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ABSTRACT

BACKGROUND Peripheral artery disease (PAD) is a major public health concern due to its high prevalence, severe
impact on individuals' health and quality of life, and substantial economic burden. Pharmacological interventions are still
limited with numbers needed-to-treat ranging from 6 (cilostazol) to 50 (aspirin, statins, and vorapaxar).

OBJECTIVES This randomized, placebo-controlled, double-blinded crossover interventional trial aims to measure the
effect of L-citrulline and tetrahydrobiopterin (H4Bip) on walking distance in patients with PAD, stratified by plasma levels
of asymmetric dimethyl L-arginine (ADMA), the endogenous inhibitor of endothelial nitric oxide (NO) synthase.

METHODS We measured preinterventional ADMA levels in 51 patients with PAD in Australia and Germany with mean
changes in absolute claudication distance (dACD) as the primary outcome upon orally supplementing the L-arginine
precursor, L-citrulline (3 g) twice daily for 12 weeks, and, in one arm, additionally H4Bip (0.45 g) once per day for a
further 2 weeks.

RESULTS Preinterventional ADMA levels were pathological (>0.4 pM) in 34 patients. Supplementation with L-citrulline
significantly increased the mean plasma levels of both L-citrulline and L-arginine, from 41.8 + 2.7 umol/l to 246.3 + 67.3
pumol/L (P = 0.004) and from 75.2 + 4.2 umol/l to 119.2 + 6.9 umol/L (P < 0.0001) respectively, when compared with
placebo. dACD in % of control was significantly improved by L-citrulline vs placebo (20.11% =+ 4.50% vs 5.73% =+ 2.74%,
respectively; P = 0.011). Further addition of H4Bip increased the mean percentage dACD to 28.15% + 6.84% (P = 0.021),
but only in patients with preinterventional pathological ADMA levels.

CONCLUSIONS L-citrulline and, when ADMA levels are pathological, H4Bip are effective nutritional interventions in
patients with PAD warranting further confirmatory trials. (JACC Adv. 2025;4:101590) © 2025 The Authors. Published by
Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

ACD = absolute claudication
distance

ADMA = asymmetric dimethyl
L-arginine

CIPER = Clitrulline in
PERipheral artery disease

dACD = change in absolute
claudication distance

ETTs = exercise treadmill tests
H.Bip = dihydrobiopterin
H,4Bip = tetrahydrobiopterin
NO = nitric oxide

NOS = nitric oxide synthase
NOXS = NADPH oxidase 5
3-NT = 3-nitrotyrosine

PAD = peripheral artery
disease

ROS = reactive oxygen species

eripheral artery disease (PAD) is the
narrowing or complete occlusion of

the arteries supplying blood to the

lower limbs due to atherosclerosis-
associated plaque formation,' the classifica-
tion of which ranges from compensated
symptomatic PAD to chronic limb-
threatening ischemia. Pain in the leg muscles
during ambulation, that is, intermittent clau-
dication, is the earliest and most common
symptom. Global prevalence of PAD and
associated mortality have increased substan-
tially,” and only approximately 55% of this
disease burden can be attributed to identi-
fied risk factors, with tobacco use, diabetes,
and hypertension being the major contribu-
tors.? Thus, the unmet medical need is high.
Currently, the primary treatment for
intermittent claudication is physical therapy,
that is, physical exercise with intermittent

walking.**> Pharmacologically, the treatment
for PAD aims at reducing plaque formation, that
is, by statins, and preventing atherothrombosis by
combining the antiplatelet acetylsalicylic acid with
the anticoagulant rivaroxaban, which both improve
prognosis.® Revascularization is possible in selected
cases with proximal obstructions. Nonopioid analge-
sics are used when critical ischemia occurs in cases
unsuitable for surgical or endovascular treatment.”
Possible additional pathomechanisms include
inflammation® correlating with adhesion molecule
CD11b, CD11c, and TREM-1 expression on monocytes
and neutrophils.” However, no therapy currently
targets an identified causal mechanism or provides a
curative treatment option.”

Atherosclerosis and its comorbidities, such as hy-
pertension and diabetes, share several risk genes,'®
suggesting common causal molecular mechanisms."
One such mechanism appears to be related to nitric
oxide (NO) formation,'*'* specifically observed also in
PAD." NO is produced by NO synthases (NOS), which
in the presence of the redox-sensitive cofactor,
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tetrahydrobiopterin (H,Bip), oxidizes the amino acid
L-arginine to L-citrulline and NO. Different mecha-
nisms can interfere with this: 1) the accumulation of
asymmetric dimethyl L-arginine (ADMA),"* a
competitive inhibitor of NOS at its substrate site;'>*°
2) oxidation of H,Bip to dihydrobiopterin (H,Bip),
which can inhibit NOS'” by uncoupling the activation
of oxygen from the oxidation of L-arginine to NO;"?
and 3) the chemical scavenging of NO by reactive
oxygen species (ROS).'®'° It has thus been hypothe-
sized that increasing or reinstalling NO production by
overcoming ADMA-based inhibition and recoupling
NOS by dietary supplementation with L-arginine may
be a possible mechanism-based approach in athero-
sclerosis including PAD. However, clinical studies
testing this hypothesis produced mixed results.’°*?
Moreover, orally supplemented L-arginine has
gastrointestinal side effects®® and low bioavailability
with a high degree of interindividual variability.**
Therefore, L-citrulline has been suggested as an
alternative food supplement, fully absorbed and
converted to L-arginine.”>?” Indeed, L-citrulline
doses as low as 3 g/d have been shown to improve NO
formation.?®

We hypothesize that the oral supplementation of
L-citrulline significantly improves walking distance
in PAD patients when compared to placebo, probably
by reversing endothelial dysfunction, and that the
effects can be further potentiated by H,Bip leading to
recoupling of endothelial NOS. Therefore, we con-
ducted the CIPER (CItrulline in PERipheral artery
disease) trial in patients with PAD using the food
supplement, L-citrulline, and change in absolute
claudication distance (dACD) as the primary patient-
relevant outcome parameter. Moreover, the combi-
nation of L-citrulline with H,Bip in a network
pharmacology approach®® was also explored. How-
ever, because of its high costs and limited availability
for human use in only one of our 2 sites. As potential
mechanism-based stratification markers, plasma
levels of ADMA and ROS-related biomarkers were
measured.
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METHODS

The CIPER study (L-Citrulline in Peripheral Artery
Disease; NCT02521220) was a multicenter, prospec-
tive, randomized, double-blinded, and placebo-
controlled phase II trial. A crossover design was
chosen because of its advantages to reduce the in-
fluence of covariates such as comedication
(Supplemental Table 1), patients acting as their own
control, and the higher statistical power and effi-
ciency compared to parallel designs.>° Patients were
recruited at 2 sites, the Department of Vascular Sci-
ences, Monash Health, Melbourne, Australia (Mel-
bourne site), and the Department of Cardiology and
Angiology,
Germany (Hannover site), both following the Inter-
national Council for Harmonisation and the Declara-
tion of Helsinki. The respective ethics committees
and corresponding health authorities approved the

Hannover Medical School, Hannover,

protocol (Monash Health Human Research Ethics
Committee, Melbourne, No. 08210B, and MHH Ethical
Committee OE 9515, Hannover, No. 7015). All data and
events were documented from sources, including, but
not limited to, paper and electronic charts and labo-
ratory test reports, and adjudicated by an indepen-
dent clinical events committee, whose members were
unaware of the trial-group assignments. Serious
adverse events were reviewed by an independent
data and safety monitoring board according to a
predefined schedule. The full database is available
from the corresponding author upon reasonable
request.

STUDY PATIENTS AND ASSESSMENTS

Males 40 years of age or older and postmenopausal
women with a 6-month history of stable intermittent
claudication due to PAD were eligible for enrollment.
Intermittent claudication was defined by pain, ache,
cramp, numbness, or severe fatigue involving mus-
cles of one or both lower extremities, reproducibly
provoked by walking and relieved by rest. Fontaine®'
class III patients were eligible for screening, but
excluded if unable to perform an exercise test, for
example, anyone who had rest pain at the time of
study. Further exclusion criteria were a PAD of non-
atherosclerotic nature, Fontaine class IV, that is ulcer
or gangrene, leg amputation above the ankle, pe-
ripheral vascular surgery, sympathectomy, peripheral
angioplasty or stent insertion within the previous
3 months, myocardial infarction, unstable angina,
percutaneous transluminal coronary angioplasty or
coronary artery bypass graft surgery within the pre-
vious 3 months, uncontrolled hypertension (resting

systolic blood pressure, above 190 mm Hg or a dia-
stolic blood pressure, above 115 mm Hg), hypotension
(systolic blood pressure <90 mm Hg), type I diabetes,
proliferative retinopathy, history of disease state or
surgery affecting gastrointestinal absorption, signifi-
cant renal disease (serum creatinine >3.0 mg/dL),
liver disease (transaminase >3 times the upper limit
of normal, bilirubin >1.5 times the upper limit of
normal), cerebrovascular infarct in the last 3 months,
autoimmune disorders (eg, systemic lupus erythe-
matosus, ulcerative colitis), and conditions other
than PAD that limit walking distance.

Patients were randomized to one of the 2 crossover
arms (AB or BA in Central Illustration) by a block-of-4
randomization,>* stratified by each center.>* Alloca-
tion was concealed by using sequentially numbered,
opaque, sealed envelopes. An independent clinical
trial pharmacist kept the coding list. The list was also
provided to the packaging company to prepare boxes
with the study compounds for each patient and
treatment period labeled with the appropriate
randomization number. L-citrulline and, as placebo,
maltodextrin sachets were formulated and packaged,
for Melbourne, by the Monash Medical Centre Hos-
pital Pharmacy and, for Hannover, prepared at Fagron
BV (Capelle ad Ijssel, the Netherlands) and packaged
by Prestige Promotion (Kleinostheim, Germany).
H,Bip tablets (stabilized with an equal amount in mg
of ascorbic acid) were purchased from Schircks Lab-
oratories (Bauma, Switzerland) in original blisters.
Compliance was monitored by counting unused study
medications during the study visits, allowing oppor-
tunity to discuss any issues or provide positive rein-
forcement about compliance.

The trial timeline (see Central Illustration) con-
sisted of a run-in (screening 3 weeks prior),
intervention 1 (L-citrulline or placebo; weeks 0-12),
wash-out (weeks 12-16), intervention 2 (placebo or
L-citrulline; weeks 16-28), intervention 3 (only in
Melbourne, combining L-citrulline with H,Bip; weeks
28-30), and a follow-up phase. Patients received
either 3 g of L-citrulline twice daily for 12 weeks,
followed by a wash-out period of 4 weeks and then
12 weeks placebo intervention (AB in Central
Illustration), or vice versa, that is, first placebo and
then L-citrulline (BA). To explore whether the com-
bination of L-citrulline with H,Bip is safe and has an
additional beneficial effect, at the Melbourne site, a
third open-label intervention was added for 2 weeks
consisting of 3 g L-citrulline twice daily and 150 mg of
the food supplement, H,Bip, 3 times daily. H,Bip was
not tested on its own against placebo. Four weeks
after the end of the study all participants were fol-
lowed up by phone.
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CENTRAL ILLUSTRATION The CIPER Study
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Study visits and consultations took place at weeks
0, 4, 12, 16, 20, 28, and (only in Melbourne) at week
30 after the initial screening phase (Supplemental
Table 2) using the review form (Supplemental
Method 1). Exercise treadmill tests (ETTs) were
conducted using the Skinner-Gardner protocol.>*
The purpose of the ETTs during the screening
phase was to increase patient familiarization with
the exercise and accommodate our inclusion criteria.
Fasting (12 hours) blood samples were taken in 4 mL
ethylenediaminetetraacetic acid tubes and centri-
fuged before the supernatant plasma was aliquoted
into 300 puL Eppendorf tubes and stored at —80 °C
until further analysis. This included routine safety
laboratory measurements and the following bio-
markers: plasma L-arginine, L-citrulline, ADMA, and,
only for the Hannover cohort, 3-nitrotyrosine
immunoreactivity (3-NT18), and nicotinamide
adenine dinucleotide phosphate oxidase 5 protein
(NOX512).

TRIAL ENDPOINTS

The primary efficacy parameter was absolute claudi-
cation distance (ACD) measured as maximum walking
distance by treadmill and, upon intervention, to be
independent of varying initial ACD values, the dif-
ference in ACD from baseline (dACD) expressed as %
of control. The use of dACD eliminated any coinci-
dental differences in baseline ACD between the 2 se-
quences (Table 1). To analyze the added benefit of
H,Bip (Melbourne), the ACD at week 12 of the inter-
vention phase was taken as the baseline. Secondary
exploratory measures were flow-mediated dilata-
tion,>® peripheral artery tonometry,3® and aortic (ca-
rotid-femoral) pulse wave velocity (Supplemental
Method 2). As pharmacokinetic controls, at week
0 (basal) and week 12 (intervention), plasma L-
citrulline was measured to validate bioavailability,
and L-arginine to validate conversion (Supplemental
Method 3).
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STATISTICAL ANALYSIS

Oka and coworkers®® reported a baseline mean
walking distance of 300 + 150 m in a similar popula-
tion. No information was available at the start of the
study for both within-subject correlation or variance
of the difference for a 2-period crossover study of
L-citrulline vs placebo. We computed the sample size
to compare 2 paired means. Taking into account
typical drop-out rates, a sample size of 50 was
calculated to have an 80% power to detect a clinically
meaningful 20% difference in ACD with a 2-sided
alpha of 5%, a within-subject correlation of >0.60
and an SD of the population of 75 m.

Baseline characteristics were described as mean
and SD, median and IQR, or as count and percentage.
For patient-reported outcomes, we analyzed the
fraction of maximal walking distance and speed
scores by dividing the total scores by their respective
maximum possible scores of 6,060 and 34.5, the
percentage changes of these scores during each trial
phase, and the degree of walking impairment, spe-
cifically pain or aching in calves and thighs, using a
scale from 0 (much) to 3 (none) for significant dif-
ferences using paired sample t-tests. The presence of
any training effect was tested for by using simple
linear regression, taking time as the independent
variable and the aggregate ACD of all patients during
the placebo phases of each sequence as the depen-
dent variable. We used a 2-way repeated measures
ANOVA to test for a carry-over effect between the 2
sequences (AB/BA) to evaluate whether, after the
washout period, there were any residual effects. We
used paired sample t-tests to analyze differences in
ACD, L-citrulline, and L-arginine levels between pla-
cebo and L-citrulline as well as placebo and
L-citrulline + H,Bip. The relationship of ACD with
ADMA (or 3-NT and NOX5) was analyzed by linear
regression; the relationship between plasma
L-citrulline and L-arginine, by nonlinear regression.
To measure and monitor any adverse events during

CENTRAL ILLUSTRATION Continued
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TABLE 1 Patient Baseline Characteristics

Placebo L-Citrulline
First (AB) First (BA)
(n=22) (n=23) H4Bip (n = 257)
Sex
Male 16 (72.7) 20 (87) 18 (72)
Female 6 (27.2) 3(13) 7 (28)
Age, y 701+ 1.9 67.2 +£1.8; P < 0.001 67.6 £ 11.7
Body weight, kg 845 +12.1 91.5 + 20.9 93 +17.8
Waist-to-hip ratio 0.99 + 0.08 1.0 £ 0.08 0.97 + 0.08
Smoking
Current smoker 4 (18.2) 7 (30.4) 7 (28)
Exsmoker 14 (63.6) 13 (56.5) 14 (56)
Nonsmoker 4 (18.2) 3(13) 4 (16)
Blood pressure, mm Hg
Systolic 142.6 +21.8 137.6 £17.8 143.8 £ 21.2
Diastolic 75.8 £ 1.1 77.2 £ 1.4 73.2 £10.7
MAP® 98.1+11.3 973 £ 11.0 96.7 £ 11.4
Clinical conditions
Hypertension 12 (54.5) 19 (82.6) 17 (68)
Hypercholesterolemia“ 17 (77.3) 13 (56.5) 13 (52)
CVD other than PAD 12 (54.5) 9 (39.1) 10 (40)
Ischemic heart disease 4 (18.2) 8 (34.8) 9 (36)
Type 2 diabetes 7 (31.8) 8 (34.8) 10 (40)
Blood levels
Fasting glucose, mmol/L 7.0 £35 6.3 +2 6.7 +2.7
Total cholesterol, mmol/L 47 +13 42+09 43+1.1
Triglycerides, mmol/L 1.5+ 0.7 1.8+ 0.7 1.6 £+ 0.8
LDL, mmol/L 29 +1.2 23+0.8 25+1.1
Creatinine, pmol/L 104.8 + 42.6 89.3 +£23.7 93.7 + 38.8
Urea, mmol/L 7.8 +35 6.4+25 71427
Albumin, g/L 42.0 +2.4 423 +3.2 415+23
eGFRY, mL/min/1.73 m? 67.6 + 25.9 77.6 £ 21.5 75.7 £ 25.0
ACD?, m 207 + 28.4 231 + 25.5; P = 0.003 291 +24.3
Vascular testing
Resting ABI® 0.75 + 0.16 0.79 +£ 0.16 0.79 + 0.16
Postexercise ABI® 0.58 +£ 0.2 0.66 + 0.26 0.72 £ 0.22

Values are mean + SEM. P values are only provided if a significant difference between sequence was detected.
Data were missing for the following characteristics: ABI (for 1 patient in both sequence AB and BA), creatinine,
and eGFR (for 1 patient in sequence BA). Percentages may not total 100 because of rounding. *Refers to patients
in the Melbourne cohort that received H,Bip as a third intervention. ®Calculated by doubling the diastolic blood
pressure and adding the sum to the systolic blood pressure, then dividing by 3. “Defined as LDL at or above
4.1 mmol/L and total cholesterol at or above 6.2 mmol/L. 9Calculated using the CKD-EPI equation with reference
ranges of 59 to 104 and 45 to 84 mL/min/1.73 m? for males and females, respectively. ®Normal ABI defined as
between 0.9 and 1.25; <0.9, claudication; <0.5 = rest pain or critical limb ischemia. If no pulse was detectable
at rest, then postexercise ABI was not considered. ‘Defined as a blood pressure at or above 140/90 mm Hg.
9Regarding gender-dependent differences, ACD at baseline was 195 + 20.5 m and 227 + 55.6 m in males and

females, respectively (P = 0.603).

ABI = ankle-brachial index; CKD-EPI = Chronic Kidney Disease Epidemiology Collaboration; CVD = cardiovascular
disease; eGFR = estimated glomerular filtration rate; H,4Bip = tetrahydrobiopterin; LDL = low-density lipoprotein;
MAP = mean arterial pressure; PAD = peripheral artery disease.

the study, we used descriptive statistics to evaluate
safety parameters.

RESULTS

A total of 51 patients with stable intermittent claudi-
cation due to PAD were recruited (Figure 1), thus
reaching the necessary total sample size: 24 patients
at the Hannover site for interventions 1 and 2; 27 at
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the Melbourne site for interventions 1 to 3 according
to their visit schedule (Supplemental Table 2).
All patients provided written informed consent
before enrollment. Baseline characteristics were
similar in patients allocated to either sequence
(Table 1). Patients were recruited and followed-up
between 2009 and 2012 in Melbourne and from 2017
up until the closure of the trial in 2019 in Hannover.
Upon oral L-citrulline supplementation and conver-
sion to L-arginine, both plasma L-citrulline (mean
246.3 + 67.3 pM, median 70.5 pM; placebo: mean
41.8 + 2.7 pM, median 38.8 puM) and L-arginine
(mean 119.2 + 6.9 pM, median 120.0 pM; placebo:
mean 75.2 + 4.2 uM, median 70.9 uM) were increased
(Figures 2A and 2B). Moreover, the increases in plasma
L-citrulline (dCit) and L-arginine (dArg) followed
sigmoidal (Figure 2C) and apparently saturable
(Figure 2D) kinetics (r = 0.40, 95% CI: 0.19-0.58;
P = 0.001) with a 0.54 umol/L increase in dArg for
every 10 umol/L increase of dCit.

L-CITRULLINE IMPROVES ACD

L-citrulline supplementation with or without H,Bip
was safe (Supplemental Table 3) and reached the pri-
mary efficacy endpoint, dACD (mean 20.1% + 4.5% of
control or 38.8 4+ 7.9 m, median 15.7% of control), vs
placebo (mean 5.7% =+ 2.7% of control or 5.4 + 9.3 m,
median 0.6% of control, P = 0.011; Figure 3A). No sig-
nificant difference between sexes was seen in the
response of L-citrulline on ACD (mean 21.3% =+ 6.7%
and 37.4 + 17 to 7% of control for male and female pa-
tients, respectively; P = 0.420). Regarding an exercise
training effect, we found a significant relationship
(P <0.001) during the placebo phase between time and
ACD (r = 0.96, 95% CI: 0.63-0.99), with an increase of
4.37 £ 0.58 m in ACD for every further week the
participant was taking partin the study. However, with
respect to the crossover design, no order effect was
detected (P = 0.360), suggesting that this training ef-
fect did not influence the response to L-citrulline.
Secondary surrogate vascular function outcomes,
namely ankle-brachial index (Supplemental Figure 1),
flow-mediated dilatation, peripheral artery tonom-
etry, pulse wave velocity-central (data not shown),
and the PAD Walking Impairment Questionnaire
(Supplemental Table 4) were not significantly different
between L-citrulline/H,Bip and placebo. Similarly,
L-citrulline had no effect on blood pressure (mean
change in MAP of —1.1 + 1.6 and —-2.3 + 4.1 mm Hg
during L-citrulline and L-citrulline + H,Bip, respec-
tively, vs —3.7 £+ 1.6 mm Hg during placebo; P = 0.300
and 0.899, respectively).
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FIGURE 1 The CONSORT Diagram

51 Patients consented
and entered run-in period

| 51 Underwent randomization |

| 24 Were assigned to receive placebo first | | 27 Were assigned to receive L-citrulline first |
2 Discontinued trial regimen
1 Discontinued trial regimen | 1 Had ad event
1 Had planned intervention | 1 Due to expired study medication*
| 23 (96%) Completed Period 1 | | 25 (93%) Completed Period 1 |

1 Discontinued trial regimen
1 Due to expired study medication*

2 Discontinued trial regimen
1 Was lost to follow-up
1 Had adverse event

—| 22 (92%) Completed Period 2 | | 23 (89%) Completed Period 2 |—

completed Period 3%

I

‘ 11 (92%) of Melbourne cohort ‘

completed Period 3%

]

| 14 (93%) of Melbourne cohort |

22 Were included in the analysis 23 Were included in the analysis |

AlL 51 patients enrolled in the study consented to participate. Reasons are given for patients who discontinued the trial regimen at each stage of the study. $patients
enrolled in Melbourne received L-citrulline and H,Bip for 2 weeks after period 2. Aforementioned patients who discontinued the trial regimen include those who did

not complete period 3. *Discontinued due to limited storage life of the study medications. Affected patients were followed per-protocol until week 32, if applicable.
CONSORT = Consolidated Standards of Reporting Trials; H4Bip = tetrahydrobiopterin.

ADDING H4Bip TO L-CITRULLINE FURTHER
IMPROVES ACD

Adding H,Bip to L-citrulline for 2 weeks (Melbourne
site), further increased both the mean and median
ACD, but also its variability, so that a numerical in-
crease in ACD did not reach significance when
including all patients at this site (mean 31.0% + 7.6%
of control, median 31.0% of control, P = 0.060)
(Figure 3A) with a small standardized effect size
expressed as Cohen’s D of 0.10 when comparing both
treatment arms. However, when using pathological
ADMA levels as an additional, post hoc stratification
criterion, adding H,Bip to L-citrulline further
increased ACD (mean 28.2% + 6.8% of control, me-
dian 33.3% of control, P = 0.021) in patients with
pathological ADMA levels (Figure 3B).*”

PATIENTS WITH PATHOLOGICAL PLASMA
ADMA HAVE LOWER ACD

In a post hoc analysis to gain mechanistic under-
standing and to develop hypotheses for future
studies, baseline, that is, preinterventional, plasma
ADMA levels tended to negatively correlate with
baseline ACD without reaching statistical significance

(r = 0.28, 95% CI: —0.55 to 0.03; P = 0.079). However,
when patients with pathological ADMA levels, that is,
above 0.4 puM, were grouped, their basal ACD was
nearly 50% reduced vs patients with physiological or
lower ADMA levels (Figure 4A) (402.3 + 51.9 m Vs
172.8 £ 17.5 m, P < 0.0001). Similarly additional bio-
markers related to reactive oxygen formation, plasma
NOX5, and plasma 3-NT, demonstrated pathological
levels®® in all patients and, when analyzed in
combination, negatively correlated with ACD
(Figures 4B to 4D). Upon intervention, no changes in
the frequency distribution of ADMA and, only
analyzed in the Hannover cohort, NOX5 or 3-NT were
observed (Supplemental Figure 2).

DISCUSSION

In this phase II interventional trial, we find that the
food supplement L-citrulline increases plasma
L-arginine levels and improves ACD in patients with
PAD. In patients with pathologically high ADMA
levels, this effect was further augmented by adding
H,Bip. L-citrulline, neither alone nor in combination
with H,Bip, induced any adverse events.

ETTs produce a training effect, possibly also due to
improved coordination, finding optimal stride length,
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FIGURE 2 Increase in Plasma Levels of L-Citrulline and L-Arginine
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lineweaver-burk plot (Insert).

and overcoming anxiety. Performance (without
intervention) usually reaches a plateau after 2 tests
within a week. Our study’s run-in phase, therefore,
accounted for some of the early familiarization re-
sponses to the walking test before the commence-
ment of the treatment arm, thereby reducing this

component of a placebo effect. The crossover design
minimized confounders such as additional exercise
training, possibly explaining why the overall effect
size of L-citrulline on ACD was smaller than for other
study formats.>® Moreover, walking distance is a
complex variable that could reflect many factors. For
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Boxplots demonstrating the changes in ACD induced by placebo, L-citrulline, or L-citrulline plus H4Bip expressed in % of baseline (week O or
16, respectively) in either (A) all patients (n = 45); or (B) only those with pathological high ADMA plasma levels ("ADMA positive"), that is,
above 0.4 uM (n = 38).” ADMA = asymmetric dimethyl L-arginine; other abbreviation as in Figure 1.

example, Ashley et al*® showed that L-citrulline
increased oxygen uptake during walking exercise in
men but not women. Yet no significant difference
between sexes was seen when we compared the ACD
at baseline and after 12 weeks of L-citrulline.

Previously, L-arginine has also been given as a food
supplement in PAD, yielding however inconsistent
results, with one study even suggesting a reduced
walking distance.?” Here, the daily supplementation
of only 3 g L-arginine, that is, half the amount of the
more bioavailable L-citrulline as in the present study,
may have been insufficient. Conversely, an 18-month
intervention with 6.4 g L-arginine daily in diabetic
patients improved endothelial function.*' Such
apparent variability in the effects of L-arginine sup-
plementation is likely due to considerable first-pass
metabolism** and underscores choice for
L-citrulline in the present study.

L-citrulline is approximately twice as effective
concerning augmenting NO formation compared to
L-arginine because it is not acted on by arginases and

our

skips first-pass extraction before being converted to
L-arginine by renal argininosuccinate lyase. More-
over, L-citrulline suppresses arginase activity,
thereby also indirectly enhancing L-arginine levels.**
Thus, L-citrulline appears to be a more effective

precursor and sustained source of L-arginine than
oral supplementation of L-arginine itself.** Our daily
supplementation of 6 g L-citrulline reached blood
levels of 205.6 pmol/L. The sigmoidal dependence of
the subsequent increase in plasma L-arginine on the
increase in plasma L-citrulline is consistent with any
of the 2 above enzymatic mechanisms.

Mechanistically, the effect of L-citrulline in this
context may be explained by L-arginine out-
competing the endogenous NOS inhibitor, ADMA.™
The alternative explanation of L-arginine causing
ADMA extrusion, as observed in vasospastic angina*®
and heart failure,*® and thereby indirectly deinhibit-
ing of NOS is unlikely because one would have
expected an increase in plasma ADMA induced by
L-citrulline, which we did not observe. A third pos-
sibility for L-arginine would be recoupling of uncou-
pled, that is, superoxide-forming, NOS.*”>° However,
ADMA itself is unlikely to selectively uncouple NOS,
but rather downregulates its electron flow entirely to
reduce both NO and superoxide formation.>*

While the effect of L-citrulline is therefore most
likely related to ADMA competing at the L-arginine
binding site, the additional effect of H,Bip in the
present study may suggest that endothelial NOS
(NOS3) was at least partially H,Bip-deficient and
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FIGURE 4 Correlation of Initial Asymmetric Dimethyl L-Arginine and Composite Exploratory Biomarker Plasma Levels With Preinterventional ACD
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uncoupled.®>** Positive cardiovascular effects of
H,Bip have been observed before.>* Why the effect of
H,Bip on ACD was limited to those patients with
pathological ADMA levels (defined as =0.4 uM)*’ is
unclear, but may involve renal effects.”> Neverthe-
less, our findings make ADMA a likely mechanism-
based inclusion criterion in future trials aimed at
modulating the NOS3-sGC disease module.

To explore this ROS-related component of the L-
citrulline/H,Bip intervention, we conducted a post
hoc analysis of several ROS-related biomarkers and
their correlation with the observed ACD, that is, the
ROS source and part of the NOS3-sGC disease module,

NOX5, with a high degree of evidence in vascular
disease,°>° and the metabolic ROS marker, 3-NT.?
Indeed, when analyzed jointly, ACD was negatively
correlated. Upon the intervention, none of these
markers, ADMA, NOX5, and 3-NT, changed. This is,
however, also not to be expected since only the con-
sequences of enhanced NOX5 expression and ROS
formation (eg, uncoupled-NOS) are treated, but
neither NOX5 expression and activity nor ROS for-
mation. This may become an option once NOX5
inhibitory compounds become available.

STUDY LIMITATIONS. A possible limitation of

L-citrulline supplementation may be its short
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biological half-life of, for example, 0.9 hour for
5 g L-citrulline.®® However, L-citrulline and L-arginine
may not require constantly elevated plasma levels as
their site of action is within the vascular endothelium
where they accumulate.® Apart from NOS3, secondary
or tertiary effects on inducible NOS (NOS2) activity and
inflammation by H,Bip have been shown in many an-
imal models. However, a consistent string of trial fail-
ures in rheumatoid arthritis and asthma makes a NOS2
an unlikely human therapeutic target.°> NOS2 may
well be suited as a marker of inflammation. Thus the
overall effect of combining L-citrulline and H,Bip is
likely due to a causal mechanism-based effect in
ADMA-positive patients, which could either be ADMA
itself or an upstream effect such as ROS formation
leading to both increased ADMA levels®3 and oxidized
H,Bip®* and thereby uncoupled NOS.°*®> The addition
of H,Bip was not tested against a placebo. However, at
that time point, the effect of L-citrulline on dACD (%)
was reaching saturation (+4.3%/week from week 0 to
week 4, but only +0.8%/week from week 4 to week 12),
suggesting that the additional increase in ACD be-
tween week 12 and week 14 (+2.35%/week) was indeed
due to H,Bip and not a further accumulation of the
L-citrulline effect.

H,Bip was chosen in the present study because it is
the physiological ligand of NOS, yet it comes with
both kinetic and cost concerns. Under conditions of
elevated ROS formation, H,Bip may be at least
partially oxidized to H,Bip, which competes with
H,Bip on its NOS binding site making H,Bip a func-
tional H,Bip antagonist.”>°®°” Indeed, 2 human
studies supplementing H,Bip showed no beneficial
cardiovascular effect, possibly due to increased
H,Bip.°®®® A key observation in this context may be
that only when H,Bip was substituted in a
mechanism-based manner, that is, only to ADMA-
positive patients, was it of benefit. Dihydrofolate
reductase can nicotinamide adenine dinucleotide
H,Bip
H,Bip via the salvage pathway.’® Therefore, net
H,Bip cellular bioavailability may reflect the steady
state between de novo synthesis, loss, and regenera-
tion.”" Still, ACD variability slightly increased in
H,Bip-treated patients, possibly indicating some
H,Bip formation and vascular side effects. From a
health economic point of view, H,Bip supplementa-
tion is a costly intervention of more than 50 US$
per day. Hence, more cost-effective approaches,

phosphate-dependently regenerate from
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for example, folate or H,Bip precursors such as
5-methyltetrahydrofolate or sepiapterin, may be
better suited than H,Bip. Furthermore, the H,Bip
precursor 5-methyltetrahydrofolate can improve
endothelial function and decrease superoxide pro-
duction by improving vascular availability of H,Bip
and preventing endothelial NOS uncoupling.”” Folate
or H,Bip precursors may also be less susceptible to
autoxidation.

CONCLUSIONS

L-citrulline and—in ADMA-positive patients—the
combination with H,Bip appear to be effective in-
terventions in patients with PAD as measured by
mean dACD as primary outcome parameter of disease
severity and functional impairment. These data war-
rant confirmatory trials in PAD and encourage similar
nutritional interventions in related cardiovascular
disease states with endothelial dysfunction. A switch
to folate or 5-methyltetrahydrofolate instead of H,Bip
should be considered not the least because of health
economic reasons. Finally, this nutritional combina-
tion may be further potentiated with pharmacological
approaches such as stimulators or activators of the
NO receptor, soluble guanylate cyclase, sGC, or its
ROS-induced heme-free form, apo-sGC.”*
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PERSPECTIVES

COMPETENCY IN PATIENT CARE: In this pilot study,
orally supplementing patients with supraphysiological
amounts of the nonessential amino acid L-citrulline
significantly increased plasma L-arginine levels and
improved absolute claudication distance. In patients with
pathological ADMA levels, further addition of H4Bip, a
cofactor of NOS, increased this effect.
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inclusion criterion to supplement L-citrulline. H4Bip may
be an additional add-on therapy or be replaced by

more economical substitutes such as folate. On a larger
dimension, this study may represent 1 of the first suc-
cessful clinical applications redefining a common disease
not by a symptom but molecular cause, allowing precision

diagnosis using mechanism-based biomarkers (ADMA)
and network pharmacology (L-citrulline + H,4Bip).

TRANSLATIONAL OUTLOOK: Future confirmatory
trials need to consider using elevated ADMA levels as an
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