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Abstract: Cystic fibrosis (CF; OMIM 219700) is a rare genetic disorder caused by a chloride channel
defect, resulting in lung disease, pancreas insufficiency and liver impairment. Altered L-arginine
(Arg)/nitric oxide (NO) metabolism has been observed in CF patients’ lungs and in connection with
malnutrition. The aim of the present study was to investigate markers of the Arg/NO pathway in
the plasma and urine of CF patients and to identify possible risk factors, especially associated with
malnutrition. We measured the major NO metabolites nitrite and nitrate, Arg, a semi-essential amino
acid and NO precursor, the NO synthesis inhibitor asymmetric dimethylarginine (ADMA) and its major
urinary metabolite dimethylamine (DMA) in plasma and urine samples of 70 pediatric CF patients
and 78 age-matched healthy controls. Biomarkers were determined by gas chromatography–mass
spectrometry and high-performance liquid chromatography. We observed higher plasma Arg (90.3
vs. 75.6 µM, p < 0.0001), ADMA (0.62 vs. 0.57 µM, p = 0.03), Arg/ADMA ratio (148 vs. 135, p = 0.01),
nitrite (2.07 vs. 1.95 µM, p = 0.03) and nitrate (43.3 vs. 33.1 µM, p < 0.001) concentrations, as well as
higher urinary DMA (57.9 vs. 40.7 µM/mM creatinine, p < 0.001) and nitrate (159 vs. 115 µM/mM
creatinine, p = 0.001) excretion rates in the CF patients compared to healthy controls. CF patients
with pancreatic sufficiency showed plasma concentrations of the biomarkers comparable to those
of healthy controls. Malnourished CF patients had lower Arg/ADMA ratios (p = 0.02), indicating a
higher NO synthesis capacity in sufficiently nourished CF patients. We conclude that NO production,
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protein-arginine dimethylation, and ADMA metabolism is increased in pediatric CF patients. Pancreas
and liver function influence Arg/NO metabolism. Good nutritional status is associated with higher
NO synthesis capacity and lower protein-arginine dimethylation.

Keywords: cystic fibrosis; nitric oxide; L-arginine; nitric oxide synthases; pancreatic disease;
nutritional status; malnutrition; liver disease

1. Introduction

Cystic fibrosis (CF; OMIM 219700) is an autosomal recessively inherited disease affecting about
1:3300 to 1:4800 newborns in Germany [1]. It is caused by mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR), an epithelial chloride channel, leading to a thickening of secretions in
both the airway epithelium and the pancreatic duct. The severity of lung disease is often life-limiting
in CF. Exocrine and endocrine pancreatic insufficiency and secondary liver involvement are further
crucial factors contributing to disease severity [2,3]. More than 80% of CF patients are already born
with exocrine pancreas insufficiency due to obstruction of small pancreatic ducts, where CFTR is
needed to secrete fluids and bicarbonate from pancreas into duodenum. CF patients produce thickened
pancreatic juice, which is no longer able to buffer acidic pH levels of gastric acid [4,5]. Malabsorption
is a result of exocrine pancreas insufficiency, which is commonly treated with the administration of
pancreatic enzymes, the addition of fat-soluble vitamins and hypercaloric nutrition [4,6]. Chronic
inflammation of the pancreas is often seen in CF patients, as well as structural changes that often lead
to CF-related diabetes later in life [7]. Liver disease in CF patients is also caused by the thickening of
bile. About 5% of CF patients require liver transplantation in the course of their life [8].

Energy requirements of CF patients exceed those of healthy individuals due to the increased work
of breathing and systemic inflammation. Therefore, hypercaloric nutrition is recommended in all
CF patients [9]. Nutritional status is positively associated with the survival of CF patients and it is
recommended for them to remain above the 50th percentile of weight-for-length or body mass index
(BMI). Nutrition and growth should be monitored closely in CF care, as a decrease in fat-free body
mass is associated with a progression of lung disease in children and adults [9].

The nutritionally semi-essential amino acid L-arginine (Arg) can be produced in adequate amounts
endogenously by healthy humans beyond infancy and is involved in numerous pathways, including
protein synthesis and neuronal functioning [10,11]. Arg is the physiological precursor of nitric oxide
(NO), a pleiotropic endogenous signaling molecule involved in vasodilatation, in the innate immune
system [12], in neurotransmission, platelet function, and the differentiation and proliferation of stem
cells [13,14]. Nitrite and nitrate are major metabolites of NO [15]. Asymmetric dimethylarginine
(ADMA) is an endogenous Arg metabolite and inhibitor of NO synthase (NOS) catalyzed synthesis
from Arg [16].

ADMA is eliminated by the kidney partially non-metabolized and partially after metabolization
predominantly in kidney, liver, lung, pancreas and brain. The most important enzyme responsible
for the metabolism of ADMA is dimethylarginine dimethylaminohydrolase (DDAH). This enzyme
hydrolyzes ADMA to dimethylamine (DMA) and L-citrulline [17,18]. It is estimated that about 80% of
daily endogenously produced ADMA is metabolized by DDAH and is excreted in the urine as DMA,
with the remaining 20% being excreted in the urine as ADMA [19]. Urinary DMA is therefore a useful
measure of whole-body ADMA synthesis [19].

Based on the concentrations of members of the Arg/NO pathway measured in health and disease,
imbalances in the Arg/NO pathway have been connected to certain diseases in the cardiovascular
and neuronal systems [20]. Alterations in the Arg/NO pathway have been observed in pediatric
patients with inborn metabolic diseases, as well as in pediatric patients with diabetes type I and
pediatric attention deficit hyperactivity disorder (ADHD) patients [21–24]. Yet, members of the Arg/NO
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pathway, notably ADMA in plasma and urine, were found to decrease from infancy to adulthood [25].
High circulating and low urinary ADMA concentrations are cardiovascular risk factors in adults,
but not yet in children, indicating considerable differences in the Arg/NO pathway between adults
and children.

Alterations in the Arg metabolism have been reported to be associated with reduced NO synthesis
in CF patients [26–29]. The plasma Arg/ADMA ratio is considered a valuable measure of NO
synthesis capacity [26,30,31]. Lower Arg and higher ADMA concentrations in the blood, i.e., a low
NO synthesis capacity, may contribute to increased airway obstruction due to elevated smooth
muscle tone, presumably resulting from locally low NO synthesis and/or bioavailability. ADMA
has been found in higher concentration in the sputum of CF patients compared to controls and
might contribute to insufficient NO synthesis by inhibiting NOS activity [26]. Similarly, elevated
ADMA concentrations have been found in the breath condensate of children with CF compared to
healthy controls [27]. Reduced fractionally exhaled NO (FENO) rates are found during pulmonary
exacerbation, with antibiotic treatment increasing FENO [26,28]. ADMA levels in sputum behave
differently; they are high during exacerbation and lower in restitution [26,28]. Additionally, higher
arginase activity, which hydrolysis Arg to L-ornithine and urea and competes with NOS activity for
their shared substrate Arg, was measured in the sputum of CF patients, with the arginase activity being
even further elevated during exacerbations [32]. Independent of the lung function, the nutritional status
in CF patients has been described to be associated with the level of NO synthesis. Thus, Engelen et al.
found higher NO production in CF patients with nutritional failure [29]. Furthermore, in anorexia
nervosa patients, elevated FENO levels have been described [33], while in another study on anorexia
nervosa patients diminished Arg concentrations were measured in plasma [34].

As data on Arg/NO metabolism in CF with regard to pancreatic and liver health are scarce and
nutritional failure might as well influence Arg/NO metabolism, these parameters were analyzed in
CF patients. The aim of the present study was to determine the status of Arg/NO pathway in plasma
and urine of pediatric CF patients and to test for potential associations with pancreas sufficiency,
liver involvement and nourishment. This study might help evolve new early markers with regard to
diagnosing and treating these common problems in CF care.

2. Experimental Section

2.1. Subjects

For the prospective clinical trial, 70 patients (42.9% male; Table 1) with CF, between five and
17 years of age (median, 11.8 years; Table 1), were recruited at the Hannover Medical School either
during yearly follow-up or during hospitalization for intravenous antibiotic therapy. Diagnosis of
CF was either verified with repeated pathological sweat-tests and/or genetical analysis. CF patients
under the age of five or infected by MRSA, Burkholderia cepacia or extended-spectrum β-lactamases
were excluded from the study. We included 78 healthy controls (50% male; Table 1) aged between five
and 17 years (median, 11.3 years; Table 1), who underwent small elective surgery at the Hannover
Medical School or elective control gastroscopies of asymptomatic patients at the University Children’s
Hospital in Bochum. Written informed consent was given by parents or legal guardians. The study was
approved by the Ethics Committees of the Hannover Medical School and Ruhr-University Bochum.
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Table 1. Altered L-arginine (Arg)/nitric oxide (NO) status in the plasma (P) and urine (U) of children
and adolescents with cystic fibrosis (CF) and of healthy controls.

CF Patients Healthy Controls p

Number of subjects (n) 70 78
Age (years) 11.8 (8.25–14.0) 11.3 (8.19–13.2) 0.450
Male [n (%)] 30 (42.9) 39 (50) 0.384
Arg (P) (µM) 90.3 ± 20.4 75.6 ± 18.6 <0.001

Citrulline (P) (µM) 36 (29–42) not measured -
ADMA (P) (µM) 0.62 ± 0.12 0.57 ± 0.11 0.030

Arg/ADMA ratio (P) 148 ± 27.9 135 ± 33.7 0.014
Nitrate (P) (µM) 43.3 (37.4–51.9) 33.1 (27.1–42.8) <0.001
Nitrite (P) (µM) 2.07 (1.86–2.28) 1.95 (0.83–2.33) 0.033

PNOxR 20.9 (17.3–24.3) 22.8 (14.0–41.9) 0.518
ADMA (U) (µM/mM creatinine) 8.17 ± 3.21 7.21 ± 3.13 0.088
DMA (U) (µM/mM creatinine) 57.9 (47.0–70.4) 40.7 (25.9–56.0) <0.001

DMA/ADMA (U) 7.62 (6.40–8.54) 6.05 (4.12–9.29) 0.001
Nitrate (U) (µM/mM creatinine) 159 (113–221) 115 (80.2–156) 0.001
Nitrite (U) (µM/mM creatinine) 0.20 (0.13–0.35) 0.24 (0.16–0.46) 0.478

UNOxR 746 (498–1022) 501 (285–864) 0.003

Abbreviations. Arg, arginine; ADMA, asymmetric dimethylarginine; DMA, dimethylamine; P, plasma; U, urine;
PNOxR, plasma nitrate/nitrite ratio; UNOxR, urinary nitrate/nitrite ratio. The data are reported as median
(25–75 percentile) (non-normal distribution) or as mean ± standard deviation (normal distribution). Significant
results are marked in bold.

Clinical parameters of CF patients were measured during routine examination and obtained from
health record. Body mass index percentiles (BMIp) were calculated and classified as described by
Kromeyer-Hauschild et al. [35]. Nutritional failure was classified as BMIp < 10. Since BMIp does
not correlate with the height of children, percentiles of body height were calculated additionally [36].
Liver involvement was classified by sonographic examination of liver and spleen with signs of
modification in liver morphology and splenomegaly or hepatomegaly in combination with laboratory
parameters: cholinesterase (CHE) < 4 kU/L; prothrombin time < 70% or albumin < 35 g/L. Systolic
blood pressure (SBP) and diastolic blood pressure (DBP) were measured by the Riva-Rocci method.

2.2. Biochemical Analyses

Venous blood was drawn from non-fasted children in ethylenediaminetetraacetic acid (EDTA)
Monovettes (Sarstedt, Nümbrecht, Germany), put on ice, centrifuged immediately, and the plasma
samples were stored at −80 ◦C until analysis. Spot urine samples were collected during routine check-up
and stored at −80 ◦C until further analysis. FENO was measured during yearly check-up for CF patients
via NIOX® (Circassia Pharmaceuticals, UK former Aerocrine, Sweden) and reported as parts per billion
(ppb). Age-corrected FENO was further classified as low, normal or high using reference FENO data [37].
Low FENO was defined as < 3rd percentile, and high FENO was defined as > 95th.

All biochemical parameters were analyzed by using previously reported validated methods and
by considering analyte-specific features, including blood and urine collection, centrifugation, sample
storage and sample work-up. Study samples were analyzed alongside quality control samples for all
biochemical parameters, as described elsewhere for the individual analytes (see below). All biochemical
parameters were determined with the required accuracy (bias ≤ ± 20%) and precision (relative standard
deviation, ≤20%).

Citrulline was determined using a commercially available amino acid analyzer model Biochrom
30Plus (Laborservice Onken GmbH, Gründau, Germany) based on ion-exchange high-performance
liquid chromatography (HPLC) and post-column derivatization with ninhydrin [22,24]. As NO
production in vivo is not reliably measurable, nitrite and nitrate were used as surrogate measures of
NO synthesis [38,39]. Nitrate and nitrite in plasma and urine samples were determined simultaneously
by gas chromatography–mass spectrometry (GC–MS) as described elsewhere [40–42]. Arg in plasma
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as well as ADMA in plasma and urine were analyzed with GC–MS/MS as described previously [43].
DMA and creatinine were measured in urine by GC–MS as described by us earlier [44–46]. The urinary
excretion of the NO metabolites nitrite and nitrate, of ADMA and its metabolite DMA was corrected
for creatinine excretion and these data are reported as µM analyte per mM creatinine. Nitrate-to-nitrite
(NOx) ratios (R) were calculated for plasma (P; PNOxR) and urine (U; UNOxR) samples [47].

2.3. Statistical Analyses

Statistical analyses were performed using the statistical software package IBM® SPSS® Statistics
for Windows, version 25.0 (IBM Corp., Armonk, NY, USA). Descriptive data were analyzed
by the Chi-squared test or by Fisher’s exact test for groups smaller than five observations.
The Kolmogorov–Smirnov test was used to test for normal distribution. Normally distributed data
were analyzed using parametric tests (Student’s t-test, one-way ANOVA). Non-normally distributed
data were analyzed using non-parametric tests (Mann–Whitney test, Kruskal–Wallis test). Bonferroni
post hoc analysis was applied to ANOVA and Kruskal–Wallis test. Values of p < 0.05 were considered
statistically significant. The data are presented as mean ± standard deviation (SD) or median
(25th–75th interquartile range). Correlations were calculated as the Pearson correlation (rp) for
normally distributed data and as the Spearman rank correlation (rs) for non-normally distributed data.

3. Results

3.1. Clinical Characterization of the CF Patients

Ten (14.3%; Table S1) CF patients had sufficient pancreatic function. Out of the 60 (85.7%;
Table S1) pancreatic insufficient patients, eight patients showed liver involvement and two showed
impairment in glucose metabolism. Overall, 11 (15.7%; Table S1) CF patients showed nutritional failure.
BMIp ranged in the patients from 0.05 to 99.45 (average, 41.82; Table S1). Five (7.1%; Table S1) patients
were classified as overweight according to Kromeyer-Hauschield et al. [35] and were included in the
sufficiently nourished patients group. Sixteen (22.9%; Table S1) patients received oral or inhalative
steroids. The Shwachman-Kulczycki score (Shwachmann-Score), rating the overall wellbeing of CF
patients [48], ranked between 60 and 75; the Crispin-Norman Score, a radiological score describing
lung damage in CF patients [49], ranged between 0 and 20. Forced expiratory volume in 1 s (FEV1%) is
a measure for lung health and is most commonly reported in percent, comparing patients to a healthy
age- and gender-matched population [50]. The minimum and maximum of FEV1% in the CF-patients
were 36.1% and 126.1%, respectively (Table S1). Mid expiratory flow 25% (MEF25%) had a median
at 59.5%. No signs of kidney impairment were seen in the CF patients based on plasma creatinine
concentration and glomerular filtration rate (GFR) (mean GFR: 138 ± 20 mL/min).

3.2. The Arg/NO Pathway Status: Comparison of CF Patients with Healthy Controls

Plasma concentrations of Arg (p < 0.001), ADMA (p = 0.030), nitrate (p < 0.001), nitrite (p = 0.033)
and the plasma Arg/ADMA ratio (p = 0.014) were significantly higher in the CF children and adolescents
compared to the age-matched healthy controls (Table 1). There was no significant difference with
respect to PNOxR between the groups (Table 1). Regarding urinary parameters, significantly higher
DMA excretion rates (p < 0.001) were found in the CF patients compared to the healthy controls.
The urinary DMA/ADMA ratio (p = 0.001), the nitrate excretion rate (p = 0.001) and the UNOxR
(p = 0.003) were also higher in the CF patients compared to the healthy controls (Table 1).

3.3. The Arg/NO Pathway Status and the Involvement of Pancreas and Liver

Ten out of the 70 CF patients were pancreatic sufficient with no significant differences in body
height (p = 0.47) or BMIp (p = 0.10) compared to pancreatic insufficient patients (Table S2). However,
both prothrombin time (p = 0.031) and cholesterol (p = 0.005) were higher in these CF patients in
comparison to the pancreatic insufficient CF patients (Table S2). None of the other clinical parameters
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differed between the pancreatic-sufficient and insufficient patients. The Arg/NO pathway status in
the CF patients regarding the involvement of pancreas and liver is summarized in Tables 2 and 3,
respectively. Plasma citrulline was significantly higher in the pancreatic-insufficient CF patients than in
the pancreatic-sufficient CF patients (p = 0.010). In comparison to healthy controls, pancreatic-sufficient
CF patients had similar plasma Arg and ADMA concentrations compared to the healthy controls
(Table 2), whereas pancreatic-insufficient CF patients had significantly higher plasma Arg and ADMA
concentrations, i.e., Arg: insufficient vs. sufficient, p < 0.001; insufficient vs. control, p < 0.001; ADMA:
insufficient vs. sufficient, p = 0.008; insufficient vs. control, p = 0.009 (Table 2). Pancreatic-insufficient
CF patients had significantly higher plasma nitrate concentrations (p < 0.001) and urinary nitrate
excretion rates (p < 0.001), as well as higher urinary DMA excretion rates (p < 0.001) and UNOxR
values (p = 0.006) than healthy controls. The urinary DMA/ADMA ratio was higher in both, pancreatic
sufficient (p = 0.008) and pancreatic insufficient (p = 0.018) CF patients when compared to healthy
controls (Table 2). Furthermore, the plasma Arg/ADMA ratio was significantly higher in the pancreatic
insufficient CF patients compared to the healthy controls (p = 0.014), but not in comparison to the
pancreatic sufficient CF patients (p = 0.267). There were no differences between the pancreatic sufficient
CF patients and the other two groups with respect to these parameters (Table 2).

CF patients with liver involvement had a significantly lower prothrombin time (p = 0.018),
CHE (p = 0.006) and cholesterol (p = 0.024) values than CF patients without liver involvement;
they tended to have lower urea concentrations (p = 0.058; Table S3). None of the other clinical
parameters differed significantly between the eight CF patients with liver involvement and the 62 CF
patients without liver involvement. Only the urinary DMA/ADMA ratio was significantly higher in
the CF patients with liver involvement than in the controls (p = 0.005; Table 3). All the other observed
differences depicted in Table 3 were significant only between the CF patients without liver involvement
and the healthy controls.

Table 2. Arg/NO status in plasma (P) and urine (U) in the patients with cystic fibrosis (CF) with regard
to their pancreatic sufficiency and healthy controls.

CF Patients Healthy Controls p

Insufficient
pancreas Sufficient pancreas

Number of subjects (n) 60 10 78 -
Age (years) 11.1 [8.23–13.7] 13.2 [9.65–15.4] 11.3 [8.19–13.2] 0.317
Male (n (%)) 25 (41.7) 5 (50.0) 39 (50.0) 0.636+

Arg (P) (µM) 94.1 ± 18.8 68.3 ± 15.5 75.6 ± 18.6 <0.001
Citrulline (P) (µM) 37.0 [31.0–44.0] 28.5 (23.3–36.0) not measured 0.010

ADMA (P) (µM) 0.63 ± 0.12 0.52 ± 0.06 0.57 ± 0.11 0.001
Arg/ADMA ratio (P) 150 ± 27.3 132 ± 27.8 134 ± 33.7 0.012

Nitrate (P) (µM) 44.1 (38.5–52.2) 38.4 (26.7–45.7) 33.1 (27.1–42.8) <0.001
Nitrite (P) (µM) 2.06 (1.86–2.27) 2.07 (1.94–2.42) 1.95 (0.83–2.33) 0.100

PNOxR 21.5 (18.3–25.3) 15.8 (12.5–22.0) 22.8 (14.0–41.9) 0.177
ADMA (U)

(µM/mM creatinine) 8.26 ± 2.42 7.64 ± 6.27 7.21 ± 3.13 0.201

DMA (U)
(µM/mM creatinine) 57.9 (48.4–70.5) 52.7 (43.9–65.1) 40.7 (25.9–56.0) <0.001

DMA/ADMA (U) 7.33 (6.37–8.31) 8.06 (7.67–11.1) 6.05 (4.12–9.29) 0.002
Nitrate (U)

(µM/mM creatinine) 167 (119–239) 102 (73.3–184) 115 (80.2–156) <0.001

Nitrite (U)
(µM/mM creatinine) 0.22 (0.15–0.35) 0.13 (0.11–0.34) 0.24 (0.16–0.46) 0.338

UNOxR 752 (511–1025) 666 (391–864) 501 (285–864) 0.009

Abbreviations. Arg, arginine; ADMA, asymmetric dimethylarginine; DMA, dimethylamine; P, plasma; U, urine; PNOxR,
plasma nitrate/nitrite ratio; UNOxR, urinary nitrate/nitrite ratio. The data are reported as median (25–75 percentile]
(non-normal distribution) or as mean ± standard deviation (normal distribution). The results of the Bonferroni post-hoc
analysis are presented in the text. + Fisher’s exact test. Significant results are marked in bold.
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Table 3. Arg/NO status in plasma (P) and urine (U) in the patients with cystic fibrosis (CF) with regard
to their liver health and healthy controls.

CF Patients Healthy Control p

Liver involvement No liver
involvement

Number of subjects (n) 8 62 78 -
Age years 12.0 (7.86–17.1) 11.8 (8.25–14.0) 11.3 (8.19–13.2) 0.611

Male (n (%)) 3 (37.5) 27 (43.5) 39 (50.0) 0.707+

Arg (P) (µM) 83.3 ± 18.8 91.2 ± 20.6 75.6 ± 18.6 <0.001
Citrulline (P) (µM) 36.5 (28.3–38.5) 36.0 (29.0–43.5) not measured 0.619
ADMA (P) (µM) 0.60 ± 0.16 0.62 ± 0.12 0.57 ± 0.11 0.088
Arg/ADMA (P) 141 ± 16.4 149 ± 29.1 135 ± 33.7 0.040

Nitrate (P) (µM) 39.0 (35.4–40.9) 44.4 (37.8–52.8) 33.1 (27.1–42.8) <0.001
Nitrite (P) (µM) 2.06 (1.63–2.37) 2.07 (1.86–2.27) 1.95 (0.83–2.33) 0.100

PNOxR 18.3 (16.3–21.8) 21.4 (17.6–25.1) 22.8 (14.0–41.9) 0.531
ADMA (U)

(µM/mM creatinine) 7.14 ± 2.76 8.31 ± 3.26 7.21 ± 3.13 0.146

DMA (U)
(µM/mM creatinine) 57.3 (41.5–87.8) 58.2 (47.7–70.2) 40.7 (25.9–56.0) <0.001

DMA/ADMA (U) 9.64 (6.93–12.2) 7.41 (6.36–8.16) 6.05 (4.12–9.29) 0.001
Nitrate (U)

(µM/mM creatinine) 110 (90.0–229) 167 (120–221) 115 (80.2–156) 0.002

Nitrite (U)
(µM/mM creatinine) 0.17 (0.09–0.81) 0.20 (0.14–0.35) 0.24 (0.16–0.46) 0.707

UNOxR 652 (304–986] 746 (576–1026] 501 (285–864] 0.007

Abbreviations. Arg, arginine; ADMA, asymmetric dimethylarginine; DMA, dimethylamine; P, plasma; U, urine; PNOxR,
plasma nitrate/nitrite ratio; UNOxR, urinary nitrate/nitrite ratio. The data are reported as median (25–75 percentile)
(non-normal distribution) or as mean ± standard deviation (normal distribution). The results of the Bonferroni
post-hoc analysis are presented in the text. + Fisher’s exact test. Significant results are marked in bold.

3.4. The Arg/NO Pathway Status and the Nutritional Status of the CF Patients

Since nutritional failure was described to be involved in NO production, we split the CF patient
group according to their nutritional status. Due to the missing complete data set on the nutritional
status of the healthy controls, they could not be compared with CF patients. Eleven CF patients were
classified as undernourished, with 9.1% being pancreatic sufficient and 45.5% being P. aeruginosa
negative. CF patients with sufficient nourishment were found to have a higher plasma Arg/ADMA ratio
(p = 0.021) than CF patients with insufficient nourishment (Table S4). The Arg plasma concentrations
did not differ between the groups (p = 0.715), while the ADMA plasma concentrations tended (p = 0.060)
to be higher (Table S4).

The Shwachmann-Score (p < 0.001), FEV1% (p = 0.001) and MEF25% (p = 0.038) were significantly
higher in sufficiently nourished CF patients, while the Crispin-Norman Score (p = 0.003) was
significantly lower (Table S5). CF patients with nutritional failure had significantly more frequent
allergic bronchopulmonary aspergillosis (ABPA) than sufficiently nourished CF patients (p = 0.045).
None of the other clinical parameters differed between the groups (Table S5).

As the Arg/NO pathway changes with age in children and adolescents [25], undernourished and
sufficiently nourished pediatric patients were matched by age and gender (Tables 4 and 5). In this
matched subgroup, the plasma Arg/ADMA ratio remained significantly higher in the sufficiently
nourished CF patients (p = 0.010), with the undernourished CF patients showing plasma Arg/ADMA
ratios even lower than the healthy controls. Furthermore, ADMA excretion in the urine was significantly
higher in the insufficiently nourished CF patients (p = 0.007). Furthermore, insufficiently nourished CF
patients had significantly more severe respiratory impairment based on FEV1% (p = 0.011) and the
Crispin-Norman Score (p = 0.005). Furthermore, the Shwachmann-Score was significantly lower in the
CF patients with nutritional failure (p = 0.008). None of the other biochemical and disease parameters
showed significant differences between the groups.
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Table 4. Age- and gender-matched comparison of cystic fibrosis (CF) patients with nutritional failure
with CF patients with sufficient nourishment with regard to the Arg/NO pathway status in plasma (P)
and urine (U).

CF Patients p

Nutritional Failure a Sufficient Nourishment b

Number of subjects (n) 11 11 -
Age (years) 13.2 (10.2–14.2) 13.1 (10.1–14.7) 0.949
Male (n (%)) 3 (27.3) 3 (27.3) 1.000

Systolic blood pressure (mmHg) 115 (108–116) 114 (112–120) 0.606
Diastolic blood pressure (mmHg) 62 (60–72) 70 (60–75) 0.365

Arg (P) (µM) 88.2 ± 16.8 95.2 ± 18.3 0.367
Citrulline (P) (µM) 33.3 ± 10.2 37.2 ± 9.26 0.358
ADMA (P) (µM) 0.68 ± 0.11 0.61 ± 0.12 0.169
Arg/ADMA (P) 130 ± 19.1 158 ± 26.5 0.010
Nitrate (P) (µM) 50.4 ± 16.6 44.1 ± 12.4 0.322
Nitrite (P) (µM) 2.03 (1.85–2.34) 1.91 (1.81–2.70) 0.748

PNOxR 25.1 ± 9.07 20.6 ± 6.25 0.191
ADMA (U)

(µM/mM creatinine) 8.93 (7.12–10.3) 6.53 (5.40–7.58) 0.007

DMA (U)
(µM/mM creatinine) 56.5 (52.3–65.6) 46.6 (43.5–70.9) 0.151

DMA/ADMA 7.31 (6.05–7.79) 7.84 (6.42–10.3) 0.193
Nitrate (U) (µM/mM creatinine) 203 ± 105 142 ± 57.2 0.105
Nitrite (U) (µM/mM creatinine) 0.24 ± 0.10 0.18 ± 0.08 0.120

UNOxR 912 ± 404 855 ± 277 0.701
a Nutritional failure is defined as a BMI percentile < 10; b sufficient nourishment is defined as a BMI percentile ≥ 10.
Abbreviations. Arg, arginine; ADMA, asymmetric dimethylarginine; DMA, dimethylamine; P, plasma; U, urine; PNOxR,
plasma nitrate/nitrite ratio; UNOxR, urinary nitrate/nitrite ratio. The data are reported as median (25–75 percentile)
(non-normal distribution) or as mean ± standard deviation (normal distribution). Significant results are marked in bold.

Table 5. Age- and gender-matched comparison of cystic fibrosis (CF) patients with nutritional failure
and sufficiently nourished CF patients with regard to anthropometric and clinical parameters.

CF Patients p

Nutritional Failure a Sufficient Nourishment b

Number of subjects (n) 11 11 -
Height (percentile) 35.0 ± 27.2 39.1 ± 21.7 0.699
BMIp (percentile) 3.56 (1.25–6.75) 45.9 (28.0–68.2) <0.001

Shwachmann-Score 70 (65–75) 75 (75–75) 0.008
FEV1% 73.0 ± 22.2 96.2 ± 16.3 0.011

MEF25% 43.3 ± 27.6 74.1 ± 53.4 0.105
Crispin-Norman-Score 10.4 ± 5.39 4.55 ± 2.94 0.005

FENO (ppb) 8.20 (4.70–15.7) 10.2 (7.08–13.2) 0.765
Fischer-Quotient 3.50 ± 0.85 3.27 ± 0.43 0.432

Prothrombin time (%) 81.8 ± 9.38 81.2 ± 11.6 0.889
Cholesterol (mM) 3.39 ± 0.57 3.62 ± 0.91 0.538

Triglycerides (mM) 1.05 (0.77–1.37) 1.36 (0.92–2.12) 0.203
Urea (mM) 3.95 ± 0.79 4.07 ± 1.19 0.787

GFR (mL/min) 145 ± 11.4 129 ± 17.6 0.020
Pancreas sufficiency (n (%)) 1 (9.1) 2 (18.2) 1.00+

Liver involvement (n (%)) 1 (9.1) 2 (18.2) 1.00+

P. aeruginosa negative (n (%)) 5 (45.5) 8 (72.2) 0.387+

ABPA (n (%)) 3 (27.3) 1 (9.1) 0.586+

Acute infect (n (%)) 6 (54.5) 5 (45.5) 1.00+

Steroid treatment (n (%)) 5 (45.5) 2 (18.2) 0.361+

a Nutritional failure is defined as a BMI percentile < 10; b sufficient nourishment is defined as a BMI percentile ≥ 10.
Abbreviations. BMIp, BMI percentile; FEV1%, Forced expiratory volume in 1 s; MEF25%, mid expiratory flow 25%;
GRF, glomerular filtration rate; ABPA, allergic bronchopulmonary aspergillosis. The data are reported as median
(25–75 percentile) (non-normal distribution) or as mean ± standard deviation (normal distribution). + Fisher’s exact
test. Significant results are marked in bold.
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3.5. Correlation Analysis of Arg/NO Metabolites and Disease Parameters

No significant correlation was observed between Arg and age (p = 0.837), height percentile
(p = 0.279), BMIp (p = 0.684), FEV1% (p = 0.315), the Shwachmann-Score (p = 0.554, or the Fischer-ratio
(p = 0.319; data not shown). The Shwachmann-Score correlated positively both with the plasma
Arg/ADMA ratio (Table S6) and the plasma nitrite concentration (Table S6). Additional significant
correlations were found between the concentrations of the plasma and urinary members of the Arg/NO
pathway in the CF patients. Especially PNOxR and UNOxR correlated with each other in the CF patients
(r = 0.386, p = 0.001), but did not correlate with GFR (Table S6).

4. Discussion

The aim of the present systematic study was to quantitate the Arg/NO pathway in a large cohort
of pediatric CF and in healthy children in plasma and urine with a special emphasis on nourishment
and the involvement of the pancreas and liver, which are crucial factors in this disease. We measured
the Arg and ADMA, the substrate and inhibitor of NO synthesis, the major NO metabolites nitrate and
nitrite, and DMA, the main ADMA metabolite and measure of DDAH activity.

Our study reveals an altered Arg/NO pathway in CF patients compared to healthy age-matched
controls. Arg, ADMA, nitrate and nitrite were elevated in the CF patients, and the metabolites of this
pathway were excreted in urine accordingly in higher concentration than in healthy controls as shown
in Figure 1. Pancreatic-sufficient patients had concentrations of the Arg/NO pathway comparable
to those in healthy controls. Malnourished CF patients showed more severe lung impairment than
well-nourished patients. The plasma Arg/ADMA ratio was lower in the malnourished patients.
Therefore, the Arg/ADMA ratio might serve as an early marker of nutritional failure in pediatric CF
(Figure 1). Additionally, the plasma Arg/ADMA ratio correlated with the Shwachmann-Score in all CF
patients, indicating an association of higher Arg/ADMA ratio with better health in the CF patients
group. These observations suggest differences in the Arg/NO pathway.

The Arg/NO pathway involves the NOS family, which consists of three isoforms, the constitutive
and Ca2+-dependent endothelial NOS (eNOS) and neuronal NOS (nNOS) and the inducible,
Ca2+-independent NOS (iNOS) [12,13]. The NOS activity is controlled by three guanidine (NG)
methylated Arg analogues, i.e., NG-monomethyl-Arg (MMA), NG,NG-dimethylarginine (asymmetric
dimethylarginine, ADMA), and NG,N’G-dimethylarginine (symmetric dimethylarginine, SDMA)
all being endogenous inhibitors of NOS activity [30,52–54]. MMA, ADMA and SDMA are released
during the proteolysis of certain NG-methylated proteins [52,54]. MMA is found in blood and urine
at concentrations a 10th of the ADMA and SDMA concentrations [55,56]. ADMA and SDMA are
considered atherosclerotic risk factors [51]. The protein precursors of MMA, ADMA and SDMA are
produced and metabolized virtually in all organs, including the lungs. SDMA is mainly eliminated by
the kidneys in its unchanged form. MMA is eliminated similarly to ADMA. The most important enzyme
responsible for the metabolism of MMA and ADMA is dimethylarginine dimethylaminohydrolase
(DDAH). This enzyme hydrolyzes MMA to monomethylamine and L-citrulline, whereas ADMA is
hydrolyzed by DDAH to dimethylamine (DMA) and L-citrulline [17,18]. It is estimated that about
80% of daily endogenously produced ADMA is metabolized by DDAH and is excreted in the urine as
DMA, with the remaining 20% being excreted in the urine as ADMA [19]. Urinary DMA is therefore a
useful measure of whole-body ADMA synthesis [19].



J. Clin. Med. 2020, 9, 2012 10 of 21J. Clin. Med. 2020, 9, x FOR PEER REVIEW 11 of 22 

 

 
Figure 1. Simplified schematic of the L-arginine/nitric oxide pathway in healthy controls and changes 
in cystic fibrosis patients, including the low- and high-molecular-mass substrates, inhibitors, reaction 
products, enzymes. Green arrows indicate changes observed in the pediatric cystic fibrosis patients 
compared to healthy controls. Arg is metabolized by NOS, to build NO and citrulline (not shown). 
NO then may function as a signaling molecule and is quickly oxidized to form nitrite and nitrate, 
which are excreted in urine. The urinary excretion and reabsorption of nitrite is CA dependent. Arg 
in proteins might be methylated by PRMT to build ADMA or SDMA in proteins, which are released 
during proteolysis. ADMA is further metabolized by DDAH) to form DMA. DMA is the main 
metabolite of ADMA excreted in urine, but ADMA can be found in urine as well. ADMA and SDMA 
both are able to inhibit NOS activity. The Arg/ADMA ratio is a measure of NO synthesis capacity. 
Abbreviations: ADMA, asymmetric dimethylarginine; Arg, L-arginine; CA, carbonic anhydrase; 
DDAH, dimethylarginine dimethylaminohydrolase; NO, nitric oxide; NO2, nitrite; NO3, nitrate; 
NOS, nitric oxide synthase; PRMT, protein-arginine methyl transferase; SDMA; symmetric 
dimethylarginine. Double arrows indicate reactions might be reversable. The double-arrow on CA 
indicates that excretion and resorption of nitrite are CA-dependent. Green ellipses indicate enzymes 
involved in the metabolism. Rectangles indicate products in the Arg/NO metabolism, blue rectangles 
highlight products in the Arg/NO metabolism, which are considered atherosclerotic risk factors [51]. 
Yellow rectangles indicate all other Arg/NO metabolites. A red blunt-ended arrow indicates the 
inhibition of ADMA on NOS. A violet-marked rectangle indicates excretion, and a light blue rectangle 
indicates function of the molecule. 
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Figure 1. Simplified schematic of the L-arginine/nitric oxide pathway in healthy controls and changes
in cystic fibrosis patients, including the low- and high-molecular-mass substrates, inhibitors, reaction
products, enzymes. Green arrows indicate changes observed in the pediatric cystic fibrosis patients
compared to healthy controls. Arg is metabolized by NOS, to build NO and citrulline (not shown).
NO then may function as a signaling molecule and is quickly oxidized to form nitrite and nitrate,
which are excreted in urine. The urinary excretion and reabsorption of nitrite is CA dependent.
Arg in proteins might be methylated by PRMT to build ADMA or SDMA in proteins, which are
released during proteolysis. ADMA is further metabolized by DDAH) to form DMA. DMA is the main
metabolite of ADMA excreted in urine, but ADMA can be found in urine as well. ADMA and SDMA
both are able to inhibit NOS activity. The Arg/ADMA ratio is a measure of NO synthesis capacity.
Abbreviations: ADMA, asymmetric dimethylarginine; Arg, L-arginine; CA, carbonic anhydrase; DDAH,
dimethylarginine dimethylaminohydrolase; NO, nitric oxide; NO2, nitrite; NO3, nitrate; NOS, nitric
oxide synthase; PRMT, protein-arginine methyl transferase; SDMA; symmetric dimethylarginine.
Double arrows indicate reactions might be reversable. The double-arrow on CA indicates that
excretion and resorption of nitrite are CA-dependent. Green ellipses indicate enzymes involved in
the metabolism. Rectangles indicate products in the Arg/NO metabolism, blue rectangles highlight
products in the Arg/NO metabolism, which are considered atherosclerotic risk factors [51]. Yellow
rectangles indicate all other Arg/NO metabolites. A red blunt-ended arrow indicates the inhibition of
ADMA on NOS. A violet-marked rectangle indicates excretion, and a light blue rectangle indicates
function of the molecule.

Nitrite and nitrate are major metabolites of NO. They circulate in the blood and are excreted
mainly in the urine. Circulating nitrite and nitrate are useful indicators of systemic NO synthesis,
while urinary nitrate rather represents a measure of whole-body NO synthesis. It is worth mentioning
that a considerable fraction of circulating and urinary nitrite and nitrate derives from nutrition [15].
Furthermore, NO can also be produced from inorganic nitrite in various compartments of the body
under certain conditions, such as hypoxia or upon bacterial nitrate reductase-catalyzed reduction of
nitrate to nitrite in the gut and mouth flora, independent of the Arg/NO pathway [38,57].

Our finding of higher plasma Arg concentration in pediatric patients with CF is in line with
Engelen et al. [29]. Yet, in adult CF patients, lower Arg plasma concentrations were measured during
pulmonary exacerbation that were normalized after 14 days of antibiotic treatment [28]. Interestingly,
CF patients studied by Engelen et al. [29] were tested after antibiotic treatment only, while none of our
CF patients had received antibiotic treatment prior to examination. Stable CF patients seem to show
elevated plasma Arg levels.

The plasma Arg/ADMA ratio is considered a measure of NO synthesis capacity [26,30,31]. In our
pediatric CF patients, the plasma Arg/ADMA ratio was higher than in our controls, albeit of a
relatively low degree of 9%. NOS activity depends on the local relative bioavailability of Arg and
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ADMA, i.e., on the cellular Arg uptake. Arg and L-ornithine, which is produced from Arg by the
catalytic action of arginase, compete on the same amino acid transporter [28,58]. Therefore, rising
L-ornithine concentrations, for instance due to elevated arginase activity, could lead to lower cellular Arg
concentrations, which may not necessarily correlate with extracellular Arg concentrations. In plasma
of our CF patients, we measured systemic Arg concentrations, which should have been sufficient
to ensure high Arg bioavailability in NO-producing cells. This is supported by the observation of
higher plasma and urinary nitrate concentrations in the CF patients compared to healthy age-matched
children, both in plasma and in urine. Hence, in our pediatric CF patients, NOS activity seems not to
be impaired.

4.1. Potential Roles of Liver, Pancreas and Kidney in Pediatric Cystic Fibrosis

ADMA is produced through the post-translational dimethylation of arginine residues in certain
proteins by the catalytic action of protein-arginine methyltransferase (PRMT). PRMT and DDAH,
which hydrolyzes ADMA to DMA and L-citrulline [54], are widely distributed in human organism
including lung, liver, kidneys and pancreas [59]. In our CF patients, we observed higher PRMT
activity, as measured by higher ADMA concentrations in plasma and urine, and higher DDAH activity,
as measured by the DMA/ADMA ratio in urine, compared to the healthy children. The urinary
DMA/ADMA ratio is a measure of the whole-body balance of PRMT and DDAH activity [44].
The urinary DMA/ADMA ratio was by about 21% higher in the CF patients compared to the healthy
controls, indicating enhanced activity of DDAH and PRMT. In adults, the urinary DMA/ADMA ratio
was found to be lower in patients suffering from liver disease compared to healthy subjects [44].
These observations may suggest that liver disease only had little contribution to whole-body
DDAH/PRMT balance. The liver impairment of our CF patients was relatively mild, as suggested by
the slightly decreased CHE activity and albumin concentration compared to the healthy CF patients.
CF patients with liver involvement had 23% lower DMA/ADMA ratios than CF patients with no liver
involvement. CF patients with pancreas insufficiency had by 9% lower DMA/ADMA ratios than CF
patients with pancreas sufficiency. These diametric effects suggest that the liver may have a relatively
stronger effect on the whole-body DDAH/PRMT state in pediatric CF. The lung has been identified as a
major source of ADMA, i.e., of PRMT activity [59]. This observation and our present results suggest
that PRMT activity is considerably enhanced in the lung of our CF patients, presumably due to chronic
inflammation, and contributes to circulating and urinary ADMA.

Plasma creatinine concentration and GFR did not indicate kidney impairment in our CF patients.
PNOxR and UNOxR correlated with each other in the CF patients, but they did not correlate with GFR.
This observation may suggest that both the plasma and the urinary concentrations of nitrate and
nitrite are primarily dependent upon the reabsorption of nitrite by carbonic anhydrase (CA) in the
proximal tubule of the nephron [47] (Figure 1). By using the drug acetazolamide, a strong inhibitor
of CA activity, early work found that CA is involved in CF [60–62]. Acetazolamide administration
to cats was found to reduce bicarbonate concentration and to increase the concentration of chloride
in the sweat [62]. In the meantime, there is strong evidence that CFTR and CA are co-expressed in
various cells and organs, such as pancreatic and bile duct epithelial cells, including several nephron
segments of mammalian kidney, mediate the bicarbonate transport, and are involved in the transport
of other anions and cations, including Na+ and K+ by other transporters [63–68]. Yet, whether renal
CFTR plays a role in the excretion and/or reabsorption of nitrite and nitrate is not known. In our CF
patients, we found higher (by 33%) UNOxR values than in the healthy controls, presumably due to
a higher excretion rate of nitrate (by 28%) and a lower (by 17%), albeit insignificant, urinary nitrite
excretion. The UNOxR values measured in the CF children are closely comparable with those measured
in type I diabetic children [47]. CF children with insufficient pancreas function had higher (by 11%)
UNOxR values than CF children with sufficient pancreas, while CF children with liver involvement had
lower (by 13%) UNOxR values than CF children with insufficient pancreas function. These observations
may suggest the opposite effects of the pancreas and liver on the renal excretion of nitrite and nitrate in
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pediatric CF. The urinary excretion rates of nitrite do not give reason for bacterial infection (e.g., nitrate
reductase) in the urogenital tract of the children.

In our pancreatic insufficient CF patients, elevated Arg, ADMA and nitrate in plasma were
observed. Additionally, Krantz et al. observed higher calculated alveolar NO in pancreatic insufficient
CF patients, compared to pancreatic sufficient CF patients [69]. Taken together this might indicate
escalated inflammation and heightened NO production in pancreatic insufficient CF patients. Plasma
Arg concentrations comparable to our CF patients were also observed in pediatric diabetes type I
patients under long-term insulin treatment [23]. Unlike CF patients, diabetes type I patients showed
no elevation in plasma ADMA concentrations and significantly lower plasma nitrite concentrations
compared to healthy controls [23]. The elevation of Arg levels results in enhanced insulin excretion [70].
With a large amount of β-cells being lost in CF patients, individual cells need to produce larger amounts
of insulin than in the healthy pancreas [71,72]. The involvement of NOS activity in β-cell damage
during diabetes type I has been described. The elevation of NO production during inflammation
in diabetes type I pancreas leads to the elevated apoptosis of β-cells [73]. Additionally it has been
described for β-cells themselves to over-produce NO in diabetes type II, while the low production
of NO results in insulin excretion [71,74]. Elevated Arg and nitrate in the plasma of our CF patients
might be a measure of elevated insulin excretion, while the pancreas itself is inflamed, especially since
it still is not fully understood why the number of CF patients’ islets is reduced [75]. As CFTR is not
involved in insulin secretion, islets of CF patients are not inherently constricted. Rather, the loss of
function of the endocrine pancreas stems from several factors, such as malnutrition and malabsorption,
inflammation and multi-organ failure in CF [72]. Therefore, the missing activation of the Arg/NO
metabolism in pancreatic-sufficient CF patients might reflect a healthy pancreatic situation without
inflammation or counteracting reduced insulin production due to β-cell loss.

4.2. Potential ADMA-Related Cardiovascular Risk in Pediatric Cystic Fibrosis

In adults, a rise of about 11–46% in circulating ADMA concentrations is related to severe outcomes
in coronary artery disease (CAD) and death [76,77]. In the last decades, up to 50% of CF patients
reached adulthood, most likely due to improved care [78]. Since CF patients are getting older,
the consequences of chronic disease and aging become a more prevalent issue in the aging CF
community. Chronic inflammation and pulmonary obstruction as well as a high-fat diet contribute to
increased cardiovascular risk in aging CF patients [79]. Even today, it is still unclear if these elevated risk
factors are leading to CAD and impaired vascular function in CF [76,79–81]. While Vizzardi et al. [80]
found a higher frequency of endothelial dysfunction in adult CF patients (mean age, 24 years), Skolnik
et al. [79] did not find any atherosclerotic plaque in their adult CF patients (mean age, 47 years). Chronic
inflammation might reduce NO bioavailability in CF patients, thus increasing cardiovascular risk [80].
The CF children (age, 5–17 years) of our study had, by 8% higher plasma ADMA concentrations than
the age-matched healthy children. The 60 CF children with pancreas insufficiency had, by 17%, higher
plasma ADMA concentrations than the 10 CF children with pancreas sufficiency. The eight CF children
with liver involvement had, by 3%, lower plasma ADMA concentrations than the 62 CF children with
no liver involvement. With respect to nourishment, the 11 CF patients with nutritional failure had,
by 10%, higher plasma ADMA concentrations than the 11 CF patients with sufficient nourishment.

Despite higher plasma ADMA concentrations, we observed noticeably higher NO production in
the CF children compared to the healthy control. Yet, because circulating and urinary nitrite and nitrate
originate from eNOS, nNOS and iNOS and in part from nutrition, which has not been controlled in
our study, it is actually impossible to specify the contribution of each origin to NO production [38].
Furthermore, neither circulating nor excretory nitrite and nitrate provide dependable information on the
bioavailability on NO at its site of formation. Whether circulating ADMA represents a cardiovascular
risk in children, is still unknown. Our study cannot predict future outcomes of cardiovascular disease
risk. Labombarda et al. [81] identified myocardial disease in CF patients as a common diagnosis,
probably provoked through CFTR involvement during contraction of the myocardium. Free ADMA
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and ADMA-containing proteins are assumed to exert additional not yet fully understood effects [82].
There is increasing evidence that cardiac sodium channels are post-translationally dimethylated on
certain arginine residues and that this modification is associated with altered function [83–85].

As these abnormalities lead to abnormalities in systolic and diastolic functions, further research
of cardiovascular risk joint with myocardial disease might be of interest in the aging CF population.
A longtime observation of the Arg/NO pathway, including ADMA, might help understand changes in
epithelial and endothelial functions in CF patients.

4.3. External Sources of Arg, ADMA and DMA

The daily dietary intake of Arg is estimated to be 2–7 g; Arg is well absorbed and results in plasma
peak levels about 2 h after oral admission [11]. To the best of our knowledge no such data is available
for ADMA. The oral administration of L-citrulline was also shown to result in increasing plasma Arg
concentrations, even outperforming Arg supplementation itself [11,86]. Rougé et al. observed an
elevation of citrulline by about 500% after the supplementation of citrulline in adults and an increase
of 100% of Arg [86]. The higher plasma citrulline concentrations in our pancreatic insufficient CF
patients could have led to the higher Arg plasma concentrations in these patients. The intake of
Arg-rich proteins may have contributed to higher blood Arg levels in CF patients [87]. Intake of
higher amounts of Arg or citrulline as part of standardized pharmaceutical therapy, such as gelatin
(100 g gelatin contain 7.5 g Arg [88]), is likely to lead to higher Arg and citrulline concentrations in
the blood. Supplementation of 9.96 g/d of Arg for six months increased plasma Arg concentration in
31 elderly CAD patients from 67.7 µM to 94.7 µM; the same dose for 3 months in 20 peripheral arterial
occlusive disease (PAOD) patients resulted in a mean increase in plasma Arg concentration from 56.5
to 80 µM [89]. These elevations were associated with marginal increases in plasma ADMA in the
CAD and PAOD patients [89]. The 1.4-fold increase is comparable to the 1.2-fold higher Arg plasma
concentration we observed in our CF children. The loss of pancreatic enzymes might occur in CF
patients with pancreatic insufficiency. Yet, data on the fate of pancreatic enzymes such as amylase and
lipase in the small intestine are scarce and controversial [90,91]. Elevated Arg plasma concentrations
in our pancreatic insufficient CF patients either could be a result of a reduced loss of Arg through
pancreatic enzymes or of an elevated uptake of Arg through the substitution of pancreatic enzymes.

4.4. Arg/NO Metabolism in Nutritional Failure

ADMA is built by the methylation of Arg residues in proteins and is released by proteolysis [59].
Consequently, higher ADMA plasma (although not significant) and urinary concentrations in our CF
patients with nutritional failure could stem from a catabolic state, as Engelen et al. [29] published
similar findings. Since methylarginine metabolism in the lungs contributes significantly to circulating
ADMA [59] and undernourished CF patients show increased respiratory impairment, ADMA
production in the lungs of these CF patients might as well be elevated. As the synthesis of NO
not only is modulated by Arg availability and ADMA inhibition, further studies on the complex
interactions and modulations of NO synthesis would be of interest. In adults, insulin like growth
factor-1 (IGF-1) is diminished significantly after five days of fasting and is only sufficiently restored
during refeeding with sufficient energy and protein intake [92], while long-term calorie restriction
with adequate protein intake did not influence IGF-1 [93]. The same results were observed in anorexic
adolescents and young adults and children suffering from malnutrition [94,95]. It has been observed
that IGF-1, as well as insulin, stimulates NO production in endothelial cells [96]. In CF mice, IGF-1
reduction was seen in late adolescence and reduced weight and length occurred independent of
gastrointestinal CF issues [97]. As chronic inflammation in CF patients could lower IGF-1 concentration,
NO production could be influenced as well as the possibility that respiratory impairment might rise
as IGF-1 levels decrease [98]. In 56 community-dwelling elderly, a two-week supplementation of
energy and protein resulted in elevated IGF-1 concentration and the lowering of inflammation markers
interleukin 6 and tumor necrosis-factor α [99]. In pediatric CF patients, growth hormone treatment
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without a prior growth hormone deficit lead to the improvement of growth, nutritional status, protein
retention and IGF-1 levels [100,101]. Interconnection of nutritional failure and IGF-1 might therefore
also influence inflammation. Imbalances of structures activating NOS might be influenced by reduced
Arg/ADMA ratio in CF patients with nutritional failure as we observed. Langen et al. observed a
positive correlation of IGF-1 and homoarginine/ADMA ratio in children of short stature without growth
hormone deficiency. Additionally, they observed a positive correlation of IGF-1 with homoarginine as
well as homoarginine/ADMA ratio in children of short stature with growth hormone deficiency [102],
suggesting coupling of NO metabolism and IGF-1. The coupling of NO and IGF-1 metabolic and
signaling pathways might highlight early markers, such as the inhibition of NOS measured as a lower
Arg/ADMA ratio in our CF patients, for growth hormone deficiencies and nutritional failure.

Patients with anorexia nervosa and very low body weight show complications in the cardiovascular
system, especially pericardial effusion, which is related to very low body weight and reversed with
weight gain [103,104]. According to the loss of cardiac muscle, anorexia nervosa patients present lower
blood pressure, which resolves in institutionalization [105–107]. Furthermore, elevated FENO was
observed, while Rodrigue Pereira et al. reported diminished Arg plasma concentration in anorexic
patients [33,34]. Vignini et al. [108] observed reduced Arg in anorexic patients’ plasma with elevated
NO production in platelets, which normalized after two weeks of Arg supplementation. As we
observed changes in the Arg metabolism in very-low-weight CF patients, observations of the Arg/NO
metabolism in anorexia nervosa patients might result in findings of early intervention markers in
anorexia patients as well. Especially since severe complications in anorexia result in sudden death due
to cardiovascular changes, early intervention markers might be useful [105–107,109]. Imbalances in
NO production in insufficiently nourished CF patients and anorexia nervosa patients might further
facilitate insight into the complex regulation of Arg/NO metabolism.

As Arg/ADMA ratio was significantly reduced in insufficiently nourished CF patients, without
significant differences in Arg or ADMA plasma levels, longitudinal analysis of this ratio might uncover
early alterations in metabolism hinting to nutritional failure even before BMI falls below 10th percentile.
Furthermore, increased urinary ADMA excretion might be considered a measure against rising ADMA
plasma levels and should therefore be included into longitudinal observations. Especially as small
ADMA plasma elevations are related to severe outcomes in adults [76], elevated urinary excretion in
pediatric CF patients might serve as an early marker for metabolic imbalances.

4.5. Study Limitations

Most of the pediatric CF patients studied here showed mild disease with only two out of 70
showing impaired glucose metabolism. Lung function, measured as FEV1%, ranged between 126%
and 36% (90% ± 19% (mean ± standard deviation)), only two CF patients showed FEV1% below 50%.
Hence, the activation of the Arg/NO metabolism in the CF patients cannot be associated with a decline
in lung function. Longitudinally designed studies could shed light on changes in Arg/NO metabolism
through disease progression and the aging of the CF patients. As the BMI data of controls were missing,
no comparison of CF and controls was conducted regarding malnutrition. One major limitation to
consider is that CF patients were not fasted overnight and were not required to refrain from foods
rich in citrulline, Arg, nitrate and nitrite prior to examination, although they were asked to avoid
fresh or canned fish, which may contribute to urinary DMA concentration [110]. As discussed above,
citrulline ingestion leads to an elevation in Arg and citrulline plasma concentration and therefore might
have influenced Arg and citrulline concentration. However, standard deviations in Arg and citrulline
concentration were comparable in all groups, indicating the non-fasted status and differences of time
spent since last meal until blood drawing might not be of interest. Furthermore, not all parameters were
analyzed in the control group. Additionally, we cannot draw conclusions about the actual Arg/NO
content in individual tissues, e.g., lung, airway, neuronal or pancreatic tissue.
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5. Conclusions

Pediatric CF patients with mild disease have higher plasma and urinary concentrations of
Arg and of the NO metabolites nitrate and nitrite compared to healthy controls indicating both
sufficient Arg availability from endogenous and exogenous sources and activated Arg/NO pathway.
Pancreatic-sufficient CF patients and healthy controls have a similar Arg/NO metabolism, suggesting
Arg/NO modulation as an interesting therapeutic target in pancreatic insufficient patients. The plasma
Arg/ADMA ratio was lower in the malnourished CF patients, suggesting lower NO synthesis capacity
in these patients, which might be a useful marker for nutritional failure. Pancreas and liver function
seem to have opposite effects on the renal excretion of nitrite and nitrate. The contribution of renal CA
and CFTR to the excretion/reabsorption of nitrite and nitrate in pediatric CF is elusive and warrants
further investigations.

As the CF population is continuing to have higher life expectancy, cardiovascular issues might arise.
The influence of the Arg/NO pathway and CFTR deficiency on myocardial disease and cardiovascular
risk could become a field of interest in future research on CF. Here, attention on changes in Arg and
ADMA might be of interest in disease progression.
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