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Abstract

Background—Endothelial cell (EC) survival and regeneration are important determinants of the 

response to vascular injury that leads to neointimal hyperplasia and accelerated atherosclerosis. 

Nitric oxide (NO) is a key regulator of EC and endothelial progenitor cell function, but the 

pathophysiological mechanisms that regulate endothelial NO synthase in endothelial regeneration 

remain unclear.

Methods and Results—Endothelium-targeted overexpression of GTP cyclohydrolase (GCH) I 

increased levels of the endothelial NO synthase cofactor, tetrahydrobiopterin, in an EC-specific 

manner and reduced neointimal hyperplasia in experimental vein grafts in GCH/apolipoprotein E-

knockout mice. These effects were mediated through enhanced donor-derived survival and 

recipient-derived repopulation of GCH transgenic ECs, revealed by tracking studies in Tie2-LacZ/

GCH-Tg/apolipoprotein E-knockout recipient mice or donor grafts, respectively. Endothelial GCH 

overexpression increased endothelial NO synthase coupling and enhanced the proliferative 

capacity of ECs and circulating endothelial progenitor cell numbers after vascular injury.

Conclusions—These observations indicate that endothelial tetrahydrobiopterin availability 

modulates neointimal hyperplasia after vascular injury via accelerated EC repopulation and 

growth. Targeting tetrahydrobiopterin-dependent endothelial NO synthase regulation in the 

endothelium is a rational therapeutic target to enhance endothelial regeneration and reduce 

neointimal hyperplasia in vascular injury states.
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Loss of endothelial cells (ECs) in conditions of vascular injury is an important contributor to 

adverse vascular remodeling that leads to neointimal hyperplasia and accelerated 

atherosclerosis, for example, in venous bypass grafts, allograft vasculopathy, and after 

angioplasty or stenting.1 Re-endothelialization has been shown to be a key event in vascular 

repair. Endothelial nitric oxide synthase (eNOS) is essential for the normal function of ECs 

in the vascular wall and for the function of circulating endothelial progenitor cells (EPC).2–

4 However, the molecular mechanisms relating eNOS regulation to endothelial loss, 

survival, and regeneration after vascular disease are uncertain. The eNOS cofactor, 

tetrahydrobiopterin (BH4), is a critical determinant of eNOS enzymatic activity and 

function. We and others have shown that in vascular disease states BH4 deficiency leads to 
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eNOS uncoupling, whereby reduction of molecular oxygen by eNOS is no longer coupled to 

L-arginine oxidation and NO synthesis, and instead eNOS generates superoxide rather than 

NO.5

We hypothesized that BH4-dependent eNOS regulation may have an important role in 

endothelial loss and regeneration and in the development of neointimal hyperplasia after 

vascular injury. To investigate the specific role of EC BH4 availability, we compared 

apolipoprotein E (apoE)-knockout (KO) mice with or without transgenic endothelium-

targeted overexpression of GTP cyclohydrolase I (GCH), the rate-limiting enzyme in 

endothelial BH4 synthesis,5,6 in a model of venous bypass grafting characterized by acute 

endothelial loss, neointimal hyperplasia, and endothelial regeneration2 and investigated how 

GCH and BH4 regulate primary EC survival and growth.

Methods

Detailed descriptions of methods may be found in the online-only Data Supplement.

Animals and Surgical Procedures

Mice were maintained in temperature-controlled (20°C–22°C) individually ventilated cages 

with a 12-hour light-dark cycle. Sterile water and standard chow diet were available ad 

libitum. Mice overexpressing human GCH targeted to the vascular endothelium under the 

Tie-2 promoter (GCH-Tg)5 were crossed onto C57BL/6J apoE-KO mice (Jackson 

Laboratories, Bar Harbor, MI) background. Some of these mice were further crossbred with 

Transgenic Tie2-LacZ mice (Jackson Laboratories, Bar Harbor, MI) expressing β-

galactosidase (β-Gal) localized to the nucleus of ECs.7 All animal procedures were 

performed in accordance with the UK Home Office Animals (Scientific Procedures) Act 

1986. Vein graft surgery and femoral artery wire injury were performed in 18- to 22-week-

old male mice as described previously.8,9 Four groups were compared with or without the 

Tie2-LacZ transgene: apoE-KO donor vein grafted into apoE-KO recipient, GCH/apoE-KO 

vein grafted into GCH/apoE-KO recipient, apoE-KO vein grafted into GCH/apoE-KO 

recipient, or GCH/apoE vein grafted into apoE-KO recipient.

Lipid and Lipoprotein Analysis

Total plasma cholesterol and triglyceride concentrations were measured using enzymatic 

assay (Roche, Indianapolis, IN) on a Cobas Mira Plus automated analyzer (Roche, 

Switzerland).

Tissue Preparation, Histology, and Lesion Quantification

Grafts were harvested at 28 (n=5–8/treatment group) or 56 days (n=5–8/treatment group) 

after surgery and perfusion fixed in situ with 4% phosphate-buffered paraformaldehyde.10 

Grafts were sectioned at 150 μm from the midpoint, collecting 5 μm sections. Three 

representative sections, separated by 50 µm, were stained with Masson/Goldner stain for 

analysis. Lesion quantification was similar to that described previously.10
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Biopterin Measurements

Total biopterins (BH4, dihydrobiopterin, and biopterin) and BH4 (total biopterin

−dihydrobiopterin+biopterin) were measured using high-precision liquid chromatography 

analysis with fluorescent detection after differential iodine oxidation of tissue homogenate 

under acidic and alkaline conditions as described previously.5

Quantitative Real-Time Polymerase Chain Reaction

Total RNA (100 ng) was extracted from freshly harvested snap-frozen vein grafts harvested 

28 days after surgery. Quantitative fluorescent real-time reverse transcription polymerase 

chain reaction analysis was performed to compare relative quantities of mRNA in vena cava 

and vein grafts using the Rotor-Gene system (Corbett Research Ltd, Cambridge, UK).

En Face X-Gal Staining

Freshly harvested vein segments or ECs were incubated at 37°C for 3 hours in PBS 

containing 1 mg/mL X-Gal (Sigma), 5 mmol/L potassium ferricyanide, 5 mmol/L potassium 

ferrocyanide, and 2 mmol/L MgCl2. Vessel segments were rinsed with 3% dimethyl 

sulfoxide in PBS and mounted with the endothelium up on paraffin base and analyzed as 

described previously.2

Tissue Preparation, Histology, and Lesion Quantification

Grafts were harvested at 28 (n=5–8/treatment group) or 56 days (n=5–8/treatment group) 

after surgery and perfusion-fixed in situ with 4% phosphate-buffered paraformaldehyde.10 

Detailed procedures are described in Materials and Methods in the online-only Data 

Supplement .

Primary Murine ECs

Primary ECs were isolated from lungs. Lungs were finely minced and digested in DMEM 

containing 0.18 U/mL Liberase Blendzyme 3 (Roche) and 0.1 mg/mL DNase I (Roche) for 

60 minutes at 37°C with gentle agitation. Positive selection for ECs was achieved using 

Dynabeads Sheep anti-Rat IgG (Invitrogen, USA) or MACS Goat anti-Rat IgG MicroBeads 

(Miltenyi Biotech, Germany) for flow cytometry experiments.

Western Blotting

Cell pellets were lyzed in radioimmunoprecipitation assay buffer (Tris 50 mmol/L, NaCl 150 

mmol/L, SDS 0.1%, deoxycholate salt 0.5%, non-idet P40 1%, phenylmethylsulfonyl 

fluoride 1 mmol/L, dithiothreitol 1 mmol/L) containing protease inhibitors (Complete, Mini, 

EDTA-free. Roche, UK). NuPAGE LDS Sample Buffer and NuPAGE Reducing Agent 

(Invitrogen, UK) were added to the lysates, and the samples were heated at 70°C for 10 

minutes right before gel electrophoresis.

Flow Cytometry Analysis

Data were acquired using a CyAnTM ADP flow cytometer (Beckman Coulter) and Summit 

software and analyzed using FlowJo software.
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Bromodeoxyuridine Incorporation Assay

Primary mouse ECs were isolated from lungs as described above, and 10 μL of 

Bromodeoxyuridine (BrdU 1 mmol/L) was added to each milliliter of culture media, 

obtaining a final concentration of 10 μmol/L, and the cells were harvested after 16 hours.

Cell Viability Assay

The PE AnnexinV Apoptosis Detection Kit I (BD Bioscience, UK) was used to detect early 

and late apoptosis in CD31 Dynabead–isolated ECs directly after the isolation procedure.

β-Gal Activity Assay

The high-sensitivity β-galactosidase assay kit from Stratagene, USA, was used according to 

the manufacture’s instructions for measurement of β-Gal activity in primary ECs and lung 

tissue.

EPC Isolation and Characterization

Mononuclear cells (MNCs) were isolated from bone marrow of experimental animals by 

Histopaque 1083 (Sigma) through density gradient centrifugation or by lymphocyte 

separation medium 1077 (PAA, Austria). Cells were incubated for 72 hours at 37°C in EPC 

medium, after which nonadherant cells were removed by washing with Dulbecco’s 

phosphate-buffered saline, and resuspended in fresh EPC medium for a further 48 hours.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism software. Data are presented as 

mean±SEM. Data were subjected to the Kolmogorov–Smirnov test to determine distribution. 

An unpaired t test was used for comparison between 2 groups, and comparisons in 

experiments with ≥3 groups were performed with 1-way ANOVA and the Bonferonni post 

hoc test. P<0.05 was considered statistically significant.

The authors had full access to the data and take responsibility for its integrity. All authors 

have read and agree to the article as written.

Results

Effect of GCH Overexpression on Vascular Remodeling

To investigate the effects of increased EC GCH expression on neointimal hyperplasia and 

vascular remodeling, we quantified vein graft wall area at both 28 and 56 days after vein 

graft surgery in GCH/apoE-KO and apoE-KO mice. Total cholesterol, triglyceride levels, 

and body weights were similar in GCH/apoE-KO and apoE-KO mice (Table I in the online-

only Data Supplement). Mean vessel wall area was significantly reduced in GCH/apoE-KO 

mice 28 days after surgery compared with apoE-KO controls (61% reduction; P<0.001; 

Figure 1A), and this difference was sustained at 56 days (46% reduction in mean vessel wall 

area; P<0.001; Figure IA in the online-only Data Supplement). In contrast to the marked 

reduction of neointimal hyperplasia observed in GCH/apoE-KO vein grafts, mean aortic root 

atherosclerotic plaque area and lipid deposition in the descending aorta were similar in the 2 
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groups (Figure IB and IC in the online-only Data Supplement), suggesting that endothelial 

BH4 has little effect on native atherosclerosis during this time course, but exerts striking 

effects on vascular remodeling after vein graft surgery, where EC injury and loss are major 

features.

To determine whether reduced vein graft neointimal hyperplasia was the result of GCH 

overexpression in the endothelium of the grafted vein or in the ECs of the recipient animal, 

we mismatched grafted veins and vein graft recipients between apoE-KO and GCH/apoE-

KO genotypes. When veins from apoE-KO mice were grafted into GCH/apoE-KO 

recipients, the reduction in lesion area was similar to that observed when GCH/apoE-KO 

veins were grafted into GCH/apoE-KO recipients (47%; P<0.001; Figure 1A). When GCH/

apoE-KO donor veins were grafted into apoE-KO recipients, there was a less marked, but 

still significant, reduction in lesion area compared with apoE-KO controls (P<0.01; Figure 

1A), suggesting that reduced neointimal hyperplasia is conferred by repopulating or 

surviving vein graft ECs overexpressing GCH.

Effect of GCH Overexpression on Biopterin Levels in Vein Grafts

We confirmed that increased endothelial GCH expression resulted in increased BH4 levels in 

vascular tissues and improved eNOS coupling (Results in the online-only Data Supplement 

and Figures II and III in the online-only Data Supplement).

To determine whether vein graft phenotype was directly modulated by endothelial GCH 

overexpression, we measured BH4 levels specifically in vein grafts harvested 28 days 

postoperatively. BH4 levels in the harvested vein grafts were 12-fold higher in GCH/apoE-

KO mice compared with apoE-KO (Figure 1B). A similar increase in vein graft BH4 levels 

was observed when apoE-KO veins were grafted into GCH/apoE-KO mice, suggesting that 

recipient-derived transgenic ECs determine both vein graft BH4 level and the extent of 

neointimal hyperplasia (Figure 1B). When GCH/apoE-KO veins were grafted into apoE-KO 

mice, BH4 levels in the harvested vein graft were greatly reduced compared with GCH/

apoE-KO vein grafts from GCH/apoE-KO recipients. However, BH4 levels in GCH/apoE-

KO veins grafted into apoE-KO mice remained significantly higher than in the vena cava 

from the same animals and were increased 4-fold compared with apoE-KO vein grafts 

(Figure 1B), suggesting that a small proportion of GCH-transgenic ECs survived in the vein 

graft 28 days after surgery. Indeed, this observation was consistent with the reduced 

neointimal hyperplasia in these vein grafts in comparison with apoE-KO controls.

In keeping with these findings, when we quantified GCH mRNA in total RNA extracted 

from vein grafts, total GCH mRNA levels (using identical primers for both endogenous 

murine and transgenic human GCH mRNA) were 10-fold higher in GCH/apoE-KO vein 

grafts compared with apoE-KO vein grafts (Figure 1C). When apoE-KO veins were grafted 

into GCH/apoE-KO recipients, total GCH mRNA levels were similar to those measured 

when GCH/apoE-KO veins were grafted into GCH/apoE-KO recipients, supporting the 

hypothesis that the vein graft endothelium is repopulated from the recipient. When GCH/

apoE-KO veins were grafted into apoE-KO recipients, no difference was detectable in total 

GCH mRNA levels compared with apoE-KO veins grafted into apoE-KO mice. Importantly, 

endogenous murine GCH expression in vein grafts was similar among the 4 groups (Figure 
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1D), indicating that increased GCH mRNA in GCH/apoE-KO vein grafts was the result of 

transgene overexpression and not the result of an alteration in endogenous GCH expression.

Taken together, these results suggest that the magnitude of neointimal hyperplasia in vein 

grafts is determined by endothelial BH4 levels. In turn, the endothelial phenotype that 

determines vein graft remodeling is conferred principally by the recipient animal, but with 

an additional component derived from persistence of graft-derived ECs.

Accelerated Regeneration and Improved Survival of GCH/apoE-KO ECs in Vein Grafts

To directly quantify the role of endothelial BH4 in EC loss after vein grafting and 

subsequent EC repopulation in vivo, we constructed vein grafts in apoE-KO mice with 

endothelium-targeted LacZ expression in either grafted veins or recipient animals, in each 

case with or without endothelial GCH overexpression. ECs in freshly harvested vena cava 

from both GCH/apoE-KO/LacZ and apoE-KO/LacZ mice demonstrated uniform β-Gal 

staining, whereas no β-Gal staining was evident in either GCH/apoE-KO or apoE-KO 

animals (Figure IIB in the online-only Data Supplement). When apoE-KO/LacZ veins were 

grafted into apoE-KO recipients, there was no β-Gal staining in vein grafts harvested at 28 

days, demonstrating complete loss of ECs from the donor vein (Figure 1E). However, when 

GCH/apoE-KO/LacZ veins were grafted into GCH/apoE-KO recipients, a significant 

number of β-Gal–positive ECs were evident on the luminal surface of the vein graft, 

indicating survival of ECs from the grafted vein (Figure 1E). To investigate endothelial 

repopulation, apoE-KO veins were grafted into apoE-KO/LacZ recipients. β-Gal staining of 

vein grafts harvested 28 days later revealed repopulation of the graft with recipient-derived 

ECs (Figure 1E). When GCH/apoE-KO veins were grafted into GCH/apoE-KO/LacZ 

recipients, repopulation with recipient-derived ECs was significantly increased compared 

with apoE-KO/LacZ recipients (P=0.02; Figure 1E). These results suggest that increased 

endothelial BH4 enhances both local EC survival within the grafted vein and systemic EC 

repopulation of the vein graft, leading to reduced neointima formation.

Endothelial-Specific Overexpression of Human GCH Increases Endothelial Biopterin 
Levels and Promotes Growth of Primary ECs

We next tested how endothelial GCH overexpression alters BH4 levels and cellular growth 

in ECs in vitro. Primary EC isolation from apoE-KO/LacZ and GCH/apoE-KO/LacZ mice 

was confirmed by the EC markers eNOS, Tie-2 and CD102 and by detection of mRNA for 

human GCH and LacZ (Figure 2A–2C). Furthermore, biopterin levels in freshly isolated 

primary ECs were increased 5-fold in GCH/apoE-KO ECs in comparison with apoE-KO 

(P<0.001; Figure 2D). To investigate the influence of GCH overexpression on primary EC 

proliferation in vitro, lung ECs were isolated from apoE-KO/LacZ and GCH/apoE-KO/LacZ 

mice. We excluded baseline differences in endothelial isolation, viability, and number by 

measuring β-Gal activity in lungs as an indicator for EC content and flow cytometry for 

viability and cell number (Figure IV in the online-only Data Supplement). The total number 

of ECs, the number of EC colonies, and average colony size were significantly increased in 

GCH/apoE-KO/LacZ cultures compared with apoE-KO/LacZ cultures (P<0.05; Figure 2E–

2G), identified by staining with X-Gal (Figure 2H). We confirmed the increase in cell 

number by fluorescence-activated cell sorter analysis for CD31/CD45 and increased 
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proliferation by incorporation of BrDU added to the culture media (Figure 2I and 2J). These 

results indicate that endothelial BH4 augmentation by GCH overexpression improves 

proliferation of ECs from apoE-KO mice, substantiating increased endothelial proliferation 

and thus regeneration as a mechanism of attenuated vein graft remodeling in GCH/apoE-KO 

mice.

EPC Content in Primary Lung Endothelial Cells and Bone Marrow From ApoE-KO and 
GCH/apoE-KO Mice

Because endothelial regeneration and repair are mediated, in part, by circulating EPCs,2 we 

next investigated EPC levels in GCH/apoE-KO and apoE-KO mice. There was no difference 

between the genotypes under basal conditions (Figure 3A and 3B). Four different 

populations of cells within the CD31/CD45 population were identified (Figure VA in the 

online-only Data Supplement): CD31 high/CD45 dim, CD31 low/CD45-negative, CD31 

dim/CD45-positive, and CD31-negative/CD45-negative cells. The CD31 high/CD45 dim 

population was identified as the population consisting of EC and EPC because these CD31+/

CD34+/Flk-1+ cells (Figure VB–VE in the online-only Data Supplement) strongly expressed 

the EC markers eNOS, Tie-2, and CD102, as well as the human GCH1 transgene (Figure VF 

in the online-only Data Supplement), and formed typical EC islands in culture (Figure VG in 

the online-only Data Supplement).

To investigate the influence of transgenic GCH overexpression on BH4 content in fractions 

of bone marrow containing increasing proportions of EPCs, biopterins were measured in 

whole bone marrow, bone marrow–derived MNCs (BMMNC), and lineage-depleted 

BMMNC, each isolated from both apoE-KO and GCH/apoE-KO mice. There was no 

difference in BH4 or total biopterin levels in whole bone marrow between apoE-KO and 

GCH/apoE-KO (Figure 3C). However, BMMNC from GCH/apoE-KO mice showed a 50% 

increase in BH4 levels compared with apoE-KO (Figure 3D), whereas BH4 levels in 

lineage-negative BMMNC from GCH/apoE-KO mice were increased 7-fold (Figure 3E). 

There was no significant difference in the percentage of Flk1/Sca1+ lineage-negative 

BMMNC between apoE-KO and GCH/apoE-KO detectable at baseline (Figure 3F and 3G). 

In contrast, 48 hours after wire endothelial denudation of the femoral artery, there was a 

significant increase in the percentage of Flk1/Sca1+ cells in GCH/apoE-KO animals (Figure 

3H and 3I). These results indicate that increased Tie2-driven GCH overexpression augments 

BH4 synthesis in EPCs and promotes acceleration of endothelial regeneration.

Discussion

In this study, we have identified a key role for BH4 in the EC-specific impact on the 

remodeling response to vascular injury. Using a model of vein graft disease, incorporating 

crossovers between genetically modified mice overexpressing GCH specifically in ECs, we 

made the following key observations. First, increased endothelial BH4 synthesis resulted in 

markedly reduced vein graft neointimal hyperplasia at both 4 and 8 weeks after surgery. 

Second, endothelial GCH over-expression markedly increased BH4 and GCH mRNA levels 

in vascular tissues, including vein grafts, but not in plasma, excluding the potential for 

systemic effects of BH4. Third, experiments using mice also expressing endothelial β-Gal 
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demonstrated that the vein graft remodeling phenotype was conferred by recipient-derived 

EPC/ECs that repopulated the vein graft. In transgenic GCH/apoE-KO animals, we found 

that EPC numbers were increased after vascular injury, reendothelialization was accelerated, 

and that these recipient-derived cells expressed the GCH transgene. Fourth, we found that 

some ECs from GCH transgenic mice survived the initial vascular injury and continued to 

produce increased levels of biopterins in vein grafts from GCH/apoE-KO donors. Finally, 

cell culture experiments revealed that the phenotype in GCH/apoE-KO vein grafts was likely 

because of a combination of enhanced proliferative and survival capacity of ECs and 

increased levels of EPCs, modulated through increased BH4. Together, these findings 

provide evidence that endothelial BH4 bioavailability regulates endothelial survival and 

regeneration after vascular injury and is an important determinant of vascular repair and 

remodeling.

Recent studies have identified EC repopulation of the vessel wall as an important aspect of 

the repair and remodeling response to vascular injury. Increasing levels of EPCs using 

statins,11 estrogen,12 physical exercise,13 granulocyte-macrophage colony-stimulating 

factor (GM-CSF),14 or erythropoietin15 accelerates re-endothelialization after vascular 

injury and leads to attenuation of the neointimal response. NO bioavailability seems to be a 

major mechanism regulating endothelialization and EPC function.4,12,13,15 However, the 

pathophysiological mechanisms that modulate the endothelial response to injury in vivo 

through regulation of eNOS remain unclear. We and others have shown previously16 that 

augmentation of BH4 preserves eNOS coupling in vascular disease states, reducing eNOS-

derived superoxide production and promoting synthesis of NO. The present study now 

demonstrates the importance of BH4-dependent eNOS coupling as a critical mediator of 

endothelial repopulation after vascular injury. Indeed, in light of previous studies showing 

that statins,17 estrogen,18 physical exercise,19,20 and erythropoietin21 increase BH4 levels 

and that biopterins increase GM-CSF–induced hematopoietic cell proliferation and 

differentiation,22 BH4-dependent eNOS coupling may represent a unifying mechanism 

regulating re-endothelialization and vascular remodeling in vascular injury states.

Although previous studies have been performed in otherwise healthy wild-type mice, our 

work in apoE-KO mice demonstrates the potential importance of endothelial regeneration in 

the context of pre-existing vascular disease. Clinical studies have shown that levels of 

circulating EPCs correlate inversely with cardiovascular risk factors,23 in correlation with 

the finding of diminished endothelial regeneration in atherosclerotic apoE-KO mice.2 The 

observations that high oxidant stress impairs in vivo re-endothelialization in vascular disease 

states24 and that EPCs from healthy individuals express high levels of antioxidant 

enzymes25 raise the possibility that impaired function of antioxidant defense systems in 

apoE-KO mice may underlie their impaired re-endothelialization. The present study now 

demonstrates a mechanism whereby re-endothelialization can be enhanced in apoE-KO 

mice. This finding highlights a key role for BH4 and eNOS coupling in endothelial 

regeneration, with particular clinical relevance to atherosclerosis and other vascular disease 

states.

In contrast to the marked effects observed in vein graft remodeling shown here and aortic 

root atherosclerosis in high-fat–fed animals we reported previously,6 we found no difference 
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in native atherosclerosis within the aortic root or descending thoracic aorta of apoE-KO and 

GCH/apoE-KO animals fed standard chow diet. This observation underscores the differences 

in the pathophysiology of native versus accelerated atherosclerosis, in which more subtle 

endothelial dysfunction is likely to be the mediator of native atherosclerosis development, 

compared with endothelial denudation in vascular injury states and severe endothelial 

dysfunction from high-fat feeding associated with accelerated atherosclerosis,1 where BH4-

dependent eNOS regulation plays a more prominent role. Furthermore, shear stress may also 

play an important role in these findings. Distension of veins under arterial pressure increases 

vein diameter and reduces mean blood velocity, both favoring a shift in the shear-regulated 

production of several potent mitogens.26 Previous studies have shown that laminar shear 

stress dramatically increases GTP cyclohydrolase I (GTPCHI)-mediated BH4 synthesis.27 

These findings may help explain our findings of 5-fold and 2-fold reductions in BH4 levels 

in apoE-KO vein grafts compared with aorta and vena cava, respectively (data not shown), 

and furthermore suggest a reason why overexpression of GTPCHI may inhibit neointimal 

hyperplasia and accelerated atherosclerosis more so than native atherosclerosis.

Loss of ECs is a key aspect of the response to injury in vein grafts and in other vascular 

injury states, such as transplant vasculopathy, angioplasty, and stenting. Previous studies of 

vein grafts in C57BL/6 mice have revealed that ≈70% of native ECs are lost within the first 

postoperative day and almost all by 3 days after surgery.2 The endothelial monolayer is 

subsequently repopulated by circulating and bone marrow–derived progenitors beginning as 

early as 24 hours after surgery, with complete re-endothelialization by 7 days. However, in 

the present experiments we used vein grafts in apoE-KO mice with hypercholesterolemia 

and atherosclerosis as a model of accelerated vein graft atherosclerosis in a setting of 

systemic endothelial dysfunction. Indeed, in apoE-KO mice re-endothelialization was 

markedly impaired, reaching only 40% coverage at 7 days after surgery, consistent with the 

known reduction of EPCs in these animals. We further observed that at 28 days after surgery 

the vein graft endothelial monolayer had still not achieved confluence. However, in mice 

with targeted endothelial overexpression of GCH, re-endothelialization of the vein graft 

significantly increased and neointimal hyperplasia significantly reduced 28 days after vein 

graft surgery.

In conclusion, we have shown that availability of BH4 within the endothelium critically 

modulates neointimal hyperplasia after vascular injury through effects on both survival of 

native endothelium and subsequent re-endothelialization of the injured vessel. Our study 

identifies BH4-dependent regulation of eNOS activity as a critical mediator of EC survival, 

re-endothelialization, and proliferation and a major determinant of vessel remodeling after 

vascular injury. Maintaining or augmenting endothelial BH4 levels is a rational therapeutic 

target for accelerating endothelial regeneration and enhancing vascular repair after vascular 

injury.
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Figure 1. Endothelial overexpression of human GTP cyclohydrolase (GCH) reduces neointimal 
hyperplasia and enhances repopulation and survival of endothelial cell (EC) in vein grafts.
A, When vena cava was grafted into recipients of the same genotype, vein graft wall area at 

28 days after surgery was significantly lower in GCH/apolipoprotein E (apoE)-knockout 

(KO; n=5) mice compared with apoE-KO mice (n=8). When vena cava of apoE-KO mice 

was grafted into GCH/apoE-KO recipients (n=6), the mean vessel wall area was similar to 

that seen when GCH/apoE-KO vena cava was grafted into GCH/apoE-KO recipients. When 

GCH/apoE-KO donor vena cava was grafted into apoE-KO recipients (n=8), there was a less 

marked, but still significant, reduction in lesion area compared with apoE-KO vena cava 
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grafted into apoE-KO. Black bar represents 100 μm. One-way ANOVA overall P<0.0001. 

Bonferroni multiple comparison test *P<0.01 vs apoE-KO vein grafted into apoE-KO 

recipient and †P<0.05 vs GCH/apoE-KO vein grafted into apoE-KO. B, Tetrahydrobiopterin 

(BH4) levels in harvested vein grafts were significantly higher in GCH/apoE-KO compared 

with apoE-KO. When apoE-KO veins were grafted into GCH/apoE-KO mice, graft BH4 

levels reached levels similar to the GCH/apoE-KO vein grafts. When GCH/apoE-KO veins 

were grafted into apoE-KO mice, BH4 levels were significantly higher than apoE-KO vein 

grafts grafted into matched recipients (n=5). One-way ANOVA overall P<0.0001. 

Bonferroni multiple comparison test *P<0.05 vs apoE-KO. †P<0.05 vs GCH/apoE-KO vein 

grafted into apoE-KO recipients. C, Vein graft mRNA levels of total GCH (transgenic

+endogenous) were significantly higher in GCH/apoE-KO mice compared with apoE-KO. 

When apoE-KO veins were grafted into GCH/apoE-KO mice, mRNA levels were similar to 

the GCH/apoE-KO vein grafts. One-way ANOVA overall P<0.0001. Bonferroni multiple 

comparison test *P<0.001 vs apoE-KO. †P<0.001 vs GCH/apoE-KO vein grafted into apoE-

KO recipients (n=4). D, Vein graft endogenous mouse GCH mRNA levels were not different 

in GCH/apoE-KO mice compared with apoE-KO, regardless of the source of the vein (n=4). 

E, When apoE-KO veins were grafted into apoE-KO/LacZ recipients, the presence of β-

galactosidase (β-Gal)–positive staining (blue) on the surface of vein grafts at 28 days 

indicated recipient-derived EC repopulation (n=5). When GCH/apoE-KO veins were grafted 

into GCH/apoE-KO/LacZ recipients (n=6), EC coverage was increased compared with 

grafting apoE-KO veins into apoE-KO/LacZ recipients, indicating enhanced recipient-

derived EC repopulation in GCH animals. Investigating EC survival, no β-Gal staining in 

apoE-KO/LacZ veins grafted into apoE-KO recipients could be detected. However, when 

GCH/apoE-KO/LacZ veins were grafted into GCH/apoE-KO recipients (n=5), a small 

proportion of β-Gal–positive cells remained evident on the luminal surface of the vein graft 

at 28 days, indicating enhanced EC survival from GCH transgenic donors. No β-Gal–

positive cells were visualized in apoE-KO/LacZ veins grafted into apoE-KO recipients 

(n=5). Arrowhead denotes β-Gal–positive cell. Unpaired t test *P=0.02 vs apoE-KO/LacZ 

recipient. †P=0.02 vs apoE-KO recipient.
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Figure 2. Endothelial-specific overexpression of human GTP cyclohydrolase (GCH) increases 
endothelial biopterin levels and promotes in vitro growth of primary endothelial cells (ECs).
A, Western blotting showed that the EC markers endothelial nitric oxide synthase (eNOS), 

Tie-2, and CD102 were exclusively expressed in ECs. B, Reverse transcription polymerase 

chain reaction showed that the expression of human GCH mRNA was specific to GCH 

transgenic EC (unpaired t test with Welch’s correction *P<0.05 GCH transgenic EC [n=3] 

vs GCH transgenic non-EC [n=3], no human GCH1 detectable in vascular smooth muscle 

cell [VSMC] or apolipoprotein E [apoE]-knockout [KO] cells [n=4 each]). C, Expression of 
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LacZ mRNA was specific to LacZ transgenic ECs (unpaired t test with Welch’s correction 

*P<0.05 LacZ transgenic EC [n=3] vs LacZ transgenic non-EC [n=3] and VSMC [n=4]). D, 

Biopterin levels in GCH/apoE-KO EC were increased by ≈5 fold compared with apoE-KO. 

Unpaired t test *P<0.001 GCH/apoE-KO (n=4) vs apoE-KO (n=4). Primary ECs were 

isolated from apoE-KO/LacZ and GCH/apoE-KO/LacZ animals and grown in tissue culture. 

The total number of EC (E), the number of EC colonies (F), and average colony size (G) 

were significantly increased in GCH/apoE-KO cultures both after 3 and 4 days in culture 

assessed by X-galactosidase (H). Unpaired t test with Welch’s correction *P<0.05 GCH/

apoE-KO vs apoE-KO (n=5 per group for 3-day culture, n=6 per group for 4-day culture). 

Flow cytometry analysis of EC growth in culture. To identify proliferating EC, 

Bromodeoxyuridine (BrdU) was added to the culture media. I, Both total number of EC and 

number of proliferating EC were significantly increased in GCH/apoE-KO (J). Unpaired t 
test *P<0.05 GCH/apoE-KO vs apoE-KO (n=9 per group).
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Figure 3. Endothelial progenitor cells in apolipoprotein E (apoE)-knockout (KO) and GTP 
cyclohydrolase (GCH)/apoE-KO mice.
A and B, The proportion of freshly isolated endothelial cells (ECs) expressing the progenitor 

markers Flk1 and CD34 were determined by flow cytometry. There was no significant 

difference in the total number of ECs isolated between the genotypes at baseline. Unpaired t 
test *P>0.05 GCH/apoE-KO (n=5) vs apoE-KO (n=7). Biopterin levels in bone marrow were 

similar (C), whereas bone marrow–derived mononuclear cell (BMMNC; D) and lineage-

depleted BMMNC (E) were increased in GCH/apoE-KO mice. Unpaired t test ***P<0.001 
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GCH/apoE-KO (n=5) vs apoE-KO (n=7). These results indicate that in preparations of bone 

marrow the difference in biopterin content because of transgenic GCH overexpression 

becomes more apparent the higher the expected content of endothelial progenitor cell (EPC) 

in the sample. F–G, There was no significant difference in the percentage of Flk1/Sca1-

positive BMMNC (EPC) between apoE-KO (n=11) and GCH/apoE-KO (n=9) detectable at 

baseline Unpaired t test *P>0.05. However, after endothelial denudation by femoral artery 

wire-induced vascular injury, these numbers were significantly increased in GCH/apoE-KO 

mice (n=11) vs apoE-KO (n=9). Unpaired t test *P<0.05. APC/PE indicates 

allophycocyanin/phycoerythrin.
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