cellular source of vascular lesion formation.41, 42 In fact, 

previous studies have shown that in transplant settings, over 80% of luminal ECs express 

mesenchymal markers while the frequency of EndMT elsewhere is much less and varies in a 

range of 3% to 50% depending on the type of transplantation and the fate mapping tools 

used. It is worthy to note that the observed high incident rate of EndMT is clearly associated 

with the lineage tracing mouse tools41 that are not specific for tracking EC fate in vivo as 

previously mentioned. In agreement with our findings, the studies using Cdh5-CreERT2 

mice, the most commonly used inducible and EC-specific genetic labelling approach43 have 

consistently demonstrated that less than 7% of NI cells are derived from mature ECs in VGs 

(inferior vena cava to aorta).41 Therefore, EndMT may not be a critical process to produce 

NI cells in VGs. However, the strong inhibitory effect of conditional medium from ECs after 

EndMT on vascular SMC dedifferentiation suggests that it may be an adaptive response in 

VG remodeling. Given that EndMT has the potential in paracrine control of SMC 

dedifferentiation while giving rise to a smaller portion of NI cells in VGs, although not 

conclusive at this point, a plausible explanation is likely that it may serve as a regulatory 

mechanism in the pathogenesis of VG diseases, which needs to be further investigated.

The observation that both the recipient arterial and the donor venous mature SMCs could be 

transformed into the scattered non-SMCs, most likely vascular stem cells, constituting a 

small but noticed portion of the intima, the NI and the Ad of VGs is also very interesting. 

Although the fates of these cells have not been uncovered, several options could be 

postulated from the known mechanisms of vascular SMC phenotypic transition.33–36 

Accordingly, VG transplantation may drive mature SMCs to gain stemness, i.e., SMC 

reprogramming into stem cell-like cells, and then differentiate into the other vascular cells, 

such as the intimal ECs, the neointimal SMCs and the adventitial cells as previously 

proposed.33, 34, 36 Indeed, we found that some of ECs are actually derived from mature 

SMCs in VGs (data not shown), indicating a process of mesenchymal to endothelial 

transition. Alternatively, they are probably the progeny of the resident adventitial stem cell 

antigen 1 (Sca1)+ stem cells which are derived from the mature SMCs.35, 36 Our findings 

uncover that mature SMCs could be reprogrammed into stem cells in VGs. However, the 

molecular mechanism of mature SMC reprogramming in VG remodeling and the 

contribution of mature SMC reprogramming to VG remodeling need to be further 

investigated.

The pathophysiological significance of VG-S and VG-M has not been fully determined in 

the present study. However, a few possibilities may be assumed. Given that VG-S was the 

major type of VG remodeling and characterized by progressive intimal hyperplasia and loss 

of lumen patency, it is conceivable that VGs of VG-S may eventually fail. In addition, 

because the contribution of mature vascular SMCs to these two types of VG remodeling was 
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similar, it is not likely that vascular SMCs determine the consequences of specific types of 

VG remodeling. On the other hand, EndMT observed only in VGs of VG-M was capable of 

suppressing vascular SMC dedifferentiation, indicating a potential link between EndMT and 

the quality of VG remodeling. Nevertheless, whether EndMT plays a key role in the quality 

control of VG remodeling or a merely disease associated epiphenomenon remain to be 

elucidated.

It should be noted that like most mammalian models of vascular disease, mouse studies hold 

many confounding factors that contribute to the observed variations in VG remodeling, 

which include, but are not limited to mouse genetic backgrounds, surgical technical skill, 

differences in the grafting protocol, and tissue processing.29 Although our rigorous 

approaches cleared the genetic background and technical issues for a mouse interposition 

graft model of VG intimal hyperplasia, whether our findings are applicable to other VG 

models such as vein end to artery side anastomosis remains to be verified. In addition, the 

significance of our findings needs to be interrogated by the experiments which integrate the 

inherent anatomical and physiological differences between mice and human, as well as the 

factors such as aging and comorbidities associated with human vein graft remodeling and 

failure.

In conclusion, our present study demonstrates that it is mature vascular SMCs, but not ECs, 

are the major cellular source of intimal hyperplasia in VGs. In addition, a small portion of 

mature vascular SMCs are dedifferentiated into non-SMCs, most likely vascular stem cells 

residing at all different layers of VGs. EndMT does not play a major role in driving mature 

ECs into NI cells, but may be linked to the quality control of VG remodeling. Further 

investigations of the identities and roles of mature vascular SMC-derived non-SMCs as well 

as the potential role of EndMT in the quality control of VG remodeling will provide not only 

novel insights into VG remodeling but also new perspectives for the rational design and 

development of a novel therapeutic approach for the treatment of VGF.
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Nonstandard Abbreviations and Acronyms

VG vein graft

VGF vein graft failure
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SMCs smooth muscle cells

ECs endothelial cells

NI neointima

EndMT endothelial mesenchymal transition

SM-MHC or Myh11 smooth muscle myosin heavy chain

SM22α or Tagln smooth muscle 22 alpha

CNN1 calponin 1

SMA or Acta2 smooth muscle actin alpha

Ki knockin

Nh neointimal hyperplasia

Lp lumen patency

GIFM genetic inducible fate mapping

Sca1 stem cell antigen 1

Gli1 glioma-associated oncogene homolog 1
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Highlights

1. Both the recipient arterial and donor venous mature SMCs give rise to 

approximately ~55% of the neoinitima cells at the arteriovenous anastomosis 

of vein grafts.

2. Only donor venous mature SMCs contribute up to 68% of the neoinitima cells 

at the middle body of vein grafts.

3. A small portion of the SMC-derived cells become non-SMC cells, most likely 

stem cell-like cells and constitute 2–11% of the cells in each major layer of 

vein grafts.

4. The major role of ECs, and mostly the recipient arterial ECs, is to act as a 

cellular source of endothelium reconstruction in vein graft remodeling.

5. EndMT is marginal for generating neointima cells but is likely required for 

controlling the quality of vein graft remodeling.
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Figure 1. 
Characterization of vein graft (VG) remodeling in mice. (A) A schematic presentation of 

consecutive cross-sectioning of mouse jugular VGs. S, cross-section. (B) Neointima (NI) 

areas and thicknesses, lumen areas, Neointimal hyperplasia (Nh) and lumen patency (Lp) 

indexes of VGs measured by C-method as described in “Methods”. The left panel is the 

overall averages and the right panel shows the average values at each anatomical location 

along the VG. (C) The representative HE and SMA staining of normal jugular veins (JVs) 

and carotid arteries (CAs), and JV isografts with severe and mild NI formation of adult male 

WT C57BL/6J mice at age of 12 wks. (D) Nh index and Lp index of normal JVs and JV 

isografts at 3, 6 and 12 wks after transplantation. Male WT C57BL/6J mice at age of 12 wks 

were used for these experiments. VG-All, all VGs; VG-S, VGs with severe NI formation; 

VG-M, VGs with mild NI formation.
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Figure 2. 
Characterization of vein graft (VG) remodeling of wild type (WT) jugular veins (JVs) 

transplanted to the carotid arteries (CAs) in which mature SMCs were genetically labeled 

with YFP. (A) Schematic presentation of WT JVs grafted into CAs of the reporter mice. 

Total number of VGs is 12. (B) The Nh index and Lp index of the VGs. VG, all VGs; VG-S, 

VGs with severe NI formation; VG-M, VGs with mild NI formation. (C) The percentages of 

SMA, YFP and SMA and YFP double positive cells in each major layer of VGs with two 

type of VG-remodeling (n=3). Data are means ± SEM. (D) The representative images of co-

staining of YFP and SMA as well as co-staining of YFP and CD31 in the cross-sections of 

#1 segment at the proximal end (Pro), #3–#7 segments at the middle part (Mid), and #9 

segment at the distal end (Dis) of VGs. YFP is green; SMA and CD31 are red. L, the lumen; 

IN, the intima; NI, the neointima; Ad, the adventitia. White dotted lines separate the NI and 

the Ad layers.
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Figure 3. 
Characterization of VG remodeling of the JVs in which mature SMCs were genetically 

labeled with YFP transplanted to the CAs of WT mice. (A) Schematic presentation of 

reporter JVs grafted into the CAs of WT mice. (B) The Nh index and Lp index of the VGs. 

(C) The percentages of SMA, YFP and SMA and YFP double positive cells in each major 

layer of VGs with two type of VG-remodeling (n=3). (D) The representative images of co-

staining of YFP and SMA as well as co-staining of YFP and CD31 in the cross-sections of 

#1 segment at the proximal end, #3–#7 segments at the middle part, and #9 segment at the 

distal end of VGs. YFP is green; SMA and CD31 are red. White dotted lines separate the NI 

and the Ad layers. The abbreviations are described in Figures 1 and 2.
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Figure 4. 
Characterization of non-SMC cells derived from mature SMCs in VGs. (A, B) The non-

SMC cells derived from the recipient arterial SMCs. (A) The top panel is a scheme of wild 

WT JVs grafted into reporter CAs. Total number of vein graft (VG) is 12. The lower panels 

are quantified percentages of YFP positive but SMA negative cells and percentages of YFP 

positive but SMA negative in YFP positive cells. (B) The representative images of YFP 

(green) and SMA (red) staining in VG cross-sections at the anatomical location as indicated. 

(C, D) The non-SMC cells derived from the donor venous SMCs. (C) The top panel is a 

scheme of reporter JVs grafted into WT CAs. Total number of vein graft (VG) is 13. The 

lower panels are quantified percentages of YFP positive but SMA negative cells and 

percentages of YFP positive but SMA negative in YFP positive cells. (D) The representative 

images of YFP (green) and SMA (red) staining in VG cross-sections at the anatomical 
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location as indicated. Green arrows indicate YFP+SMA− cells. White dotted lines separate 

the NI and the IN or Ad. The abbreviations are described in Figures 1 and 2.
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Figure 5. 
The expression of Sca1, a vascular stem cell marker in non-SMC cells derived from donor 

venous mature SMCs in VGs. Tissue sections of VGs described in Figure 4 were used for 

the staining. (A, B) Representative images of Sca1, YFP and SMA co-staining in different 

segments of VGs. EC areas (intimal areas) are circled with yellow lines and NI/Ad areas (the 

boundary area between NI and Ad are circled with white lines. (B) The enlarged images of 

marked areas in (A). (C) The percentages of YFP+Sca1+SMA− cells in different layers of 

VGs. Two or three cross-sections of each segment (Pro end: #1+2; Middle portion: #3–#7; 

Dis end: #8+9) of each vein were randomly chosen for the staining (20–30 sections from 13 

JVs in total for each location).
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Figure 6. 
Loss of SM22α sensitizes SMCs to stress-induced cell death. (A) H2O2-induced cell death 

in cultured mouse aortic SMCs. SMCs transfected with scramble control sequences (si-Ctl) 

and SM22 α siRNA (si-SM22 α) were treated with or without H2O2 for 2h and then subject 

to propidium iodide (PI) uptake assay as described in “Method”. The results are means ± SD 

(n=4). *p<0.01 between indicated groups. The SM22α knockdown efficiency was confirmed 

by Western blot analysis (inserted immunoblots). (B) SMC death in transplanted jugular 

veins (JVs) of WT, SM22α (Ki)-CreERT2+/− (SM22α(Ki)+/−) and SM22α (Ki)-CreERT2−/− 

(SM22α(Ki)−/−) mice. JVs of WT, SM22α(Ki)+/−, and SM22α(Ki)−/− mice at age of 3 

months were transplanted into WT CAs (n=4) for 4 hours. Cell death in the media of these 

VGs was determined by Tunel staining. The results are means ± SD. *p<0.01 between 

indicated groups. (C) Loss of SM22α promotes NI formation in VGs. JVs of WT and 

SM22α(Ki)−/− mice at age of 3 months were transplanted into WT carotid arteries (CAs) for 
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6 wks (n=6). The overall averages of NI areas in these VGs were measured as described in 

“Methods”. The results are means ± SD. *p<0.01 between indicated groups.
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Figure 7. 
Characterization of VG remodeling of WT JVs transplanted to the CAs in which mature ECs 

were genetically labeled with YFP. (A) Schematic presentation of WT JVs grafted into 

reporter CAs. Total number of VGs is 11. (B) The Nh index and Lp index of the VGs. (C) 

The percentages of SMA, YFP and SMA and YFP double positive cells in each major layer 

of VGs with two type of VG-remodeling (n=3). Data are means ± SEM. (D) The 

representative images of co-staining of YFP and SMA as well as co-staining of YFP and 

vWF in the cross-sections of #1 segment at the proximal end, #3–#7 segments at the middle 

part, and #9 segment at the distal end of VGs. YFP is green; SMA and vWF are red. White 

dotted lines separate the NI and the Ad layers. The abbreviations are described in Figures 1 

and 2.
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Figure 8. 
Characterization of VG remodeling of the JVs in which mature ECs were genetically labeled 

with YFP transplanted to the CAs of WT mice. (A) Schematic presentation of the reporter 

JVs grafted into the CAs of WT mice. Total number of VGs is 15 and 11 of them are VGs 

with severe NI formation (VG-S). (B) The percentages of SMA, YFP and SMA and YFP 

double positive cells in each major layer of VGs of VG-S (n=3). (C) The representative 

images of co-staining of YFP and SMA as well as co-staining of YFP and vWF in the cross-

sections of #1 segment at the proximal end, #3–#7 segments at the middle part, and #9 

segment at the distal end of VGs. YFP is green; SMA and vWF are red. White dotted lines 

separate the NI and the Ad layers. The abbreviations are described in Figures 1 and 2.
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Figure 9. 
Characterization of VG remodeling of the JVs in which mature ECs were genetically labeled 

with YFP transplanted to the CAs of WT mice. (A) The percentages of SMA, YFP and 

SMA and YFP double positive cells in each major layer of VGs with mild NI formation 

(VG-M) (n=3). (B) The representative images of co-staining of YFP and SMA as well as co-

staining of YFP and vWF in the cross-sections of VGs of VG-M. YFP is green; SMA and 

vWF are red. White dotted lines separate the NI and the Ad layers, green dotted lines 

indicate less hyperplasia side of VG and red dotted lines indicate more hyperplasia side of 

VG (C) Schematic presentation of transplantation of the reporter JVs grafted into the CAs of 

WT mice. Total number of VGs is 15 and 4 of them are VG-M. The abbreviations are 

described in Figures 1 and 2.
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Figure 10. The cellular dynamics of SMCs and ECs during VG remodeling in mice.
(A) The percentages of SMA+ SMCs and CD31+ ECs in the intima (I) and the neointima 

(NI). (B) The cell numbers per field are stained positive for EC markers CD31 and vWF, 

SMC markers SMA, SM22α, CNN1 and MYH11, and Tunel in the intima (I) and the 

neointima (NI). Normal jugular veins were used as the control (0 day). Three randomly 

selected tissue cross-sections per vein or VG of 4 mice were stained and analyzed as 

described in Online Supplement “Methods”.
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Figure 11. The effects of conditional media from HUVECs with or without EndMT on vascular 
SMC dedifferentiation in vitro.
(A) Schematic diagram of CM preparation from HUVECs with or without EndMT. (B) 

TGF-β1- or BMP4-induced EndMT in HUVECs. Western blot analyses of EC markers Tie2, 

eNOS and Cdh5; mesenchymal stem cell markers CD44 and CD90; and mesenchymal 

marker SMA. Left panel is the quantified results (n=4). (C) Morphological changes, (D) 

proliferation and (E) SMC gene expression of mouse aortic SMCs cultured in different CMs, 

i.e., ① EC baseM: EC basal media; ② EC CM: CM from ECs without EndMT; ③EndMT-

T CM: CM from ECs with EndoMT induced by TGF-β1; and ④ EndMT-B CM: CM from 

ECs with EndoMT induced by BMP4 as described in Online Supplement :Methods”. 

*p<0.05 between the indicated groups.
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