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CADASIL (cerebral autosomal–dominant arteriopathy 
with subcortical infarcts and leukoencephalopathy), the 

most common heritable cause of stroke and vascular demen-
tia in adults, is a rare autosomal–dominant disorder caused 

by mutations in the 33-exon NOTCH3 gene on chromosome 
19p13.1.1–5 Clinically, CADASIL is characterized by recurrent 
ischemic events starting in mid-adulthood, with an average 
incidence rate of stroke of 10.4/100 person-years.3 Although 

Background and Purpose—Cerebral autosomal–dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL), a rare autosomal dominant disorder caused by NOTCH3 mutations, is characterized by vascular smooth 
muscle and endothelial cells abnormalities, altered vasoreactivity, and recurrent lacunar infarcts. Vasomotor function 
may represent a key factor for disease progression. Tetrahydrobiopterin, essential cofactor for nitric oxide synthesis in 
endothelial cells, ameliorates endothelial function. We assessed whether supplementation with sapropterin, a synthetic 
tetrahydrobiopterin analog, improves endothelium-dependent vasodilation in CADASIL patients.

Methods—In a 24-month, multicenter randomized, double-blind, placebo-controlled trial, CADASIL patients aged 30 to 65 
years were randomly assigned to receive placebo or sapropterin 200 to 400 mg BID. The primary end point was change 
in the reactive hyperemia index by peripheral arterial tonometry at 24 months. We also assessed the safety and tolerability 
of sapropterin. Analysis was done by intention-to-treat.

Results—The intention-to-treat population included 61 patients. We found no significant difference between sapropterin 
(n=32) and placebo (n=29) in the primary end point (mean difference in reactive hyperemia index by peripheral arterial 
tonometry changes 0.19 [95% confidence interval, −0.18, 0.56]). Reactive hyperemia index by peripheral arterial tonometry 
increased after 24 months in 37% of patients on sapropterin and in 28% on placebo; however, after adjustment for age, sex, 
and clinical characteristics, improvement was not associated with treatment arm. The proportion of patients with adverse 
events was similar on sapropterin and on placebo (50% versus 48.3%); serious adverse events occurred in 6.3% versus 
13.8%, respectively.

Conclusions—Sapropterin was safe and well-tolerated at the average dose of 5 mg/kg/day, but did not affect endothelium-
dependent vasodilation in CADASIL patients.

Clinical Trial Registration—URL: https://www.clinicaltrialsregister.eu. Unique identifier: 2007-004370-55.    
(Stroke. 2014;45:2959-2966.)
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extent and mode of disease progression vary largely, many 
patients with CADASIL eventually develop severe motor 
disability, pseudobulbar palsy, and subcortical dementia. 
Treatment of CADASIL is largely empirical at present and 
based on current cerebrovascular disease management.1

NOTCH3 encodes for a transmembrane receptor of a signal-
ing pathway that exerts a central role in vascular development 
and is prevalently expressed in vascular smooth muscle cells 
and capillary pericytes in the adult brain.5 Vasomotor function 
may play a fundamental role for the eventual development 
of ischemic lesions. In transgenic mice expressing mutant 
NOTCH3 in vascular smooth muscle cells, impaired cerebral 
blood flow autoregulation and increased myogenic tone predate 
the appearance of vascular abnormalities,6 whereas in patients, 
cerebral blood flow and metabolism are decreased early in the 
clinical course of CADASIL.7,8 Structural abnormalities in 
CADASIL patients encompass lumen narrowing of the arteri-
oles, destruction of vascular smooth muscle cell anchorage to 
the extracellular matrix, and alterations in the cytoskeleton and 
in the endothelial cells.9,10 Moreover, capillaries, which have a 
major role in blood flow regulation in the healthy and ischemic 
brain,11 exhibit pericytes with swollen nuclei and deposits of 
granular osmiophilic material within the basement membrane 
between the pericytes and endothelial cells12; accumulation of 
mutated NOTCH3 proteins in pericyte membranes may also 
alter the function of the endothelial lining

Endothelial nitric oxide (NO) has a crucial role in the cerebral 
circulation linking cerebrovascular function with cognition.13 NO 
is synthesized in the endothelium in a process that involves the 
enzyme endothelial NO synthase (eNOS), the substrate arginine, 
and the essential enzyme cofactor tetrahydrobiopterin (BH4).14 
Increased NO bioavailability through eNOS activation preserves 
cerebral blood flow, prevents inflammation, platelet aggregation, 
thrombosis, and apoptosis.13 NO has been suggested to exert 
paracrine effects on neuronal and microglial cells and plays a 
critical role in mediating dilation of brain capillaries by affect-
ing active pericyte relaxation.11 Stabilization of eNOS activity, 
by enhancing its substrate, cofactors, and transcription, improves 
NO bioavailability and endothelial function. Decreased BH4 bio-
availability results in functional NOS uncoupling,15,16 impaired 
vascular relaxation, and endothelial dysfunction (ED). ED occurs 
in the cerebral circulation in association with vascular-related dis-
eases that include stroke and Alzheimer’s disease and has been 
correlated with increased risk of acute ischemic stroke.17

Flow-mediated dilation, the response of the endothelium to 
shear stress evoked by reactive hyperemia (RH), is a useful 
test to detect abnormalities in NO production in the vascu-
lar wall using different techniques.18,19 Patients with lacunar 
infarcts show impaired flow-mediated dilation by brachial 
artery ultrasound,20 a measure of conduit artery vasodilation.

Previous studies in CADASIL patients described impaired 
vasoreactivity both in the cerebral21,22 and peripheral cir-
culation.23–26 However ED was shown in resistance arteries, 
but not in conduit vessels.24 Flow perturbance by mutated 
NOTCH3 proteins in capillary pericytes may largely mediate 
impaired vasoreactivity and pathophysiology of brain damage 
in CADASIL. Therefore, a method that tests microvascular, 
rather than conduit artery, reactivity is appropriate to investi-
gate treatment effects in this population.

Peripheral arterial tonometry (PAT), a novel noninvasive, 
quantitative, and repeatable test that measures changes in 
digital pulse volume during RH, evaluates the endothelial 
function of resistance arteries and NO-mediated changes in 
microvascular response. PAT accurately assesses variations 
with increasing risk factor burden and targeted treatment27,28 
and is independently associated with incident cardiovascular 
(CV) events in high risk patients.29

An impaired RH-PAT (reactive hyperemia index by periph-
eral arterial tonometry) response has been observed early after 
acute cerebrovascular events, including stroke30 and subarach-
noid hemorrhage,31 and was found to be independently asso-
ciated with fewer delirium/coma-free days in patients with 
critical illness.32 RH-PAT has been shown to be sensitive to 
treatment effects in patients with diabetes mellitus and coro-
nary artery disease.33,34

In a small correlative study, both cerebral blood flow and 
peripheral vasodilation by RH-PAT were reduced in CADASIL 
patients.35 As NO has a fundamental role in cerebral blood flow 
regulation and small vessel damage, with impaired endothelial 
integrity, is the pathological hallmark of CADASIL, ameliora-
tion of endothelial function is an end point relevant to disease 
pathophysiology. Exogenous BH4 administration can improve 
vascular NO bioavailability by reversing eNOS uncoupling and 
was shown to acutely restore endothelial function in patients 
with CV risk factors or overt coronary artery disease.36

Aim of the present study was to assess whether chronic admin-
istration of the BH4 analog sapropterin (6R-BH4) improves 
endothelium-dependent vasodilation in CADASIL patients.

Methods
Participants
Adult patients aged between 30 and 65 years, with CADASIL with 
or without previous neurological symptoms or cerebrovascular events, 
were eligible for screening. The diagnosis had to be confirmed by the 
identification of a NOTCH3 gene mutation. Patients were required to 
have a recent (within 6 months) cranial MRI consistent with CADASIL, 
which was done for study purposes if not already available.

Exclusion criteria were dementia with a score <33 at the Structured 
Interview for the Diagnosis of Dementia instrument; autoimmune dis-
orders; pregnancy, nursing or childbearing potential not on adequate 
contraception; recent (within 3 months before screening) myocardial 
infarction, cerebrovascular accident, or pulmonary embolism; severe 
uncontrolled hypertension (arterial blood pressure [BP] >180/110 
mm Hg); hypotension at screening, defined as seated resting values 
of <100 mm Hg systolic or <55 mm Hg diastolic, or symptomatic 
hypotension; serum creatinine >2.5 mg/dL or hepatic enzymes >2× 
normal; and concomitant treatment with methotrexate, levodopa, 
phosphodiesterase-3 or -5 inhibitors, pentoxyfylline, nitrate/nitrite-
based vasodilators, L-arginine, or gingko biloba.

Patients were recruited, after providing written informed consent, 
at 5 national referral centers for CADASIL management. The study 
was done according to the Declaration of Helsinki and subsequent 
revisions. The study is registered under the EudraCT number 2007-
004370-55 and was approved by the ethics committees of each par-
ticipating center.

Randomization and Masking
Treatment allocation was managed by a logistic manager at the co-
ordinating center using a computer-generated, 1:1 randomization 
scheme with a sequential block size of 4 for each clinical center and 
assigning a randomization code to each subject after screening and 
confirmation of eligibility. The trial drug or matching placebo was 
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packed in identical masked bottles marked with the patient’s identi-
fication number. Patients, their families, the investigators, the study 
manager, and statistician were masked to treatment assignment.

Procedures
This was a multicenter, phase II, randomized, double-blind, paral-
lel-group, placebo-controlled trial planned to include 60 subjects. 
Consenting patients entered a 3-month run-in phase to confirm sta-
bility on optimized concomitant treatment. Baseline evaluation in-
cluded history, clinical and neurological evaluation, determination of 
the modified National Institutes of Health Stroke Scale (mNIHSS) 
to assess neurological status and the Barthel index and the modified 
Rankin scale to assess disability, blood sampling for routine labora-
tory tests, and a vasoreactivity study.

Patients received sapropterin dihydrochloride, a pharmaceutical 
formulation of BH4, provided in 100 mg fast-dissolving tablets or 
matching placebo for 24 months. The drug was given in doses of 200 
or 400 mg BID, according to body weight ≤ or >60 kg, corresponding 
to ≈5 mg/kg/day, and were selected based on previous studies of BH4 
in subjects with ED and CV risk factors or diseases. Patients were in-
structed to dissolve tablets in water and take them with food twice a day.

After 1, 2, 4, and 6 months, and every 6 months thereafter, a clini-
cal assessment was performed and blood was sampled for safety 
laboratory measurements (complete blood count, aspartate amino-
transferase, alanine aminotransferase, γ-glutamyl transferase, serum 
bilirubin, and creatinine). After 24 months, baseline assessments were 
repeated. Treatment compliance was calculated from tablet count for 
each interval between visits as the percentage of the dispensed study 
medication taken by the patient.

Study End Points
The primary efficacy end point was the change in endothelium-de-
pendent vasodilation as assessed by RH-PAT after 24-month dou-
ble-blind treatment with sapropterin or placebo. Secondary efficacy 
end points included changes in neurological status by the modified 
National Institutes of Health Stroke Scale and changes in the disabil-
ity scores Barthel index and modified Rankin scale.

Safety measurements included adverse events, vital signs, and 
laboratory profile.

Assessment of Endothelial Function
Vasoreactivity studies were performed at the 5 clinical centers by 2 
trained investigators. Vasodilation after RH was assessed in the morning 
in the fasting state using the Endo-PAT 2000 appliance (Itamar, Cesarea, 
Israel).28,37 The patient lied down comfortably with hands supported at 
approximately heart level in room with dim lights and controlled 24°C 
temperature. A cuff was placed on the nondominant upper arm, whereas 
the contralateral served as control. BP and heart rate were measured 
before starting the test from the patient’s control arm. After a 10-minute 
equilibration period, the cuff was inflated to 60 mm Hg above systolic 
pressure for 5 minutes and then deflated to induce RH, whereas signal 
recording was continued for 10 minutes. RH-PAT was automatically 
calculated as operator-independent ratio of the average post- and preoc-
clusion amplitude of the signal, normalized by the control arm.

To exclude an interday variability and to ensure within-subject re-
peatability, basal levels of RH-PAT were measured in the morning in a 
group of fasted volunteers (n=9), on 2 consecutive days. Consistently 
with previous reports,38 average data obtained did not demonstrate an 
interday effect on vascular function (RH-PAT 2.05±0.29 for day 1 and 
2.04±0.27 for day 2; P=0.94, coefficient of variation 4.67%).

No vasoreactivity study was considered inadequate after blinded 
assessment before database locking.

Statistical Analysis
The number of patients per group needed to detect an absolute differ-
ence between active treatment and placebo after 24 months in RH-
PAT of 1.8 with a power of 90%, with a 2-tailed t test at the 5% level 
and standard deviation of 2 was calculated to be 26. To account for a 
15% drop-out rate, 61 patients were randomized.

All analyses were done in 2 study populations: the intention-to-
treat (ITT) and the per-protocol population (PP). The ITT population 
included all patients randomly assigned to treatment and assessed us-
ing the last-observation-carried-forward method; as sensitivity analy-
sis, we also imputed data that were missing at follow-up using the 
multiple imputation method, created 5 complete data sets, analyzed 
each data set, and pooled the results. The PP population included pa-
tients who did not discontinue treatment until the 24-month visit and 
had a treatment compliance ≥80%.

Continuous variables are presented as median (interquartile range) 
and categorical variables as numbers and percentages. For categori-
cal data, groups were compared by contingency tables with the χ2 or 
Fisher exact test, where appropriate. Continuous data were analyzed 
using a 2-sided Student’s t test, after checking data normal distribu-
tion (based on the Shapiro–Wilk statistic) and a 2-sided Wilcoxon’s 
rank sum test otherwise.

To analyze differences between treatment arms in terms of im-
proved endothelial function (change from baseline in RH-PAT at 
end of study >0), odds ratios and the corresponding 95% confidence 
intervals (CI) were obtained using unconditional multiple logistic 
regression, adjusted for prespecified subgroups of interest based on 
age, sex, presence of any CV risk factors, history of cerebrovascular 
events, duration of symptoms, and concomitant treatment with drugs 
active on endothelial function.

All statistical analyses were done with significance set at the 5% 
level and using 2-sided tests or 2-sided 95% CI, using SAS version 
9.1 (Cary, NC, USA).

Results
Patients were enrolled from January 3, 2008, till March 20, 
2009; follow-up was completed on April 2011. The number 
of subjects enrolled and their fate in the study are shown in 
Figure. Sixty-one subjects from 38 different families were 
ultimately randomized, 32 to sapropterin and 29 to placebo, 
and are included in the ITT population. Six of the random-
ized patients dropped out at different times during the study 
(Figure); in no case was the study code broken. Overall, 50 
patients, 29 in the sapropterin and 21 in the placebo arm, com-
pleted the study with a treatment compliance ≥80% and were 
included in the PP analysis.

Demographics, neurological history, concomitant drug 
therapy, and other baseline characteristics of the ITT popula-
tion are shown in Table 1. Despite randomization, male sex 
and risk factors were more common in the placebo group; 
however, BP, lipid, and glucose profile overlapped between 
groups. Treatment with drugs known to favorably affect endo-
thelial function (calcium channel blockers, rennin–angioten-
sin system inhibitors, or statins) was common, but the overall 
proportion of subjects who took ≥1 of these drugs was similar 
between treatment arms. Disability was mild in most subjects, 
with patients on sapropterin showing lower scores than those 
on placebo. Overall, 20 subjects (33%), 10 in each treatment 
arm, showed baseline RH-PAT values below the 5th percentile 
of a normal control group, indicative of established ED.

We found no significant difference in the study primary end 
point, RH-PAT change from baseline at 24 months, between 
patients assigned sapropterin and those assigned placebo either 
in the ITT or in the PP population (Table 2). In both data sets, 
changes in RH-PAT between baseline and end of treatment 
did not achieve statistical significance either in subjects in the 
sapropterin arm (ITT, P=0.67; PP, P=0.45) or in those on pla-
cebo (ITT, P=0.29; PP, P=0.18; Table 2). Among patients who 
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completed the study, RH-PAT values indicative of ED were 
found in 30% in the sapropterin and 65% in the placebo arm.

The proportion of patients with worsened neurological sta-
tus or disability scores, expressed as any increase in modified 
National Institutes of Health Stroke Scale and modified Rankin 
scale scores or any decrease in Barthel index, did not differ 
between treatment arms either in the ITT or in the PP population 
(Table 3).

RH-PAT increased after 24 months in 37% of subjects 
on sapropterin versus 28% of patients on placebo. By mul-
tivariable logistic regression (Table 4), after adjustment for 
demographic and clinical characteristics, no association was 
observed between treatment arm and improved RH-PAT (odds 
ratio, 2.42; 95% CI, 0.72, 8.14).

The proportion of patients with treatment-emergent adverse 
events was similar between groups (50% on sapropterin ver-
sus 48.3% on placebo; Table 5). No death occurred. Serious 
adverse events were reported in 2 (6.3%) patients assigned to 
sapropterin and in 4 (13.8%) patients assigned to placebo, 2 
of whom discontinued treatment. Overall, 34 adverse events 
developed during the treatment period in >5% of patients, 18 
in 16 patients on sapropterin and 16 in 15 patients on placebo; 
the nature of the event was in most cases consistent with dis-
ease progression (Table I in the online-only Data Supplement). 
Generally, adverse events were mild to moderate and resolved 
without the need to discontinue study medication.

Discussion
 Vasomotor function seems to be a key pathogenetic mechanism 
that underlies the phenotypic manifestations of CADASIL, 
a rare disease for which no specific treatment is currently 
available. We report here the first randomized, controlled, 

double-blind trial of treatment targeting endothelial function in 
patients with confirmed CADASIL. In this phase II multicenter 
study, supplementation with sapropterin, an analog of BH4, 
essential cofactor of eNOS in NO synthesis, did not improve 
the primary end point, endothelium-dependent vasodilation.

The rationale for targeting endothelium-dependent vasodila-
tion in CADASIL rests on the molecular mechanisms of the 
disease, NOTCH3 accumulation in vascular smooth muscle 
cells cytoplasmic membrane and within the basement mem-
brane of capillaries between the pericytes and endothelial cells, 
on previously reported morphological abnormalities in endo-
thelial cells and laboratory alterations of endothelial function 
in CADASIL patients,1,23–25,39 and on the association between 
biomarkers of endothelial function and the clinical pheno-
type.40 RH-PAT expresses microvascular function, and its cor-
relation with cerebral blood flow35 in patients with CADASIL 
suggests that characterization of peripheral vascular function 
may represent a convenient, although indirect, marker of brain 
vascular function, potentially useful to limit the number of 
patients needed in therapeutic studies addressing the onset and 
progression of clinical manifestation of CADASIL.

As to minimize the confounding effects of ageing on endothe-
lial function, we limited recruitment to patients <65 years, our 
population had a mean age of 45.5 years, which corresponds to 
the reported average at the clinical onset of CADASIL symp-
toms in the literature.1 Consistently with this early stage of overt 
disease, we observed an unsurprisingly low frequency of new 
cerebrovascular events (3.3/100 person-years) during the study, 
less than one-third of the average overall incident stroke rate, that 
supports our choice of a surrogate end point for treatment effect.

As in previous reports,40 overall 54% of our CADASIL sub-
jects had ≥1 CV risk factor. CV risk factors damage endo-
thelial cells lowering NO bioavailability and, although ED 

Figure. Trial flow diagram. ITT indicates intention-to-
treat; and PP, per-protocol population.
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can develop throughout the entire vascular tree, the circula-
tion of the brain may be particularly susceptible to it.41 CV 
risk factors can exacerbate disease progression in CADASIL 
patients: Singhal et al42 found an association between smoking 
and age at onset of lacunar infarcts, whereas Adib-Samii et al43 
observed an increased risk of ischemic stroke in hypertensive 
and smoker CADASIL patients. BP, lipid, and glucose profile 
were similar in the 2 treatment arms.

After 24 months, no between-group difference in RH-PAT, 
our primary end point, achieved statistical significance. 
Furthermore, by multivariable logistic regression, no clinical 
or treatment variable was a significant predictor of improved 
RH-PAT at the end of study.

Several hypotheses should be considered to explain these 
negative findings.

The administered drug dose may have been too low to 
exert relevant effects on endothelial function. Sapropterin, 
the BH4 formulation used in this trial, is approved for treat-
ment of hyperphenylaninemia at a recommended dose of 10 
mg/kg/day. BH4 exerts vasodilating effects through enhanced 
NO synthesis and may decrease BP.44 We chose doses in the 
range previously used in studies of chronic BH4 supplemen-
tation in patients with hypercholesterolemia (400 mg BID45) 
or ischemic heart disease (400–700 mg QD46) to achieve daily 
averages of 5 mg/kg. These doses were deemed safe to avoid 
excessive BP decrease in CADASIL patients, who frequently 

Table 1. Baseline Characteristics

Sapropterin,  
n=32

Placebo,  
n=29

Male sex 15 (47%) 18 (62%)

Age, y 46 (8) 45 (9)

Body mass index, kg/m2 27 (4) 28 (5)

Systolic blood pressure, mm Hg* 118 (10) 124 (15)

Diastolic blood pressure, mm Hg* 77 (10) 80 (10)

Heart rate, bpm 70 (10) 67 (10)

Neurological history

  Migraine 7 (22%) 10 (35%)

  Epilepsy 1 (3%) 5 (17%)

  Psychiatric disturbances 5 (17%) 6 (22%)

  Vision disturbances … 4 (14)

  Gait disturbances 6 (19%) 7 ((24%)

  Previous stroke 7 (22%) 9 (31%)

  Number of strokes* 2.3 (1.5) 2.4 (1.6)

  Previous TIA 5 (16%) 12 (41%)

  Number of TIAs* 2.2 (1.8) 2.6 (2.8)

  Previous TIA and stroke 12 (37%) 18 (62%)

  Years since symptom onset* 7 (9) 7 (7)

  Age at symptom onset 37 (12) 37 (10)

  Cardiovascular risk factors (≥1) 16 (50%) 17 (59%)

  Current smoker 8 (25%) 8 (28%)

  Hypertension 3 (10%) 8 (28%)

  Hypercholesterolemia 8 (25%) 9 (31%)

  Diabetes mellitus … 2 (7%)

Biochemistry

  Total cholesterol (mmol/L)* 5.22 (0.83) 4.96 (0.90)

  HDL-cholesterol (mmol/L)* 1.40 (0.34) 1.34 (0.41)

  LDL-cholesterol (mmol/L)* 3.20 (0.80) 3.00 (0.93)

  Triglycerides (mmol/L)* 1.29 (0.67) 1.17 (0.53)

  Fasting glucose (mmol/L)* 4.55 (0.66) 4.93 (0.77)

  Creatinine (mmol/L)* 71.3 (13.2) 73.9 (17.6)

Drug treatment

  Antiplatelet agents 23 (72%) 23 (79%)

  Statins 4 (12%) 8 (28%)

  Calcium channel blockers 7 (22%) 4 (14%)

  RAS inhibitors 6 (19%) 6 (21%)

  Any drug active on endothelial  
function†

13 (41%) 11 (38%)

  Antiepilepsy agents 2 (6%) 6 (21%)

  Antidepressants 3 (9%) 3 (10%)

Neurological status and disability scales

  mNIHSS >1 4 (12%) 4 (14%)

  Barthel index ≤80 1 (3%) 2 (7%)

  mRs >1 (disabled) 4 (12%) 4 (14%)

HDL indicates high-density lipoprotein; LDL, low-density lipoprotein; mNIHSS, 
modified National Institute of Health Stroke Scale; mRS, modified Rankin scale; 
RAS, renin–angiotensin-system; and TIA, transient ischemic attack.

*Non-normal distribution. †composite of calcium channel blocker, RAS-
inhibitor or statin.

Table 2. Primary Efficacy End Point in the Intention-to-Treat 
and Per Protocol Populations

Baseline
End of  
Study

Between-Group  
Differences vs 

Placebo (95% CI) P Value

Intention-to-treat 
population

0.19 (−0.18, 0.56) 0.914

  Sapropterin, n=32 2.13 (0.63) 2.16 (0.70)

  Placebo, n=29 2.01 (0.56) 1.85 (0.47)

Per-protocol population 0.25 (−0.19, 0.70) 0.798

  Sapropterin, n=29 2.11 (0.65) 2.12 (0.72)

  Placebo, n=21 2.01 (0.60) 1.76 (0.41)

P values are for Wilcoxon rank sum test to compare changes from baseline. 
CI indicates confidence interval.

Table 3. Proportion of Patients With Worsened Neurological 
Status and Disability Scales

mNIHSS
Barthel  
Index mRS

Intention-to-treat population

  Sapropterin, n=32 3 (10) 3 (9) 7 (22)

  Placebo, n=29 4 (14) 2 (7) 4 (14)

  P value 0.925 1.000 0.627

Per-protocol population

  Sapropterin, n=29 2 (7) 2 (7) 6 (21)

  Placebo, n=21 4 (19) 2 (10) 3 (14)

  P value 0.223 1.000 0.716

mNIHSS indicates modified National Institute of Health Stroke Scale; and 
mRS, modified Rankin scale.
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show relative hypotension47; reduction of already low average 
BP levels could contribute to decreased cerebral blood flow, 
further white matter damage, and potential cognitive deteriora-
tion. At this dose, sapropterin was remarkably safe, with no 
excess adverse events nor unfavorable BP changes. In fact, 
although BP values of ≥130 mm Hg were found in 38% of our 
patients at baseline, average levels in our CADASIL patients 
(121±13 mm Hg) were lower than the means reported in other 
chronic sapropterin trials in healthy hypercholesterolemic sub-
jects (129.5±8.5 mm Hg)45 or ischemic heart disease patients 
before coronary artery bypass grafting (>132 mm Hg).46 A dose 
up–titration schedule based on BP response to a 5 mg/kg chal-
lenge might have allowed to safely reach 10 mg/kg averages 
and to evidence the potential benefit of higher doses.

Also, a ceiling effect might have occurred; although one-
third of our CADASIL patients showed definite ED, overall 
baseline RH-PAT values were higher than expected. Actually 
among patients with ≥1 CV risk factors, average baseline 
RH-PAT was 1.89±0.45 and post-treatment RH-PAT was sig-
nificantly higher on sapropterin (2.22±0.82) than on placebo 
(1.77±0.44; P=0.037). The inclusion of patients with more 
advanced disease might have led to evidence of benefit.

Lack of efficacy might also be because of aspects of BH4 
pharmacokinetics and pharmacodynamic that are currently 
incompletely appreciated. BH4 is easily oxidized, thermo and 
photo labile, and poorly diffusible through the cell membrane. 
Although sapropterin has overcome many of these problems, 
for example, through the incorporation of ascorbic acid as 

excipient to prevent autoxidation, bioavailability with chronic 
administration might still have been limited. The ultimate 
intent of oral supplementation is the elevation of BH4 within 
endothelial cells. However, the determinants of intracellular 
BH4 concentration are complex16,37 and include the anabolism, 
catabolism, and recycling of BH4 by dihydrofolate reductase, 
the enzyme that regenerates BH4 from BH2 inside cells. 
Whether dihydrofolate reductase activity is preserved in the 
endothelium of diseased blood vessels is poorly understood.

Treatment duration, the longest to date reported in pub-
lished CV studies of oral BH4 supplementation, that ranged 
from 1 to 8 weeks,45,46,48 might represent another factor in lack 
of efficacy. Chronic BH4 administration has been suggested 
to determine accumulation of BH2 in endothelial cells, with 
competitive replacement of eNOS-bound BH4, eNOS uncou-
pling, and diminished BH4 efficacy.48

Study Limitations
Our study has certain limitations. Although the trial cohort 
was relatively large for a rare disease, such as CADASIL, the 
study population was, as a result of the eligibility criteria, rela-
tively young and too small to investigate clinical progression.2 
However, we planned the study and sample size to assess a 
surrogate end point, endothelial function, validated in other 
CV diseases. Long-term assessment of the effect of endothe-
lial function on the incidence and timing of new cerebrovas-
cular events in preclinical or mildly symptomatic patients may 
be useful to target treatments, but enrollment in prospective 
clinical trials of large populations with rare diseases, such as 
CADASIL, remains a major challenge.3

We did not evaluate the effect of sapropoterin on cogni-
tive function, a main and common source of disability in 
CADASIL. However, no association of vasoreactivity with 
cognitive performance has been previously reported.35

The sensitivity to treatment effects of PAT has been vali-
dated in CV disease but not in CADASIL; however, there is no 

Table 5. Number of Patients With Adverse Events After 
Treatment Start

Sapropterin  
(n=32), n (%)

Placebo  
(n=29), n (%) P Value

Patients who reported adverse events

  No 16 (50.0) 15 (51.7)

  Yes 16 (50.0) 14 (48.3) 1.000

  1 3 (9.4) 2 (6.9)

  2 6 (18.7) 6 (20.7)

  ≥3 7 (21.9) 6 (20.7)

Patients who reported serious adverse events

  No 30 (93.7) 25 (86.2)

  Yes 2 (6.3) 4 (13.8) 0.410

  1 1 (3.1) 3 (10.3)

  2 0 1 (3.5)

  ≥3 1 (3.1) 0

Patients who reported ischemic cerebral infarction

  No 31 (96.9) 28 (96.5)

  Yes 1 (3.1) 1 (3.5) 1.000

Table 4. Multivariable Analysis of Factors Associated to 
Improved RH-PAT at End of Study

RH-PAT Stable/Worsened Improved OR 95% CI

Covariate n=41 (67%) n=20 (33%)

  Age at baseline  
(years)

47 (39–52) 46 (41–48) 0.972 (0.896, 1.053)

Sex

  Male 23 (56) 10 (50) 1 (ref.) …

  Female 18 (44) 10 (50) 1.362 (0.410, 4.527)

  Duration of 
symptoms

3 (0–9) 5 (1–12) 1.014 (0.946, 1.087)

Cardiovascular risk factors

  0 19 (46) 9 (45) 1 (ref.) …

  ≥1 22 (54) 11 (55) 1.023 (0.305, 3.437)

Cerebrovascular events

  0 21 (51) 10 (50) 1 (ref.) …

  ≥1 20 (49) 10 (50) 1.293 (0.358, 4.674)

Any drug active on endothelial function*

  0 26 (63) 11 (55) 1 (ref.) …

  ≥1 15 (37) 9 (45) 1.679 (0.460, 6.120)

Treatment arm

  Placebo 21 (51) 8 (40) 1 (ref.) …

  Sapropterin 20 (49) 12 (60) 1.757 (0.547, 5.649)

Odds ratios (OR) from multivariate logistic regression of improved RH-PAT 
at end of study and corresponding 95% confidence intervals (CI), including 
terms for all covariates shown. RH-PAT indicates reactive hyperemia index by 
peripheral arterial tonometry.
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intervention for CADASIL against which it could have been 
validated.

Many patients were taking ≥1 drug known to improve endo-
thelial function. Statins alone have significant beneficial direct 
effects on BH4 bioavailability through upregulation of guano-
sine triphosphate cyclohydrolase-1 (the rate-limiting enzyme 
in BH4 synthesis) expression and activity. Calcium channel 
blockers or rennin–angiotensin system inhibitors also have 
vessel wall-protective and antioxidant properties. Although 
drug distribution was balanced across treatment arms at base-
line, after 24 months, more subjects who completed the study 
were on vasoprotective drugs in the placebo arm (44%) than 
in the active treatment group (34%). It has been suggested46 
that patients naïve to vasoprotective drugs may have greater 
eNOS reserve, hence, show greater improvement in endothe-
lium-dependent vasodilation with sapropterin than subjects 
who already take such therapies. Among our patients who took 
drugs active on endothelial function, after 24 months, RH-PAT 
was higher on sapropoterin than on placebo (2.28 [0.99] versus 
1.73 [0.42], P=0.082, respectively). The proportion of patients 
with ED at the end of study was double in the placebo arm. This 
finding suggests that, even in patients on antioxidant drugs, a 
progressive deterioration of endothelial function occurred on 
placebo that might be delayed by sapropterin.

The last-observation–carried forward method used to impute 
missing values for the ITT population may introduce bias; 
however, the findings were replicated both using a different 
method to account for missing values and in the PP population.

Clinical Implications
CADASIL has been considered a model of sporadic small ves-
sel disease (SVD), with a common specific pattern of progres-
sive vascular cognitive impairment.49,50

SVD is strongly associated with aging, diabetes melli-
tus, and hypertension, a cumulative risk factor burden that 
strongly affects endothelial function. The theoretical benefits 
of improved NO bioavailibility in SVD are supported by the 
efficacy of NO modulators in secondary stroke prevention tri-
als.51,52 Tolerability of agents with vasodilating properties in 
SVD patients is suggested by findings of the SPS3 trial,53 where 
achievement of lower target BP was associated with significant 
reductions in intracerebral hemorrhage, stroke, and few serious 
side effects. Sapropterin, a NO modulator, was well tolerated 
at low doses in our CADASIL population with normal–low 
BP values. Because of the prevalence and effect of SVD, with 
which CADASIL shares structural microvascular damage, the 
exploration of the potential benefits of sapropterin over and 
above current vasoprotective drugs, with appropriate dose- 
finding designs, may be warranted and safe in SVD patients 
with borderline or high-normal BP.

Conclusions
In this phase II–randomized, double-blind, placebo-controlled 
trial, sapropterin, an analog of BH4 that increases NO bio-
availability, was not effective on endothelium-dependent 
vasodilation. Sapropterin was safe and well-tolerated at the 
average dose of 5 mg/kg/day.

The finding of worsening endothelium-dependent vasodila-
tion over 2 years during placebo treatment warrants further 

investigation of the relation of endothelial function to disease 
progression in CADASIL patients.
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“La Sapienza”).

Siena: Antonio Federico, Maria Laura Stromillo, Maria Teresa 
Dotti, Nicola De Stefano (Department of Medicine, Surgery and 
Neurosciences, University of Siena).

Florence: Domenico Inzitari, Raffaella Valenti (NEUROFARBA 
Department, Neuroscience Section, University of Florence); 
Francesca Pescini, Leonardo Pantoni (Stroke Unit and Neurology, 
Azienda Ospedaliero Universitaria Careggi).

Sources of Funding
The study was funded by the Italian Medicines Agency, grant 
FARM659PTX. The funding source had no role in the study design, 
conduct, and reporting. Sapropterin was provided by the manufactur-
er (BioMarin Pharmaceutical Inc. Novato, CA) through the European 
distributor (Merck Serono, Darmstadt Germany). The coordinating 
center, CNR Institute of Clinical Physiology, Milan, was responsible 
for operational aspects of the trial and logistics of drug supply. Data 
were stored and analyzed, according to the approved statistical analy-
sis plan, by IRCCS Istituto di Ricerche Farmacologiche Mario Negri, 
Milan. The authors had unrestricted access to the derived data set and 
assume full responsibility for the completeness, integrity, and inter-
pretation of the data, as well as writing of the study report and the 
decision to submit for publication.

Disclosures
Dr Pantoni is Section editor for Stroke and Editorial Board member for 
Acta Neurologica Scandinavica and Cerebrovascular Diseases. The other 
authors disclose no conflict of interest.

References
 1. Chabriat H, Joutel A, Dichgans M, Tournier-Lasserve E, Bousser MG. 

Cadasil. Lancet Neurol. 2009;8:643–653.
 2. Opherk C, Peters N, Herzog J, Luedtke R, Dichgans M. Long-term prog-

nosis and causes of death in CADASIL: a retrospective study in 411 
patients. Brain. 2004;127(pt 11):2533–2539.

 3. Peters N, Herzog J, Opherk C, Dichgans M. A two-year clinical follow-
up study in 80 CADASIL subjects: progression patterns and implications 
for clinical trials. Stroke. 2004;35:1603–1608.

 4. Sabbadini G, Francia A, Calandriello L, Di Biasi C, Trasimeni G, Gualdi 
GF, et al. Cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leucoencephalopathy (CADASIL). Clinical, neuroimaging, 
pathological and genetic study of a large Italian family. Brain. 1995;118 
(pt 1):207–215.

 5. Bianchi S, Scali O, Dotti MT, Pantoni L, Parnetti L, Inzitari D, et al. Gene 
symbol: NOTCH3. Disease: CADASIL. Hum Genet. 2005;118:534.

 6. Ayata C. CADASIL: experimental insights from animal models. Stroke. 
2010;41(10 suppl):S129–S134.

 by guest on September 25, 2014http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


2966  Stroke  October 2014

 7. van den Boom R, Lesnik Oberstein SA, Spilt A, Behloul F, Ferrari MD, 
Haan J, et al. Cerebral hemodynamics and white matter hyperintensities 
in CADASIL. J Cereb Blood Flow Metab. 2003;23:599–604.

 8. Tuominen S, Miao Q, Kurki T, Tuisku S, Pöyhönen M, Kalimo H, et al. 
Positron emission tomography examination of cerebral blood flow and glu-
cose metabolism in young CADASIL patients. Stroke. 2004;35:1063–1067.

 9. Ruchoux MM, Chabriat H, Bousser MG, Baudrimont M, Tournier-
Lasserve E. Presence of ultrastructural arterial lesions in muscle and skin 
vessels of patients with CADASIL. Stroke. 1994;25:2291–2292.

 10. Ruchoux MM, Maurage CA. Endothelial changes in muscle and skin 
biopsies in patients with CADASIL. Neuropathol Appl Neurobiol. 
1998;24:60–65.

 11. Hall CN, Reynell C, Gesslein B, Hamilton NB, Mishra A, Sutherland 
BA, et al. Capillary pericytes regulate cerebral blood flow in health and 
disease. Nature. 2014;508:55–60.

 12. Dziewulska D, Lewandowska E. Pericytes as a new target for pathologi-
cal processes in CADASIL. Neuropathology. 2012;32:515–521.

 13. Katusic ZS, Austin SA. Endothelial nitric oxide: protector of a healthy 
mind. Eur Heart J. 2014;35:888–894.

 14. Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in 
health and disease. Physiol Rev. 2007;87:315–424.

 15. Alp NJ, Channon KM. Regulation of endothelial nitric oxide synthase by 
tetrahydrobiopterin in vascular disease. Arterioscler Thromb Vasc Biol. 
2004;24:413–420.

 16. Moens AL, Kietadisorn R, Lin JY, Kass D. Targeting endothelial and 
myocardial dysfunction with tetrahydrobiopterin. J Mol Cell Cardiol. 
2011;51:559–563.

 17. Miller AA, Budzyn K, Sobey CG. Vascular dysfunction in cerebrovascu-
lar disease: mechanisms and therapeutic intervention. Clin Sci (Lond). 
2010;119:1–17.

 18. Joannides R, Haefeli WE, Linder L, Richard V, Bakkali EH, Thuillez C, 
et al. Nitric oxide is responsible for flow-dependent dilatation of human 
peripheral conduit arteries in vivo. Circulation. 1995;91:1314–1319.

 19. Nohria A, Gerhard-Herman M, Creager MA, Hurley S, Mitra D, Ganz P. 
Role of nitric oxide in the regulation of digital pulse volume amplitude 
in humans. J Appl Physiol (1985). 2006;101:545–548.

 20. Kim JS, Lee HS, Park HY, Kim SS, Kang HG, Kim NH, et al. 
Endothelial function in lacunar infarction: a comparison of lacunar 
infarction, cerebral atherosclerosis and control group. Cerebrovasc Dis. 
2009;28:166–170.

 21. Chabriat H, Pappata S, Ostergaard L, Clark CA, Pachot-Clouard M, 
Vahedi K, et al. Cerebral hemodynamics in CADASIL before and after 
acetazolamide challenge assessed with MRI bolus tracking. Stroke. 
2000;31:1904–1912.

 22. Pfefferkorn T, von Stuckrad-Barre S, Herzog J, Gasser T, Hamann GF, 
Dichgans M. Reduced cerebrovascular CO(2) reactivity in CADASIL: a 
transcranial Doppler sonography study. Stroke. 2001;32:17–21.

 23. Rufa A, Blardi P, De Lalla A, Cevenini G, De Stefano N, Zicari E, et 
al. Plasma levels of asymmetric dimethylarginine in cerebral autosomal 
dominant arteriopathy with subcortical infarct and leukoencephalopathy. 
Cerebrovasc Dis. 2008;26:636–640.

 24. Stenborg A, Kalimo H, Viitanen M, Terent A, Lind L. Impaired endothe-
lial function of forearm resistance arteries in CADASIL patients. Stroke. 
2007;38:2692–2697.

 25. Peters N, Freilinger T, Opherk C, Pfefferkorn T, Dichgans M. Enhanced 
L-arginine-induced vasoreactivity suggests endothelial dysfunction in 
CADASIL. J Neurol. 2008;255:1203–1208.

 26. Gobron C, Vahedi K, Vicaut E, Stucker O, Laemmel E, Baudry N, et 
al. Characteristic features of in vivo skin microvascular reactivity in 
CADASIL. J Cereb Blood Flow Metab. 2007;27:250–257.

 27. Hamburg NM, Benjamin EJ. Assessment of endothelial function using 
digital pulse amplitude tonometry. Trends Cardiovasc Med. 2009;19:6–11.

 28. Kuvin JT, Mammen A, Mooney P, Alsheikh-Ali AA, Karas RH. 
Assessment of peripheral vascular endothelial function in the ambula-
tory setting. Vasc Med. 2007;12:13–16.

 29. Matsuzawa Y, Sugiyama S, Sumida H, Sugamura K, Nozaki T, Ohba 
K, et al. Peripheral endothelial function and cardiovascular events in 
high-risk patients. J Am Heart Assoc. 2013;25:e000426. doi: 10.1161/
JAHA.113.000426.

 30. Scherbakov N, Sandek A, Martens-Lobenhoffer J, Kung T, Turhan G, 
Liman T, et al. Endothelial dysfunction of the peripheral vascular bed in 
the acute phase after ischemic stroke. Cerebrovasc Dis. 2012;33:37–46.

 31. Bergström A, Staalsø JM, Romner B, Olsen NV. Impaired endothelial 
function after aneurysmal subarachnoid haemorrhage correlates with 
arginine:asymmetric dimethylarginine ratio. Br J Anaesth. 2014;112:311–318.

 32. Hughes CG, Morandi A, Girard TD, Riedel B, Thompson JL, Shintani 
AK, et al. Association between endothelial dysfunction and acute brain 
dysfunction during critical illness. Anesthesiology. 2013;118:631–639.

 33. Matsubara J, Sugiyama S, Akiyama E, Iwashita S, Kurokawa H, Ohba K, 
et al. Dipeptidyl peptidase-4 inhibitor, sitagliptin, improves endothelial 
dysfunction in association with its anti-inflammatory effects in patients 
with coronary artery disease and uncontrolled diabetes. Circ J. 2013;77: 
1337–1344.

 34. Kitano D, Chiku M, Li Y, Okumura Y, Fukamachi D, Takayama T, et al. 
Miglitol improves postprandial endothelial dysfunction in patients with 
acute coronary syndrome and new-onset postprandial hyperglycemia. 
Cardiovasc Diabetol. 2013;12:92.

 35. Fujiwara Y, Mizuno T, Okuyama C, Nagakane Y, Watanabe-Hosomi A, 
Kondo M, et al. Simultaneous impairment of intracranial and peripheral 
artery vasoreactivity in CADASIL patients. Cerebrovasc Dis. 2012;33: 
128–134.

 36. Katusic ZS, d’Uscio LV, Nath KA. Vascular protection by tetrahydro-
biopterin: progress and therapeutic prospects. Trends Pharmacol Sci. 
2009;30:48–54.

 37. Campolo J, De Maria R, Frontali M, Taroni F, Inzitari D, Federico A, 
et al. Impaired vasoreactivity in mildly disabled CADASIL patients.  
J Neurol Neurosurg Psychiatry. 2012;83:268–274.

 38. Selamet Tierney ES, Newburger JW, Gauvreau K, Geva J, Coogan E, 
Colan SD, et al. Endothelial pulse amplitude testing: feasibility and 
reproducibility in adolescents. J Pediatr. 2009;154:901–905.

 39. Pescini F, Cesari F, Giusti B, Sarti C, Zicari E, Bianchi S, et al. Bone 
marrow-derived progenitor cells in cerebral autosomal dominant arte-
riopathy with subcortical infarcts and leukoencephalopathy. Stroke. 
2010;41:218–223.

 40. Pantoni L, Pescini F, Nannucci S, Sarti C, Bianchi S, Dotti MT, et al. 
Comparison of clinical, familial, and MRI features of CADASIL and 
NOTCH3-negative patients. Neurology. 2010;74:57–63.

 41. Faraci FM. Protecting against vascular disease in brain. Am J Physiol 
Heart Circ Physiol. 2011;300:H1566–H1582.

 42. Singhal S, Bevan S, Barrick T, Rich P, Markus HS. The influence of 
genetic and cardiovascular risk factors on the CADASIL phenotype. 
Brain. 2004;127(pt 9):2031–2038.

 43. Adib-Samii P, Brice G, Martin RJ, Markus HS. Clinical spectrum of 
CADASIL and the effect of cardiovascular risk factors on phenotype: study 
in 200 consecutively recruited individuals. Stroke. 2010;41:630–634.

 44. Porkert M, Sher S, Reddy U, Cheema F, Niessner C, Kolm P, et al. 
Tetrahydrobiopterin: a novel antihypertensive therapy. J Hum Hypertens. 
2008;22:401–407.

 45. Cosentino F, Hürlimann D, Delli Gatti C, Chenevard R, Blau N, Alp 
NJ, et al. Chronic treatment with tetrahydrobiopterin reverses endothe-
lial dysfunction and oxidative stress in hypercholesterolaemia. Heart. 
2008;94:487–492.

 46. Cunnington C, Van Assche T, Shirodaria C, Kylintireas I, Lindsay AC, 
Lee JM, et al. Systemic and vascular oxidation limits the efficacy of oral 
tetrahydrobiopterin treatment in patients with coronary artery disease. 
Circulation. 2012;125:1356–1366.

 47. Rufa A, Dotti MT, Franchi M, Stromillo ML, Cevenini G, Bianchi S, 
et al. Systemic blood pressure profile in cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy. Stroke. 
2005;36:2554–2558.

 48. Kietadisorn R, Juni RP, Moens AL. Tackling endothelial dysfunction 
by modulating NOS uncoupling: new insights into its pathogenesis and 
therapeutic possibilities. Am J Physiol Endocrinol Metab. 2012;302: 
E481–E495.

 49. Charlton RA, Morris RG, Nitkunan A, Markus HS. The cognitive 
profiles of CADASIL and sporadic small vessel disease. Neurology. 
2006;66:1523–1526.

 50. Pantoni L. Cerebral small vessel disease: from pathogenesis and clini-
cal characteristics to therapeutic challenges. Lancet Neurol. 2010;9: 
689–701.

 51. Kamal AK, Naqvi I, Husain MR, Khealani BA. Cilostazol versus aspirin 
for secondary prevention of vascular events after stroke of arterial origin. 
Cochrane Database Syst Rev. 2011;CD008076.

 52. Amarenco P, Benavente O, Goldstein LB, Callahan A III, Sillesen H, 
Hennerici MG, et al; Stroke Prevention by Aggressive Reduction in 
Cholesterol Levels Investigators. Results of the Stroke Prevention by 
Aggressive Reduction in Cholesterol Levels (SPARCL) trial by stroke 
subtypes. Stroke. 2009;40:1405–1409.

 53. SPS3 Study Group. Blood-pressure targets in patients with recent lacu-
nar stroke: the SPS3 randomised trial. Lancet. 2013;382:507–515.

 by guest on September 25, 2014http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


Supplemental Material 

Table I Distribution of adverse events affecting >5% of patients
Sapropterin

 (n=18)
Placebo 
(n=16)

Transient Neurologic deficit 6 6
Headache 3 4
Migraine 2 4
Depressive symptoms 3 -
Ischemic cerebral infarction 2 2
Near fainiting 2 -


