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hemolytic component of the disease

Begoña Ruiz-Núñez a,*, Stéphanie A. De Rooij a, Pieter J. Offringa b, Gert E. Schuitemaker c,
Tom Teerlink d, Hose S.M. Booi e, Janneke D.A. Dijck-Brouwer a, Frits A.J. Muskiet a

aUniversity of Groningen, University Medical Center Groningen, Department of Laboratory Medicine, 9700 RB Groningen, The Netherlands
b Sint Maarten Medical Center, Department of Pediatrics, Sint Maarten (Dutch Part)
cOrtho Institute, 7081 CM Gendringen, The Netherlands
dVU University Medical Center, Department of Clinical Chemistry, 1081 HV Amsterdam, The Netherlands
e Sint Maarten Laboratory Services, Sint Maarten (Dutch Part)

a r t i c l e i n f o

Article history:
Received 15 July 2013
Accepted 11 October 2013
Available online 11 November 2013

Keywords:
Antioxidant
Hemolytic component
Reticulocytes
Arginine
Asymmetric dimethylarginine

a b s t r a c t

Aim & background: Sickle cell disease (SCD) is characterized by hemolytic and vaso-occlusive compo-
nents. Astaxanthin is a carotenoid of marine origin, without pro-oxidant properties.
Methods: In this open label pilot study, we investigated whether orally administered astaxanthin in-
corporates into erythrocytes (RBC) of SCD patients and studied the effect on hematological and clinical
chemical parameters. Ten SCD patients (6e52 years) in Sint Maarten received 8e12 mg astaxanthin
during 3 months.
Results: Baseline plasma- (33 nmol/L) and RBC- (11 nmol/L packed RBC) astaxanthin increased to 225,
174, 167 nmol/L (plasma) and 149, 100, 71 nmol/L packed RBC at 1e3 months, respectively. Reticulocytes
decreased from baseline and 2 months (9.5 and 8.8%) to 3 months (5.6%), MCV from 2 to 3 months (88
e86 fL), MCH from baseline to 3 months (30e28 pg) and RDW from baseline and 2 months (19.2 and
19.0%) to 3 months (16.7%). Plasma arginine decreased from 2 to 3 months (46.6e39.4 mmol/L). Asym-
metric dimethylarginine (ADMA) did not change. Reticulocytes at baseline correlated with relative
changes in reticulocytes from baseline to 3 months. Relative changes in reticulocytes correlated with
relative changes in RBC, RDW, LDH, ALAT, but not hematocrit, within the same period.
Conclusion: Astaxanthin incorporates into SCD RBC and may favorably affect the hemolytic component. A
larger randomized controlled trial is indicated, using similar or higher dose, preferably during more than
3 months, concomitant with (other) low dose antioxidants (vitamin E, beta-carotene, vitamin C, folic
acid), minerals (zinc, if necessary, selenium), arginine, fish oil and vitamin D.
Copyright � 2013, SciBiolMed.Org and Phcog.Net, Published by Reed Elsevier India Pvt. Ltd. All rights

reserved.

1. Introduction

Sickle cell disease (SCD) is a heterogenous disorder that is
mechanistically characterized by hemolytic and vaso-occlusive
components. The latter gives rise to cumulative ischemic organ
damage1 that may occasionally precipitate to painful vaso-
occlusive crises; all jointly contributing to diminished quality of
life and early death.2 The hemolytic component may find an
important trigger in the generation of reactive oxygen species
(ROS) by HbS close to the lipid peroxidation-sensitive erythrocyte
(RBC) membrane,3,4 ending up in hemolysis.3 The vaso-occlusive
component may be largely driven by the aforementioned hemo-
lytic component. The resulting enhanced sickle RBC turnover in
HbSS patients (RBC half-life 5e10 days2) gives rise to a very young
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RBC population with a tendency to adhere to activated vascular
endothelium,5 notably in the post-capillary venules.6 While sickle
RBCs activate the vascular endothelium, the activated endothelium
expresses adhesion molecules, providing a pro-adhesive surface for
young RBCs and leukocytes.7 The hemolytic component also
negatively affects the hemodynamic stability by reducing nitric
oxide (NO) availability8 through different mechanisms, including
NO scavenging by cell-free hemoglobin,9 increased circulating
arginase activity,10,11 low levels of circulating arginine (NO pre-
cursor)12 and inhibition of NO-synthase through the presence of
increased plasma asymmetric dimethylarginine (ADMA).13,14 The
elevated plasma ADMA levels in SCD patients relate to the hemo-
lytic component13,15 and may derive from proteolysis following
hemolytic stress.16,17

Targeting the hemolytic component, and notably oxidative
stress, by amelioration of the devastating vaso-occlusive compo-
nent seems a logical intervention strategy for SCD. Oxidative stress
may indeed aggravate the symptoms of SCD18 and may be coun-
teracted by naturally occurring low-toxicity nutrients.19,20 Probably
due to the increased and constant need to neutralize the oxidative
stress, SCD patients exhibit important depletions of various anti-
oxidants,21 including retinol, alpha-tocopherol, and b-carotene,
together with a reduced activity of RBC Cu/Zn-superoxide dis-
mutase and Se-glutathione peroxidase.22 Various trials with natu-
rally occurring antioxidants with promising outcomes have been
reported, including those with vitamin E,23 curcuminoids,24 aged
garlic extract,25 N-acetylcysteine26 and zinc.27

Astaxanthin is a unique carotenoid. The natural form, predomi-
nantly of marine origin, is an antioxidant without pro-oxidant
properties28e30 or side-effects after oral intake.31 It belongs to the
xanthophyll family, providing the pinkered color to certain micro-
algae (i.e. Haematococcus pluvialis)32 and accumulates in various
animals higher in the food chain such as flamingoes, salmon,
shrimps and crayfish.33 The astaxanthin molecule spans the phos-
pholipid double layer of cell membranes due to its two polar head
groups that are interspaced by a branched carbon atom chain con-
taining 9 conjugated double bonds. Among the carotenoids that
have been shown to incorporate into RBCs of healthy subjects, we
canfind b-carotene,34,35 lutein36 and astaxanthin.37 Astaxanthin has
been found to enhance the immune response,38,39 to decrease
oxidative damage-related symptoms37,40 and has been proven
effective in several diseases and conditions, such as Alzheimer’s
disease,41 obesity,39 asthma, enlarged prostate,42 osteoarthritis and
rheumatoid arthritis.43

Due to its unique antioxidant properties, we hypothesized that
astaxanthin supplementation might ameliorate the hemolytic
component of SCD. For this purpose, we performed an open label
pilot study with 10 SCD patients in Dutch Sint Maarten (Caribbean
Sea; 18.0237�N 63.0458�W). The transatlantic slave trade intro-
duced the sickle gene into the former Dutch Caribbean, giving rise
to an estimated heterozygote (HbAS) prevalence of 6.84% in Sint
Maarten, 2.65% in Aruba, and 5.03% in Curaçao. It was estimated
that Dutch Sint Maarten harbors 122 SCD patients (40 HbSS and 82
HbSC) among its 50,300 inhabitants.44 We investigated the effect of

Table 1
Astaxanthin in plasma and erythrocytes together with hematological and clinical parameters during 3 months oral supplementation of sickle cell patients with astaxanthin.

Reference values Sampling point

Baseline 1 month 2 months 3 months

Plasma astaxanthin (nmol/L) e 33.3 (18.5e80.3)b,c,d 224.6 (84.3e510.2)a 173.9 (75.1e324.3)a 166.6 (68.8e281.1)a

RBC-astaxanthin (nmol/L packed cells) e 11.2 (1.2e32.1)b,c,d 148.5 (39.5e400.9)a 100.3 (22.3e180.4)a 71.3 (3.4e131.5)a

% Astaxanthin in RBC
(with plasma astaxanthin ¼ 100%)

e 36.2 (4.0e149.9)b 66.2 (33.2e164.9)a 58.7 (29.6e100.1) 51.0 (18.9e80.8)

Hemoglobin (g/dL) 12.0e15.0 8.3 (6.9e10.1) 8.4 (7.0e10.2) 8.7 (8.3e9.7) 8.6 (7.3e11.2)
Hematocrit (%) 37.0e52.0 28.2 (23.6e36.9) 26.1 (21.4e30.3) 27.6 (25.4e30.4) 25.1 (19.3e31.0)
RBC (103/mL) 4.20e6.10 2.85 (2.13e4.16) 3.00 (2.13e4.54) 3.10 (2.30e4.43) 3.20 (2.09e4.86)
Reticulocytes (%) 0.5e2.5 9.5 (3.3e17.7)d 8.5 (5.0e15.5) 8.8 (3.7e15.7)d 5.6 (1.8e10.7)a,c

RDW (%) 11.5e14.5 19.2 (14.9e23.3)d 19.1 (14.2e22.7) 19.0 (15.2e22.4)d 16.7 (12.0e20.0)a,c

MCV (fL) 80.0e99.0 88.4 (74.9e102.0) 85.8 (72.1e103.0) 87.8 (68.6e106.0)d 85.5 (69.1e99.6)c

MCH (pg) 27.0e31.0 29.8 (24.0e35.3)d 28.9 (22.5e36.3) 28.9 (21.4e36.4) 28.0 (20.2e35.5)a

MCHC (g/dL) 33.0e37.0 33.7 (30.8e35.7) 33.6 (31.2e37.8) 32.8 (30.3e36.9) 32.5 (29.3e35.6)
WBC (103/mL) 4.8e10.8 15.2 (4.6e50.6) 10.0 (4.4e20.0) 8.9 (3.6e12.2) 9.4 (3.3e14.7)
Neutrophils (%) 37.0e80.0 41.0 (17.2e60.9) 42.2 (27.6e59.7) 45.3 (29.5e59.0) 44.5 (24.9e65.5)
Lymphocytes (%) 10.0e50.0 43.9 (20.6e75.0) 40.3 (26.4e55.2) 37.0 (24.8e47.5) 40.3 (25.6e63.2)
Monocytes (%) 0.0e12.0 8.6 (2.3e13.7) 10.3 (3.6e19.5) 10.0 (3.8e20.2) 7.5 (2.4e14.9)
Eosinophils (%) 0.0e6.0 4.8 (0.9e14.7) 5.3 (1.3e15.5) 6.2 (0.7e16.8) 6.3 (1.0e21.0)
Basophils (%) 0.0e2.0 1.7 (0.5e4.4) 2.0 (0.5e4.0) 1.7 (0.7e2.6) 1.4 (0.5e3.0)
Platelets (103/mL) 150e450 376 (157e538) 399 (167e644) 421 (136e705) 383 (157e659)
MPV (fL) 7.4e10.4 9.0 (7.2e13.3) 8.9 (7.4e11.8) 8.6 (6.3e11.7) 8.4 (7.1e10.8)
LDH (U/L) 336e618 1322 (775e2250) 1247 (743e1845) 1201 (665e1551) 1144 (703e1628)
Total bilirubin (mg/dL) 0.2e1.1 3.19 (1.5e5.9) 3.7 (1.6e7.4) 3.1 (1.2e6.4) 2.9 (1.4e7.8)
Indirect bilirubin (mg/dL) e 3.1 (1.4e5.8) 3.6 (1.5e7.3) 3.0 (1.1e6.3) 2.8 (1.3e7.7)
Creatinine (mg/dL) 0.7e1.2 0.6 (0.4e1.0) 0.6 (0.3e0.9) 0.6 (0.3e0.9) 0.6 (0.4e0.9)
CRP (mg/dL) 0.0e0.8 1.3 (0.0e3.8) 0.9 (0.0e1.3) 1.3 (0.0e3.0) 3.3 (0.0e9.0)
ALAT (U/L) 50e120 33(20e42) 38 (20e70) 34 (9e63) 41 (23e67)
Arginine (mmol/L) 94.2 � 25.8* 45.2 (13.2e62.5) 46.0 (21.1e65.3) 46.6 (26.6e65.9)d 39.4 (16.4e60.4)c

Homoarginine (mmol/L) 1.50 � 0.52** 1.18 (0.80e1.43) 1.20 (0.81e1.95) 1.18 (0.72e2.00) 1.14 (0.84e1.57)
ADMA (mmol/L) 0.42 � 0.06* 0.75 (0.59e0.94) 0.76 (0.69e0.88) 0.78 (0.63e1.10) 0.74 (0.64e0.95)
SDMA (mmol/L) 0.47 � 0.08* 0.55 (0.40e0.90) 0.56 (0.41e0.82) 0.54 (0.42e0.75) 0.53 (0.36e0.76)
ADMA/Arginine � 103 3.9e4.8*** 20.8 (11.8e61.5) 19.44 (11.41e41.9) 18.26 (10.7e32.2) 21.8 (11.8e58.1)

Data are means (range) for 10 patients. Paired-samples t-tests applying Bonferroni correction were used to determine whether there were significant differences within the
different measurement points in all themeasured parameters. a, significantly different from baseline (p<0.01); b, significantly different from 1month (p<0.01); c, significantly
different from 2 months (p <0.01); d, significantly different from 3 months (p <0.01). * Data from Ref. 48; ** Data from Ref. 50; *** Data from Ref. 13.
Abbreviations: ADMA, asymmetric dimethylarginine; ALAT, alanine aminotransferase; LDH, lactate dehydrogenase; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MPV, mean platelet volume; RBC, red blood cells; RDW, red blood cell distribution width; SDMA,
symmetric dimethylarginine; WBC, white blood cells.
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a daily 8e12 mg oral dose during 3 months, on plasma- and RBC-
astaxanthin levels (primary goal) and several hematological and
clinical chemical parameters (secondary goal), including reticulo-
cyte count, mean corpuscular volume (MCV), RBC distribution
width (RDW), lactate dehydrogenase (LDH) and ADMA.

2. Materials and methods

2.1. Study design and study group

In this open label pilot intervention study, we included 10
laboratory-confirmed SCD outpatients (7 adults, 3 children, of
which 3males and 7 females, mean age 31 years, range 6e52 years)
from the Sint Maarten Medical Centre, with a mean height of
170 cm (range 155e195 cm), mean weight of 58 kg (range 29e
91 kg) and mean body mass index of 21 kg/m2 (range 16e27 kg/
m2). Exclusion criteria were painful crisis and blood transfusion in
the preceding 4 weeks and 4months respectively, pregnancy or the
desire to get pregnant in the following 3 months, lactation, active

infections and/or auto-immune inflammatory diseases. Drop-out
criterion was blood transfusion during the study. Most of the in-
formation was obtained from their medical records. Weight and
length were measured on the spot.

All participants received verbal and written explanation of the
objectives and procedure of the study and subsequently provided
us with written informed consent for being included in the study.
All procedures followed were in accordance with the ethical stan-
dards of the responsible committee on human experimentation
(institutional and national) and with the Helsinki Declaration of
1975, as revised in 2008. All procedures involving human subjects
were approved by the Sint Maarten Medical Center-Medical Staff
Medical Ethical Committee (1A-09-2011, dated September 6, 2011).

2.2. Astaxanthin supplementation

Patients were instructed to take a daily dose of 8e12 mg
astaxanthin (soft gel gelatin capsules containing an astaxanthin
extract from the alga H. pluvialis; Cyanotech) during 3 months. The
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Fig. 1. Courses of plasma astaxanthin (panel A) and RBC-astaxanthin (panel B), red cell distribution width (panel C) and reticulocytes (panel D) of SCD patients during 3 months oral
supplementation with astaxanthin. Patients (n ¼ 10) received 8 or 12 mg astaxanthin (12 mg/70 kg) daily during 3 months. Each soft gel capsule contained 4 mg astaxanthin, 10 IU
vitamin E (d-alpha-tocopherol), 64 mg b-carotene, 40 mg lutein and 72 mg canthaxanthin. Dotted lines represent the courses of individual SCD patients; bold lines represent their
means. Both plasma- (panel A) and RBC- (panel B) astaxanthin increased from baseline to 1e3 months supplementation. There were high intra- and inter-individual variations in
both plasma- and RBC-astaxanthin concentrations. RDW (panel C) decreased from both baseline and 2 months to 3 months, and reticulocytes (panel D) decreased from 2 to 3
months. Abbreviations: RBC, red blood cells, RDW, red blood cell distribution width.
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dosewas based on 12mg astaxanthin/70 kg. Childrenweighing less
than 40 kg took 8 mg astaxanthin/day and adults and children
above 40 kg took 12 mg astaxanthin/day. Each soft gel capsule
contained 4 mg astaxanthin, 10 IU vitamin E (as d-alpha-tocoph-
erol), 64 mg b-carotene, 40 mg lutein and 72 mg canthaxanthin. The
capsules contained glycerol and safflower oil as wetting and filling
agents, respectively. The capsules were taken in the morning
together with or just after a fat-containing breakfast, as astaxanthin
absorption is improved in the presence of lipid based formula-
tions.45 A compliance intake form was handed to all patients to
check daily capsules intake.

2.3. Sample collection and analyses

Blood (3 mL) and EDTA-anticoagulated blood (4 mL) were
collected by venipuncture from fasting subjects at baseline and
after 1, 2 and 3 months astaxanthin supplementation. To avoid
major variations in the plasma- and/or RBC-astaxanthin levels,
patients were asked to visit the hospital for blood sampling in the
morning, 20e24 h after the last astaxanthin intake.

Serum was separated by centrifuging the blood for 10 min at
1200 g. Measurements of CRP, LDH, bilirubin, creatinine and
alanine aminotransferase (ALAT) were performed in Sint Maarten
Medical Center (Vitros � 5600 Integrated System, Johnson &
Johnson, Puerto Rico).

EDTA-anticoagulated whole blood was used for a complete
blood cell count (RBCs, white blood cells and platelets) and the
measurements of hemoglobin, hematocrit and reticulocytes in the
Sint Maarten Medical Center (Cell-Dyn � 3200, Oduber Agencies
(Abbott Diagnostics), Curaçao). The remaining EDTA-blood was
centrifuged for 10 min at 1000 g for the separation of plasma and
RBCs in a cooled centrifuge (4 �C). 200 mL of EDTA-plasma were
transferred into a teflon-sealable Sovirel tube containing 2.75 mL of
an antioxidant solution (containing EDTA, ascorbic acid, pyrogallol
and butylated hydroxytoluene in methanol/water) for the preser-
vation of carotenoids. The remaining EDTA-plasma was subse-
quently divided in equal portions of about 250 mL and pipetted into
2.5 mL round plastic tubes.

After both plasma and buffy coat were removed, RBCs were
washed three times with 0.9% NaCl to prepare packed cells. After
washing, the cell mass was suspended in 1 mL phosphate-buffered
saline (pH ¼ 7.4). From this suspension, 500 mL were transferred
into a teflon-sealable Sovirel tube containing 2.75 mL of an anti-
oxidant mix for the preservation of carotenoids. Total cell counts of
the washed RBC suspensions were also performed.

All tubes were frozen at �20 �C until transport and analyses in
The Netherlands. Transport to The Netherlands was done in dry ice.
Plasma- and RBC-astaxanthin were determined with HPLC/VIS in
theUniversityMedical Center Groningen (UMCG; TheNetherlands),
using previously described procedures.46,47 For the calculation of
RBC-astaxanthin, we corrected the astaxanthin concentration for
the hematocrit to obtain the concentration per packed cells.

Plasma arginine, homoarginine, ADMA and symmetric dimethy-
larginine (SDMA) were determined with reversed-phase HPLC with
fluorescence detection in the VUMedical Center Amsterdam (VUmc;
The Netherlands) using previously described procedures.48,49

2.4. Statistics

Statistical analyses were performed with PASW version 18.0
(SPSS Inc, Chicago, IL). Data were analyzed with paired-samples t-
tests applying Bonferroni correction for multiple time points to
determine whether there were significant longitudinal changes in
each of the parameters. Bivariate correlations using Spearman’s
correlation coefficient were performed between reticulocytes (%) at

baseline and the relative change in reticulocytes (%) between 3
months and baseline, and also between the relative change in re-
ticulocytes (%) between 3 months and baseline and the changes in
the same period of the other parameters. Linear regression was
used to model the relationship between the aforementioned vari-
ables, for the calculation of both the slope and intercept of the
linear equation from the observed correlations.

3. Results

All patients had been diagnosed with homozygous SCD (HbSS)
in Sint Maarten. The occasionally low MCV suggests that at least 7
of them might have concomitant alpha-thalassemia or (less prob-
ably) HbSb�. Their hemoglobin profiles, as established with HPLC at
baseline, did not reveal any HbA. We found that the supplement
was well tolerated. There were no signs or complaints of side-
effects and many of the patients reported spontaneously that
they ‘felt much better’ during the study.

3.1. Astaxanthin supplementation increased plasma- and RBC-
astaxanthin levels

Both plasma- and RBC-astaxanthin increased from baseline
(plasma mean: 33 nmol/L; RBC mean: 11 nmol/L packed RBC,
respectively) to 1e3 months (plasma means: 225, 174, 167 nmol/L:
RBC means: 149, 100, 71 nmol/L packed RBC) (Table 1). Fig. 1 shows
the courses of the mean plasma- (panel A) and RBC- (panel B)
astaxanthin, together with the individual courses across the 3
months of supplementation.

3.2. Astaxanthin supplementation decreased reticulocytes, RDW,
MCV and MCH

Hematological parameters are shown in Table 1. Reticulocyte
percentages decreased from baseline to 3 months (9.5e5.6%) and
from 2 to 3 months (8.8e5.6%). Concomitantly, also the RDW
decreased from baseline to 3months (19.2e16.7%) and from and 2e
3 months (19.0e16.7%). The MCV decreased from 2 to 3 months
(87.8e85.5 fL), and the MCH decreased from baseline to 3 months
(29.8e28.0 pg). Fig. 1 shows the courses of the RDW (panel C) and
reticulocytes (panel D) across the 3-month astaxanthin supple-
mentation period, together with the individual courses for the 10
patients. No significant differences were found between any of the
other measured hematological and clinical chemical parameters
across the different sampling points (Table 1).

3.3. Astaxanthin supplementation decreased plasma arginine but
did not change homoarginine, ADMA, SDMA and the ADMA/arginine
ratio

We found that the plasma arginine concentrations of the SCD
patients (Table 1) were lower and ADMA levels higher, than the
reference values that have previously been established with the
same method (Table 1).48 Current arginine levels were also lower
than those of our own historical controls (for subjects with HbAA
(median 67; range 60e88 nmol/L)13). On the other hand, the SDMA
(Table 1; historical controls HbAA: median 0.33; range 0.33e
0.35 nmol/L) and ADMA concentrations (HbAA: median 0.33; range
0.32e0.35 nmol/L) were higher in the current SCD study group.
During astaxanthin supplementation, arginine levels decreased
from 2 to 3 months (46.6e39.4 nmol/L), but no changes were found
in either homoarginine, ADMA, SDMA or the ADMA/arginine ratio
(Table 1).
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Fig. 2. Correlations of reticulocytes at baseline or percentage changes in reticulocytes from baseline to 3 months with changes in hematological parameters in the same period.
Panel A: Significant negative correlation of reticulocytes at baseline (in %) with the relative change (in %) of reticulocytes from baseline to 3 months. The correlation suggests that
patients with the highest reticulocyte percentages at baseline may have benefited most from astaxanthin supplementation. Panel B: Significant positive correlation between the
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3.4. Correlations between changes in reticulocytes and
hematological parameters

The correlation between reticulocytes at baseline and the per-
centage change in reticulocytes from baseline to 3months is shown
in Fig. 2, panel A (p ¼ 0.038). The correlation indicates that the
higher the baseline reticulocyte count, the higher percentage
decrease in reticulocytes during astaxanthin supplementation.
Reticulocyte count at baseline explained 27% of the reduction in
reticulocytes from baseline to 3 months.

Positive correlations were found between the relative change in
reticulocytes and the relative change in RDW (p ¼ 0.013) (Fig. 2B)
and LDH (p ¼ 0.033) (Fig. 2, panel D), indicating that the decreases
in reticulocytes from baseline to 3 months corresponded with de-
creases in both RDW and LDH. Significant negative correlations
were found between the relative change in reticulocytes from
baseline to 3 months and the relative changes in RBC (p ¼ 0.020)
(Fig. 2, panel C) and ALAT (p ¼ 0.032) (Fig. 2, panel E) in the same
period, indicating that the decrease in reticulocytes corresponded
with increases of both RBC and ALAT. The relative change in re-
ticulocytes from baseline to 3 months explained 58, 80, 56 and 32%
of the changes in RDW, RBC, LDH and ALAT, respectively. The cor-
relation between the relative change in reticulocytes from baseline
to 3 months and the relative change in the hematocrit during the
same period did not reach significance (p ¼ 0.533) (Fig. 2, panel F).

4. Discussion

In this open label pilot study we supplemented 10 SCD patients
in Dutch Sint Maarten with a daily oral dose of 8e12 mg astax-
anthin during 3 months. The primary goal was to investigate
whether astaxanthin incorporated into the RBC of these patients,
and, secondary, whether this incorporation ameliorated the he-
molytic component of the disease. Most importantly, we found that
both plasma- and RBC-astaxanthin increased from baseline to 1e3
months (Table 1). Reticulocytes and RDW decreased from both
baseline and 2 monthse3 months, MCV from 2 to 3 months and
MCH from baseline to 2 months. There were, however, no changes
in plasma ADMA concentrations. To our knowledge, this was the
first time that astaxanthin supplementation was studied in SCD
patients.

4.1. Astaxanthin kinetics and incorporation into RBC

We found that both plasma- and RBC-astaxanthin had
increased after 1 month of astaxanthin supplementation (Fig. 1,
panels A and B), and decreased slightly thereafter until 3 months,
although this decrease was not significant. The incorporation of
astaxanthin in RBC confirms both the study of Nakagawa et al37

and our previous study, where we showed that after a single
oral 40 mg dose, astaxanthin increases rapidly in the plasma of
healthy subjects (peak value at 8 h) and somewhat later in their
RBC (peak at 12 h). Subsequently, astaxanthin decreased rapidly in
both plasma and RBC, with estimated half-lives of 18 and 28 h,
respectively, suggesting that to reach RBC steady state levels, daily
supplementation may be needed, at least until a whole body

equilibrium is reached, if any.51 Consistent with our previous
study, we found that both plasma and RBC levels were subject to
high intra- and inter-individual variations (Fig. 1, panels A and B),
which was attributed to non-standardized time difference be-
tween the last astaxanthin intake and blood sampling, fluctuating
background astaxanthin intakes from the diet, variable bioavail-
ability, large distribution volume, (induced) degradation, and
possibly other factors.51

In our previous study in healthy subjects with a single dose of
40 mg astaxanthin and a subsequent 8 mg maintenance dose
during 17 days,51 we found that RBC contained medians of 44 and
49% from the plasma astaxanthin concentration, respectively. Also
these data were subject to high intra- and inter-individual varia-
tions. These medians were, however, comparable with the esti-
mated 43% calculated from the study of Nakagawa et al,37 who
supplemented healthy adults for 12 weeks with either 6 or 12 mg
astaxanthin/day. In the present study with SCD patients, we found
that the mean RBC concentration was 36% of the plasma concen-
tration at baseline, but rose to almost double after 1 month sup-
plementation (p¼ 0.001) (Table 1). Whether the seemingly deviant
baseline distribution of astaxanthin between plasma and RBC and
the observed response of this distribution relates to the time of
sampling after daily oral supplementation, the higher RBC turnover
in SCD or other factors, should be studied in a larger population.

4.2. Effects of astaxanthin on the hemolytic component

SCD is characterized by chronic hemolysis, high reticulocyte
counts52 and low RBC half-lives (5e10 days; reference: 25e40
days).2 The observed modest decreases of reticulocytes and RDW
from both baseline and 2 monthse3 months, the MCH from base-
line to 3 months and the MCV from 2 to 3 months, suggests that
RBC turnover diminished slightly, but notably in the last month of
supplementation. A more detailed evaluation suggested that pa-
tients with the highest percentage reticulocytes at baseline might
have benefited most from astaxanthin supplementation, as they
presented the highest relative decrease in reticulocytes (Fig. 2,
panel A). This observation was consistent with the correlations
found between the relative change in reticulocytes between 3
months and baseline and the changes across the same period in
RDW (positive), RBC count (negative) and LDH (positive) (Fig. 2,
panels B, C and D, respectively), altogether suggesting that there
was a slight decrease in RBC turnover notably after 2 months of
supplementation.

4.3. Possible adverse effects

Somewhat unexpectedly, we found that the change in re-
ticulocytes across the 3 months supplementation period correlated
with an increase in ALAT, suggesting that patients with the highest
decreases in reticulocytes exhibited the highest ALAT increases
(Fig. 2, panel E). Meanwhile, the group ALATactivity did not change,
while all subjects presented ALAT values within the reference range
(Table 1). We have at present no explanation for this suggested
slight deterioration of liver function that came along with the
decrease of the reticulocyte counts. No changes of ALAT activities

relative change of reticulocytes from baseline to 3 months (in %) and the change of the relative RDW (in %) in the same period. Panel C: Significant negative correlation between the
relative change of reticulocytes from baseline to 3 months (in %) and the change of RBC counts (in 106/mL) in the same period. Panel D: Significant positive correlation between the
relative change of reticulocytes from baseline to 3 months (in %) and the change of LDH (in U/L) in the same period. Panel E: Significant negative correlation between the relative
change of reticulocytes from baseline to 3 months (in %) and the change of ALAT (in U/L) in the same period. The correlation suggests that patients with the greatest relative
decreases in reticulocyte percentages presented the highest increases in ALAT. Panel F: Insignificant negative correlation between the relative change of reticulocytes from baseline
to 3 months (in %) and the relative change of the hematocrit (in %) in the same period. The insignificance of this relation suggests that the relative decrease of reticulocyte per-
centage was not accompanied with an increase of the hematocrit, which is an important determinant of the rheology. Abbreviations: ALAT, alanine aminotransferase; LDH, lactate
dehydrogenase; RBC, red blood cells; RDW, red blood cell distribution width.
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have been reported in other astaxanthin supplementation studies.
For instance, no changes in any transaminase were noted during
the 12-week study of Nakagawa et al37 with either 6 or 12 mg
astaxanthin/day.

Fortunately, the change of reticulocytes did not correlate
significantly with a concomitant change of the hematocrit (Fig. 2,
panel F). Optimal oxygen transport efficiency for SCD patients oc-
curs at a relatively low hematocrit. Sickle cells (either reversibly or
irreversibly sickled cells) are intrinsically more rigid and viscous53

and any augmentation of the hematocrit might be considered as an
undesired effect.

We also found a decrease in arginine levels between 2 and 3
months of astaxanthin supplementation, though the levels at 3
monthswerenotdifferent frombaseline. Thesechangesdidnot cause
any change in the ADMA/arginine ratio. Arginine is the substrate for
NO synthesis, while ADMA inhibits NO formation. Consequently, any
increase in the ADMA/arginine ratio, might reduce NO availability,
causing a less favorable condition with less vasodilatation.12

4.4. Limitations

Apart from the astaxanthin kinetics, none of the presently re-
ported changes in hematological and clinical chemical parameters,
either positive or negative, might be related to the supplementa-
tion, since the current study was not placebo controlled. It is for
instance known that these parameters may vary with season, with
e.g. variable exposure to infectious agents.

5. Conclusions

This open label pilot study showed that oral astaxanthin sup-
plementation increases astaxanthin concentrations in both plasma
and RBC of SCD patients without any observed adverse reactions.
Most promising, we found a slight reduction of the reticulocyte
count after 3 months, probably indicating a lower hemolysis; while
many of the patients reported that they ‘felt better’. Whether these
effects are causally related to the intervention is worth being
investigated in a larger randomized controlled intervention study,
where astaxanthin would be provided at a similar or higher dose
during a trial that preferably lasts for more than 3 months. It might
be even better to include astaxanthin into a supplemental mix with
other antioxidants (e.g. low dose vitamin E,54 beta-carotene,
vitamin C and folic acid), minerals (selenium if necessary; and
notably zinc55,56;), amino acids (notably arginine57,58), fish oil54,59

and vitamin D.60 Antioxidants do not work on their own but are
rather part of a yet poorly understood antioxidant network of free
radical scavengers, quenchers and antioxidant enzymes and
therefore, it seems improbable to find a single “magic bullet” to
prevent or treat any disease associated with oxidative stress.20
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