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Abstract Over the last few years, a pivotal role has been
ascribed to reduced nitric oxide (NO) availability as a
contributing factor to the vaso-occlusive process of sickle
cell disease. We investigated whether arginine metabo-
lism in sickle cell patients is different from healthy con-
trols. Blood samples were drawn by venipuncture in the
fasting state from 8 clinically asymptomatic HbSS pa-
tients and 14 race-matched HbAA controls. HbSS patients
had decreased plasma arginine (p=0.001) and increased
proline (p=0.015) levels as compared to controls. Ratios
of arginine to ornithine (p<0.001), proline (p<0.001),
glutamate (p=0.003), and citrulline (p=0.026) were lower
in HbSS patients. There were significant correlations
of ornithine (rs=�0.71, p=0.047), citrulline (rs=�0.79,
p=0.021), arginine/ornithine (rs=0.93, p=0.001), and ar-

ginine/citrulline (rs=0.81, p=0.015) to hemoglobin and
of arginine/proline (rs=�0.76, p=0.028) and citrulline
(rs=0.71, p=0.048) to leukocyte counts. These data indi-
cate that in clinically asymptomatic sickle cell patients
increased arginine metabolism is shifted to the arginase
pathway and that this seems to be more profound in pa-
tients with higher hemolytic rates and leukocyte counts.
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Introduction

Vaso-occlusion leads to organ damage, a decreased
quality of life, and a decreased life expectancy in patients
with sickle cell disease (SCD) [1]. The pathophysiologi-
cal mechanism of vaso-occlusion in SCD is characterized
by a proinflammatory state, involving adhesive processes
between sickle red blood cells, leukocytes, and the acti-
vated endothelium, as well as hypercoagulability [2, 3].
Over the last few years, a pivotal role has been ascribed to
reduced nitric oxide (NO) availability as a contributing
factor to the vaso-occlusive process [4]. NO is a major
endothelial relaxing factor with a central role in vascular
homeostasis by maintaining basal and stimulated vaso-
motor tone. NO also limits platelet aggregation and re-
duces endothelial activation, as well as adhesion of sickle
red blood cells to the activated endothelium [5, 6, 7].
Elegant studies have demonstrated that sickle cell patients
are characterized by upregulation of NO synthesis, but
that the ability to further increase NO production during
acute vaso-occlusive events is limited, albeit perhaps
more markedly in men than in women [8, 9]. Arginine
availability for NO synthesis (through NO synthase) is
dependent on cellular uptake via cationic amino acid
transporters (CAT) and arginine recycling from citrulline.
The metabolism of arginine is determined by the activity
of two enzyme systems: the nitric oxide synthetase en-
zymes (inducible, neuronal, and endothelial nitric oxide
synthase or iNOS, nNOS, and eNOS) that lead to NO
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formation, and arginase enzymes, consisting of two iso-
forms (arginase I and II) that lead to ornithine formation.
Ornithine can subsequently be converted into glutamate,
proline, and the polyamine precursor putrescine (Fig. 1)
[10, 11, 12]. CAT and many of the enzymes involved in
intracellular arginine homeostasis are inducible by cy-
tokines, and an upregulation of arginase may cause a
metabolic shift towards increased production of ornithine
at the expense of NO production. It is possible that in-
creased arginase activity may also contribute to the re-
duced NO availability in SCD.

We investigated whether arginine metabolism in sickle
cell patients is different from healthy controls. We show
that amino acid levels and profiles are indicative of a
metabolic shift to the arginase pathway in clinically
asymptomatic sickle cell patients and that this is related to
the degree of hemolysis and leukocytosis.

Materials and methods

Patients and controls

For this case control study, blood samples were drawn via veni-
puncture in the fasting state from eight consecutive HbSS patients
at the outpatient Department of Internal Medicine (Sint Elisabeth
Hospital, Cura�ao). None of the patients were on any kind of
treatment (apart from folic acid intake by some), nor had they
received blood transfusions during the 4 months prior to sample
collection. Patients were in the clinically asymptomatic state during
sample collection (no overt painful crises or other acute vaso-oc-
clusive events). Fourteen race-matched subjects with HbAA served
as controls (see Table 1 for patient and control characteristics).
Written informed consent was obtained from all patients and con-
trols, and this study was approved by the local ethical review board.

Samples and analysis

Samples were immediately centrifuged at 1700 g for 10 min. Ali-
quots were stored at �70�C until further analysis. Ethylenedi-
aminetetraacetate (EDTA) blood was used for determination of
standard blood counts with a MAXM Hematology Analyzer
(Beckman Coulter, Fullerton, Calif., USA) and confirmation of
hemoglobin phenotype was obtained with high performance liquid
chromatography [13]. Serum was used for determination of creat-
inine and lactate dehydrogenase (LDH) levels with a Vitros 950
system (Johnson & Johnson, New Brunswick, N.J., USA). In order
to exclude other causes of anemia, serum ferritin, vitamin B12,
folate, and total homocysteine were determined with an immuno-
chemistry analyzer (AxSym, Abbott Laboratories, Abbott Park, Ill.,
USA) [14, 15]. Plasma amino acids were determined by ion ex-
change chromatography with ninhydrin postcolumn derivatization
and colorimetric detection. Plasma NOx, which is the sum of nitrate
and nitrite, was determined as previously described [16].

Data analyses and statistics

For relative plasma amino acid contents (in mol%) we took the sum
of the 19 protein amino acids (tryptophane not included) and sub-
sequently calculated the percentage of each amino acid. For be-
tween-group comparisons the Mann Whitney U test was employed
and for correlation studies we determined the Spearman’s rank
correlation coefficient. The statistical software package SPSS 10.0
(SPSS Inc., Chicago, Ill., USA) was used and p�0.05 was con-
sidered statistically significant.

Fig. 1 Simplified scheme of arginine metabolism. Plasma arginine
competes with lysine to enter the cell via a specific cationic amino
acid transporter (CAT). Intracellular arginine can than either be
metabolized to citrulline via nitric oxide synthetase (NOS) or to
ornithine via arginase. Argininosuccinate synthetase (AS) and ar-
gininosuccinate lyase (AL) recycle citrulline to arginine. Ornithine
can be converted to putrescine (and the higher polyamines sper-
midine and spermine), proline, and glutamate [10, 11, 12]

Table 1 Laboratory data in pa-
tients and controls. Data are
presented as median with in-
terquartile ranges. NS not sig-
nificant, MCV mean corpuscu-
lar volume, NOx nitric oxide
metabolites

HbSS (8) HbAA (14) p

Age (years) 39 (35–44) 43 (33–48) NS
Hemoglobin (g/dl) 8.7 (5.7–9.6) 13.8 (12.6–16.6) <0.001
Leukocytes (�109/l) 11.7 (10.8–14.6) 6.3 (4.5–8.0) <0.001
MCV (fl) 97 (91–100) 90 (86–92) 0.007
LDH (U/l) 1237 (740–1506) 408 (350–471) <0.001
Creatinine (mmol/l) 61 (49–64) 69 (60–85) 0.034
NOx (mmol/l) 40 (23–53) 36 (31–58) NS
Arginine (mmol/l) 50 (41–52) 82 (63–92) 0.001
Ornithine (mmol/l) 45 (41–48) 50 (41–54) NS
Proline (mmol/l) 208 (166–253) 151 (116–180) 0.015
Citrulline (mmol/l) 20 (19–32) 27 (21–29) NS
Arginine/ornithine (mol/mol) 1.10 (0.95–1.18) 1.68 (1.46–1.77) <0.001
Arginine/proline (mol/mol) 0.24 (0.18–0.31) 0.55 (0.43–0.64) <0.001
Arginine/glutamate (mol/mol) 1.55 (1.42–1.71) 2.79 (1.98–3.46) 0.003
Arginine/citrulline (mol/mol) 2.47 (1.54–2.68) 3.05 (2.51–3.32) 0.026
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Results

The characteristics of patients and controls are shown in
Table 1. Patients had a lower body mass index than
controls (p=0.02). No differences were detected between
folate, vitamin B12, homocysteine, and ferritin levels be-
tween patients and controls (data not shown). HbSS pa-
tients had lower arginine levels as compared to controls.
The ratios of arginine to ornithine, proline, glutamate, and
citrulline were lower in HbSS patients as compared to
HbAA controls. As sickle cell patients have an increased
plasma volume due to their hemolytic anemia (possibly
depicted by lower creatinine levels), we also compared
relative amino acid levels in order to correct this potential
source of error. When expressed as percentage of the total
plasma amino acids, the differences between arginine
[HbSS: median 2.3% (interquartile range: 2.0–2.7) and
HbAA: 3.6% (3.2–3.8), p=0.001] and proline [HbSS:
9.4% (8.4–13.2), HbAA: 6.5% (5.7–7.8), p=0.002] were
also evident. Of all other amino acids, only alanine
[HbSS: 204 mmol/l (183–261), HbAA: 292 mmol/l (248–
359), p=0.005] and histidine [HbSS: 62 mmol/l (53–67),
HbAA: 79 mmol/l (69–90), p=0.002] differed significantly
between patients and controls.

Correlation studies revealed a statistically significant
correlation of the arginine/ornithine ratio to hemoglobin
levels, with higher ornithine levels in patients exhibiting
lower hemoglobin levels (Fig. 2C and D). In HbSS pa-
tients, a significant negative correlation between citrul-
line levels and hemoglobin (rs=�0.79, p=0.021) and
positive correlation between arginine/citrulline and he-

moglobin (Fig. 2E) was detected. Also, in HbSS patients,
taurine levels were significantly correlated to hemo-
globin (rs=�0.72, p=0.045). In HbAA controls, only
proline was directly related to hemoglobin levels
(rs=0.78, p=0.013). All amino acids were correlated to
hemoglobin levels and LDH, and no other significant
correlations were detected. The arginine/proline ratio
correlated significantly to the leukocyte count (Fig. 2F),
and there was also a significant correlation of citrulline
to the leukocyte count (rs=0.71, p=0.048). No statisti-
cally significant correlations were observed between
amino acids, their ratios, and platelet counts.

Discussion

Sickle cell patients are characterized by a decreased NO
availability, and even though a major cause is the scav-
enging of NO by free hemoglobin, other mechanisms may
be involved [8, 9, 17]. Upon cytokine stimulation, intra-
cellular arginase activity may increase leading to a met-
abolic shift whereby arginase is metabolized to ornithine
instead of citrulline, with a reduced NO synthesis as a
result [10, 11, 12]. By measuring plasma amino acid
levels in clinically asymptomatic sickle cell patients, we
investigated whether arginine metabolism in SCD is
shifted to the arginase pathway.

We show that our adult HbSS patients are character-
ized by decreased plasma arginine levels in the clinically
asymptomatic state, but that they have normal levels of
nitric oxide metabolites (NOx). The latter finding is in

Fig. 2A–F Correlations of hemoglobin levels to amino acids and amino acid ratios in HbSS patients. A rs=0.54, NS; B rs=�0.36, NS; C
rs=�0.71, p=0.047; D rs=0.93, p=0.001; E rs=0.81, p=0.015; F rs=�0.76, p=0.028
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agreement with previous studies, and lower arginine
levels in the clinically asymptomatic state have been
previously described in adults, but not in children [18, 19,
20, 21]. Citrulline levels were similar between patients
and controls, as were ornithine levels, but proline levels
were higher in patients. The lower ratios of arginine to the
other amino acids involved in arginine metabolism, as
well as the elevated proline levels in patients, are highly
suggestive of an increased rate of arginine metabolism via
the arginase pathway. This is in accordance with a recent
study by Morris et al. and may explain the relatively high
proline levels previously reported by Van der Jagt and
colleagues in Nigerian sickle cell patients [20, 22]. As
continuous vascular endothelial damage occurs in patients
with SCD, this could be the result of an increased demand
for polyamines for vascular “healing” [23, 24]. The
comparable NOx and citrulline levels between patients
and controls, with a reduced arginine to citrulline ratio
and lower arginine levels in patients, suggests that NO
synthesis from arginine, as well as arginine recycling
from citrulline, could be increased. Augmentation of both
CAT and NOS activity could also contribute to the
maintenance of normal NOx levels, but it is also possible
that the remaining intracellular arginine pool is still suf-
ficient for NO synthesis in clinically asymptomatic pa-
tients and becomes insufficient for NO synthesis during
acute vaso-occlusive events [19, 21]. Both increased
urinary losses of amino acids and insufficient dietary
supplementation may contribute to the decreased arginine
levels [18, 20]. However, contrary to previous studies,
most other amino acids levels were comparable to healthy
controls, making dietary insufficiency unlikely in our
patients on Western diets.

There was a significant correlation between the argi-
nine/ornithine ratio and hemoglobin, with a negative
correlation between ornithine levels and hemoglobin, in
HbSS patients. A significant negative correlation of cit-
rulline with hemoglobin levels and a significant positive
correlation of the arginine/citrulline ratio with hemoglo-
bin levels was also detected. In the absence of other
causes of anemia (patients had similar vitamin B12, folate,
homocysteine, and ferritin levels as compared to con-
trols), this suggests that in patients with a higher hemo-
lytic rate, more arginine is metabolized via the arginase
pathway and that relatively more arginine is needed to
maintain basal NO levels in patients with lower hemo-
globin levels. The higher the hemolytic rate, the more free
hemoglobin circulates, which is known to induce endo-
thelial activation and reduce NO bioavailability, also
implicating that the comparable NOx levels between our
patients and controls are not synonymous with compara-
ble NO bioavailability [17, 25]. This may therefore re-
flect a response to continuous endothelial activation and
damage that seems to be more profound in patients with
lower hemoglobin levels [26]. The more profound argi-
nase activity in patients with lower hemoglobin levels
could also be the result of a higher demand for poly-
amines to support the stress erythropoiesis characteristic
of HbSS patients [27]. Lower arginine/proline ratios and

higher citrulline levels were significantly correlated to
higher leukocyte counts, indicating that leukocytosis,
which is associated with poor outcome in SCD, is also
associated with increased arginase activity and higher rate
of NO synthesis [28]. Leukocytes, which are activated in
clinically asymptomatic sickle cell patients, may directly
or indirectly contribute to activation of the arginase
pathway [29].

Plasma levels and profiles of amino acids are a re-
flection of complex metabolic processes, and activity of
enzymes such as NOS and arginase vary in different tis-
sues [10, 30]. Our results therefore provide an “overall”
view of arginine metabolism in SCD. Conceding the
above and our small sample size, we provide evidence for
a shift in arginine metabolism to the arginase pathway in
clinically asymptomatic sickle cell patients. Current ther-
apeutic studies of arginine supplementation largely focus
on specific and acute complications [4]. As vaso-occlu-
sion is a continuous process resulting in organ damage
irrespective of the frequency of acute manifest clinical
vaso-occlusive events, the potential beneficial effect of
chronic arginine supplementation should also be explored
[23].
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