Acute oral tetrahydrobiopterin administration ameliorates
endothelial dysfunction in systemic sclerosis
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ABSTRACT

Objective. Systemic sclerosis (SSc) is a
rare, autoimmune disease characterised
by endothelial dysfunction, which is as-
sociated with peripheral vasculopathy,
such as digital ulcers (DU). We sought
to determine if acute oral administra-
tion of tetrahydrobiopterin (BH,), an
essential cofactor for endothelial nitric
oxide synthase, would augment endo-
thelial function in patients with SSc.
Methods. Tivelve SSc patients, of whom
a majority had a history of DU, were
studied 5 hours after oral BH, admin-
istration (10 mg/kg body mass) or pla-
cebo on separate days using controlled,
counterbalanced, double-blind, crosso-
ver experimental design.

Results. There were no differences in
blood markers of oxidative stress and
brachial artery blood pressure, diam-
eter, blood velocity, shear rate, or blood
flow at rest between placebo and BH,
(p>0.05). Whereas, after a 5 minute su-
prasystolic forearm cuff occlusion, bra-
chial artery peak reactive hyperaemia
(placebo: 313+30 vs. BH,: 347+37 ml/
min, p<0.05) and flow-mediated dila-
tion (FMD) (placebo: 3.0+0.8 vs. BH,:
4.840.8%, p<0.05) were significantly
higher after acute BH, administration,
indicating an improvement in endothe-
lial function. To determine if the vasodi-
latory effects of BH, were specific to the
vascular endothelium, brachial artery
blood flow and vasodilation in response
to sublingual nitroglycerin were as-
sessed, and were found to be unaffected
by BH, (p>0.05).

Conclusion. These findings indicate
that acute BH, administration amelio-
rates endothelial dysfunction in patients
with SSc. Given that endothelial dys-
function is known to be associated with
DU in SSc patients, this study provides a
proof-of-concept for the potential thera-
peutic benefits of BH, in the prevention
or treatment of DU in this population.

Introduction

Systemic sclerosis (SSc, scleroderma)
is a rare multi-organ, autoimmune dis-
ease that results in progressive fibrosis
and vasculopathy (1). Despite consid-
erable heterogeneity in organ involve-
ment, it is well accepted that vascular
abnormalities are present in nearly all
patients and that eventual vascular in-
jury may lead to fibro-proliferative
vasculopathy and tissue fibrosis in SSc
(2). A recent meta-analysis has report-
ed impaired vascular endothelial func-
tion in patients with SSc using the en-
dothelium-dependent, flow-mediated
dilation (FMD) technique, which is the
gold standard, non-invasive method for
quantifying nitric oxide (NO) bioavail-
ability (3). Silva et al. recently reported
that FMD and other biomarkers of en-
dothelial dysfunction are predictive of
digital ulcers (DU) (4, 5). Our work
supports that endothelial dysfunction
in SSc, measured by FMD, is associ-
ated with peripheral vasculopathy (i.e.,
DU) (6). Taken together, these stud-
ies imply that the link between a dys-
functional endothelium and peripheral
vasculopathy in SSc can be effectively
measured.

An insufficient endothelial bioavaila-
bility of tetrahydrobiopterin (BH,) may
be partly responsible for endothelial
dysfunction in SSc. BH, is an essential
cofactor for endothelial NO synthase
(eNOS) that is critical for maintaining
NO bioavailability in the vascular en-
dothelium (7, 8). When the endothelial
concentration of BH, is insufficient,
eNOS becomes “uncoupled” and pro-
duces superoxide, rather than NO, re-
sulting in elevated oxidative stress and
lower NO bioavailability (9). We have
recently reported that elevated oxida-
tive stress in SSc patients is accompa-
nied by endothelial dysfunction (10).
Therefore, if the primary event in SSc
vascular abnormalities is endothelial
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dysfunction due to lower NO bioavail-
ability as a result of insufficient BH,,
with the subsequent development of
fibro-proliferative vasculopathy and
tissue fibrosis, then improving NO bio-
availability may have a preventative
or therapeutic role (2). Therefore, we
sought to examine vascular endothelial
function after acute oral BH, admin-
istration in SSc patients. We hypoth-
esised that, compared to placebo, acute
BH, administration would augment
vascular endothelial function in pa-
tients with SSc.

Materials and methods

Study participants

Twelve patients with SSc were re-
cruited from the University of Utah
SSc Clinic to participate in this study.
Patients were previously diagnosed
with SSc, by 2013 classification crite-
ria (11), and given that we previously
have reported a link between endothe-
lial function and DU, there was an ef-
fort to recruit patients with a history
of DU. All procedures were approved
by the institutional review board of
the University of Utah and Salt Lake
City VAMC, which serves as the ethics
committee. Written informed consent
was obtained prior to participation af-
ter an explanation of the nature, ben-
efits, and risks of the study.

Participant characteristics

Body mass index (BMI) was calculated
from height and body mass. Clinical
features of patients with SSc were re-
corded for modified Rodnan skin score
(mRSS), cardiovascular-acting medica-
tions, SSc and Raynaud’s phenomenon
(RP) duration, history of SSc-related
vasculopathy including pulmonary ar-
terial hypertension, scleroderma renal
crisis, and/or DU, antinuclear antibody,
and SSc-specific antibody status. None
of the participants had diabetes melli-
tus or met criteria for another overlap-
ping inflammatory rheumatic disease.

Experimental design

A controlled, counter-balanced, double-
blind, crossover experimental design
with two conditions, BH, and placebo,
was employed. There was a washout
period of at least 5 days before crossing
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over into the alternate condition. On the
experimental days, patients reported to
the laboratory after having consumed
a standardised breakfast and oral BH,
(10mg/kg) or placebo five hours prior
to their arrival. All measurements were
taken at the same time of day to elimi-
nate any diurnal effects. All partici-
pants abstained from alcohol, caffeine,
and exercise for =12 hours prior to the
study. Additionally, vasodilatory medi-
cations were discontinued 12 hours
prior to study visit. In premenopausal
women, measurements were performed
during the early follicular phase of the
menstrual cycle. All measurements
were made under quiet, comfortable,
ambient (~22°C) laboratory conditions.

Blood pressure

Brachial arterial blood pressure meas-
urements were made with a semi-auto-
mated blood pressure device (Tango+,
SunTech, Morrisville, NC) in triplicate
after 5 min in the upright seated posi-
tion (12) and after 10 min in the supine
position (10).

Flow-mediated dilation

Endothelium-dependent dilation was
assessed noninvasively with the FMD
technique using a 5-min suprasystolic
occlusion period, as described previ-
ously (13) and in accordance with re-
cently published guidelines (14). Brief-
ly, a blood pressure cuff was placed on
the right arm, distal to the ultrasound
Doppler probe. The same investigator
was used for all FMD measurements.
Simultaneous measurements of bra-
chial artery vessel diameter and blood
velocity were performed using a linear
array transducer operating in duplex
mode, with imaging frequency of 14
MHz and Doppler frequency of 5 MHz
(Logic 7, GE Medical Systems, Mil-
waukee, WI). All measurements were
obtained with the probe appropriately
positioned to maintain an insonation
angle of <60°. The sample volume was
maximised according to vessel size and
was centered within the vessel on the
basis of real-time ultrasound visualisa-
tion. The brachial artery was insonated
approximately midway between the
antecubital and axillary regions, and
measurements of diameter and blood

velocity were obtained continuously at
rest and for 2 minutes after cuff defla-
tion. End-diastolic, ECG R-wave-gated
images were collected via video output
from the Logic 7 for off-line analysis of
brachial artery vasodilation using auto-
mated edge-detection software (Medi-
cal Imaging Application, Coralville,
IA). Heart rate was monitored from a
standard 3-lead ECG. FMD was quan-
tified as the maximal change in bra-
chial artery diameter after cuff release.
FMD is expressed as a percent increase
in diameter from rest. Shear rate was
calculated according to the equation:
shear rate (s!) = blood velocity - 8/ves-
sel diameter. Forearm blood flow was
calculated as per the equation: forearm
blood flow (ml/min) = (blood velocity
- v - [vessel diameter/2]? - 60). Cumu-
lative shear rate (area under the curve,
AUC) at the time of peak brachial ar-
tery vasodilation was determined using
the trapezoidal rule, as described previ-
ously (15). The same blinded investi-
gator (DRM) performed and analysed
FMD measurements in all patients.

Endothelium-independent dilation
When not contraindicated due to medi-
cation usage, endothelium-independent
dilation (EID) was assessed non-inva-
sively by sublingual nitroglycerin (0.8
mg) in a subset of patients (n=5). EID
was determined =60 min after FMD
measurement with the brachial artery
insonated in the same position as dur-
ing FMD measurement. Measurements
of diameter and blood velocity were
obtained continuously at rest and for
5 min after administration of sublin-
gual nitroglycerin. EID was quantified
as the maximal change in brachial ar-
tery diameter, expressed as a percent
increase in diameter from rest. The
same investigator (DRM) performed
and analysed EID measurements in all
patients.

Oxidative stress, antioxidant

capacity, and inflammation assays
Blood samples were obtained from
the antecubital vein in patients with
SSc. Serum and plasma samples were
stored at -80°C until analysis. Oxida-
tive stress was assessed by quantifying
plasma malondialdehyde (MDA) (Oxis
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Table I. Subject characteristics.

Tetrahydrobiopterin in systemic sclerosis / D.R. Machin et al.

Table II. Blood oxidative stress, antioxidant status, and inflammatory markers.

Variables Value Variables Placebo BH,
Women:men, n 9:3 MDA, uM 28 +0.1 29+02
Age, years 62+3 Protein carbonyl, nM/mg 0.17 £ 0.01 0.16 £ 0.01
Height, cm 169+3 SOD, U/mL 107 0.6 11.1+13
Body mass, kg 68.2£2.7  pRAP, nM/L 18+0.1 18202
ill\g’skg/ ™ 22:2 ig:z CAT, nM/min/mL 86 +7 78 + 11
IL-6, pg/mL 1305 14205
Medications, % TNF-a, pg/mL 1.1+02 1302
Calcium channel blockers 11 (92) CRP, mg/L 32407 31+06
Angiotensin II receptor antagonists 0 (0)
ACE inhibitors 0 (0 Values are mean+SEM.
Endothelin receptor antagonists 0 (0 There were no significant differences between placebo and BH, administration.
Phosphodiesterase inhibitors 1 () MDA: malondialdehyde; CAT: catalase; FRAP: ferric reducing ability of plasma; SOD: superoxide
SSc duration, years 84+29 dismutase; CRP: C-reactive protein.
RP duration, years 9.8+3.0

Vasculopathy history, n (%)
Pulmonary arterial hypertension 1 (8)

SSc renal crisis 1 (8)
Digital ulcers 7 (58)
Antibody presence, n (%)
Centromere 7 (58)
RNA polymerase III 1 (8)
SCL70 2 (17)
Fibrillin 2 (17)
RNP 1 (8)

Values are presented as mean + SEM.

BMI: body mass index, mRSS: modified Rodnan
skin score, RP: Raynaud’s phenomenon, SSc:
systemic sclerosis.

Table III. Cardiovascular variables at rest.

Variables Placebo BH,
Heart rate, bpm 68 + 3 68 =3
Systolic blood pressure, mmHg 114 + 3 111 +£5
Diastolic blood pressure, mmHg, 71 =2 69 2
Diameter, mm 379 = 0.20 3.78 £ 0.21
Blood velocity, cm/sec 44 + 06 4504
Shear rate, s™! 95 + 12 100 + 13
Blood flow, ml/min 32 +7 30+3

Values are mean+SEM.

There were no significant differences between placebo and BH, administration.

Research/Percipio Bioscience, Foster
City, CA) and protein carbonyl levels
(Northwest Life Science Specialties,
LLC Vancouver, WA). Endogenous an-
tioxidant capacity, assessed by super-
oxide dismutase (SOD) and catalase
(CAT) activity, were assayed in the
plasma (16) (Cayman Chemical Com-
pany, Ann Arbor, MI). Additionally,
total antioxidant capacity was assessed
by measuring the ferric reducing abili-
ty of plasma (FRAP), using the method
described by Benzie and Strain (17).
Systemic inflammation was assessed
by determining IL-6, TNF-a (18) and
C-reactive protein (CRP) in serum
(R&D Systems, Minneapolis, MN).

Statistical analysis

Power calculations were performed
using G*Power computer software
v. 3 (19). The a-level used for power
analysis was set at 0.05. Sample-size
calculations were based on the number
of patients needed to detect significant
differences in FMD between placebo
and BH, (20, 21). With 12 patients we
had >95% power to detect differences
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in FMD between placebo and BH,.
Statistics were performed using SPSS
software (IBM, Chicago, IL). Paired t-
tests were used to identify significant
changes in measured variables be-
tween placebo and BH,. To determine
if an effect of visit order was present,
the difference in BH, versus place-
bo was calculated and patients were
separated into groups based on order
of conditions. Unpaired r-tests were
used to identify significant changes in
measured variables between ordered
groups. Statistical significance was set
at p<0.05 for all analyses. Data are pre-
sented as mean+SEM.

Results

Clinical characteristics

The clinical characteristics of the
SSc patients are presented in Table I.
Among patients with SSc the dura-
tion of SSc for first non-RP symptom
ranged from 1-36 years. A majority of
the SSc patients (58%) had a history
of DU. There was no effect of BH,
administration on brachial artery sys-
tolic (placebo: 115+4 vs. BH,: 115+4

mmHg, p>0.05) or diastolic (placebo:
7243 vs. BH,: 73£2 mmHg, p>0.05)
blood pressure measured in the casual
seated position. Plasma markers of oxi-
dative stress, antioxidant capacity, and
inflammation were unchanged between
placebo and BH, conditions (p>0.05;
Table II).

Effects of BH, on brachial artery
vascular function

In the supine resting position prior to
cuff occlusion, heart rate and brachial
artery blood pressure, diameter, blood
velocity, shear rate, and blood flow
were unchanged between placebo and
BH, conditions (p>0.05; Table III).
After a 5 minute suprasystolic cuff oc-
clusion, peak reactive hyperaemia and
cumulative shear rate AUC at peak di-
lation were significantly higher after
acute BH, administration (p<0.05; Fig.
1A and 1B). Brachial artery FMD and
FMD normalised to cumulative shear
rate AUC at peak dilation were signifi-
cantly higher after acute BH, adminis-
tration (p<0.05; Fig. 1C). In response
to sublingual nitroglycerin administra-
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tion, there were no differences in peak
brachial artery blood flow (placebo:
31+3 vs. BH,: 30+2%, p>0.05) or EID
(placebo: 26+2 vs. BH,: 26+2 ml/min,
p>0.05) between placebo and BH, con-
ditions. There was no effect of visit or-
der on any measurement (all p>0.05).

Discussion

Our results indicate that acute oral
BH, administration improves endothe-
lial function in patients with SSc. The
main findings are that, compared to
placebo, BH, administration in patients
with SSc augments brachial arterial
post-ischaemic peak reactive hyper-
aemia, cumulative shear rate AUC
at peak dilation, and FMD. Because
the magnitude of FMD is dependent
on its shear stimulus, we normalised
FMD to the cumulative shear rate
AUC at peak dilation. We found that
FMD normalised its shear stimulus
was also augmented after acute BH,
administration, which provides more
evidence that the BH,-related increase
in FMD was due to an improvement
vascular endothelial function. In sup-
port of this, we observed no change in
EID, demonstrating that the effects of
BH, administration were likely to be
specific to the vascular endothelium.
Lastly, we observed no changes in any
blood markers of oxidative stress, an-
tioxidant status, or inflammation after
BH, administration, providing evi-
dence that BH,-related improvements
in FMD were due to elevated BH, bio-
availability and not a change in redox
status. Taken together, these findings
indicate that acute BH, administration
ameliorates endothelial dysfunction in
patients with SSc. Importantly, given
that the majority of patients in this
study had a history of DU, and that en-
dothelial dysfunction is associated with
and predictive of DU (4-6), these find-
ings provide a proof-of-concept for the
therapeutic potential of BH, in preven-
tion and treatment of DU.

The effects of BH, on vascular
function in SSc

In addition to conduit arterial endothe-
lial dysfunction (i.e. impaired FMD),
patients with SSc also have resistance
arterial vasodilatory dysfunction, dem-
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onstrated by an impairment in brachial
artery reactive hyperaemia (6) and ex-
ercise-induced hyperaemia (22). Inter-
estingly, we observed improvements in
post-ischaemic peak reactive hyperae-
mia and cumulative shear rate AUC at
peak dilation after BH, administration
in the present study. However, the BH,-
mediated improvement in peak reactive
hyperaemia was considerably lower
than the magnitude of difference from
healthy controls that we reported previ-
ously (6). Although there is consider-
able debate as to the degree to which
myogenic, neural, or local factors play

a role in the reactive hyperaemic re-
sponse to ischaemia, NO does appear
to marginally impact reactive hyperae-
mia (23-25). Therefore, it is possible
that the slight, but significant increase
in peak reactive hyperaemia after BH,
administration is due to a BH,—medi-
ated improvement in NO bioavailabil-
ity. Moreover, we observed no differ-
ence in blood flow between conditions
during EID measurement. Given that
resistance arterial vasodilation governs
the increase in blood flow through the
brachial artery, these results suggest
that augmented peripheral haemody-
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namics after acute BH, administration
were not likely due to improvements in
resistance arterial EID.

In the present study, we found that
acute oral BH, administration augments
endothelial function in patients with
SSc. This finding was demonstrated by
an improvement in FMD after BH,, and
is in agreement with others that have
reported improved FMD after acute
oral BH, administration in the elderly
(20), smokers (21), and patients with
rheumatoid arthritis (22). Because we
observed a BH,-mediated improvement
in cumulative shear rate AUC at peak
dilation, which is the stimulus for FMD
(26), we normalised FMD to the cumu-
lative shear rate AUC at peak dilation.
We found that FMD normalised to its
shear stimulus was also augmented af-
ter acute BH, administration, indicating
a greater sensitivity of the endothelium
to changes in shear rate. Of note, the
improvement in normalised FMD after
BH, administration in the present study
surpassed the magnitude of impairment
in normalised FMD between patients
with SSc and age- and sex-matched
healthy controls from our previous
study (6), suggesting that acute oral
BH, administration may restore en-
dothelial function in patients with SSc.

Clinical implications of BH, in SSc

In SSc patients, endothelial dysfunc-
tion is associated with and predictive of
DU (4, 6). Thus, in the present study,
there was a concerted effort to recruit
SSc patients with a history of DU, as
we hypothesised they would be more
likely to have endothelial dysfunction
and possess a greater BH,-mediated
improvement in FMD. Although the
entire study population did not have
a history of DU, the majority did, and
the improvements in endothelial func-
tion after acute BH, administration
imply a beneficial effect of BH, in SSc
patients with a history of DU. Whether
endothelial dysfunction is predictive
of DU is largely unexplored, however,
given that a history of DU is a risk fac-
tor for future DU (27), improvements
in endothelial function in patients with
DU history may indicate the therapeu-
tic potential of BH, in prevention of
DU in these patients.
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Our findings show that acute BH,
administration  improves endothe-
lial function in patients with SSc. Of
course, whether improvements in en-
dothelial function can be maintained
with chronic BH, administration in this
population is unknown. Vaudo er al. re-
ported that one week of oral BH, sup-
plementation maintained the improve-
ment in FMD in patients with rheuma-
toid arthritis (28), while others have
shown improvements in endothelial
function after 4-8 weeks of BH, sup-
plementation in hypercholesterolemic
and hypertensive individuals (29, 30).
Of note, no adverse effects of BH, were
found in these studies. Although chron-
ic BH, supplementation studies in pa-
tients with SSc are yet to be completed,
future study is warranted.

There were no effects of acute BH,
administration on blood pressure in
patients with SSc. Although it should
be noted that acute BH, administra-
tion lowers blood pressure in hyper-
tensive individuals (30), hypotensive
effects have not been reported in other
populations (20-22, 30, 31). Thus, the
improvements in endothelial function
after BH, administration appear to be
independent of blood pressure in nor-
motensive individuals. This is impor-
tant because the standard of care for
treatment of SSc- and RP-related resist-
ance arterial vasodilatory dysfunction
are smooth muscle vasodilatory drugs,
which augment blood flow, but also
have hypotensive effects (32). With any
hypotensive drug there is increased risk
of orthostatic intolerance, which under-
scores the importance for any adjunct
therapy to smooth muscle vasodilators
to not affect blood pressure. Therefore,
the lack of a hypotensive effect with
BH, increases its potential for use as
adjunct therapy to smooth muscle vaso-
dilatory drugs in SSc.

Mechanistic insights into improve-

ments in endothelial function with BH,
We have recently shown that vascular
endothelial dysfunction in SSc is ac-
companied by elevated oxidative stress
and attenuated antioxidant capacity
(10). In the present study, we observed
improvements in conduit artery en-
dothelial function and resistance artery

vasodilatory function after acute BH,
administration, yet blood markers of
oxidative stress and antioxidant status
were unaffected by BH, administration.
An insufficient endothelial concen-
tration of BH, results in “uncoupled”
eNOS that no longer produces NO,
but rather produces superoxide (9).
Thus, these vascular improvements are
likely due to BH,-mediated recoupling
of eNOS in endothelial cells, rather
than a change in vascular redox status.
There is no evidence that acute BH,
administration lowers oxidative stress,
however, chronic BH, administration
has been reported to attenuate oxida-
tive damage in hypercholesterolemia
(29). Therefore, while it is possible
that chronic BH, consumption may re-
duce oxidative stress, thereby reducing
the accumulation of oxidative damage,
however, this scenario is unlikely to be
present after acute BH, administration.

Conclusions

In conclusion, our results indicate that
acute oral BH, administration amelio-
rates endothelial dysfunction in pa-
tients with SSc. The improvement in
endothelial function after BH, admin-
istration was likely due to an increase
in endothelial BH, bioavailability, as
we observed no changes in EID or
blood markers of oxidative stress or
inflammation to account for the ob-
served improvements. Considering the
relatively small sample size of 12 SSc
patients in the present study, these find-
ings provide a proof-of-concept for the
therapeutic use of BH, in SSc patients.
Moreover, improvements in endothe-
lial function after BH, administration
occurred in a cohort SSc patients of
whom the majority had a history of
DU, which provides a promising thera-
peutic potential of BH, in prevention
and treatment of DU.
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