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Pathophysiology of sickle cell disease is mirrored by the red blood cell metabolome
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Emerging metabolomic tools can now be
used to establish metabolic signatures of
specialized circulating hematopoietic cells
in physiologic or pathologic conditions and
in human hematologic diseases. To deter-
mine metabolomes of normal and sickle cell
erythrocytes, we used an extraction method
of erythrocytes metabolites coupled with a
liquid chromatography-mass spectrometry—
based metabolite profiling method. Com-
parison of these 2 metabolomes identi-
fied major changes in metabolites produced

by (1) endogenous glycolysis character-
ized by accumulation of many glycolytic
intermediates; (2) endogenous glutathione
and ascorbate metabolisms characterized
by accumulation of ascorbate metabo-
lism intermediates, such as diketogu-
lonic acid and decreased levels of both
glutathione and glutathione disulfide;
(3) membrane turnover, such as carnitine,
or membrane transport characteristics,
such as amino acids; and (4) exogenous
arginine and NO metabolisms, such as

spermine, spermidine, or citrulline. Fi-
nally, metabolomic analysis of young and
old normal red blood cells indicates me-
tabolites whose levels are directly related
to sickle cell disease. These results show
the relevance of metabolic profiling for
the follow-up of sickle cell patients or
other red blood cell diseases and pin-
point the importance of metabolomics to
further depict the pathophysiology of hu-
man hematologic diseases. (Blood. 2011;
117(6):e57-e66)

Introduction

Metabolome is defined as the complete set of metabolites present in
a given biologic system that can be unicellular organism, organ,
tissue, cell, or biologically relevant liquid compartments. Comple-
mentary to genomics or proteomics, the aim of metabolome
analysis is to describe qualitatively and quantitatively the final
products of cellular regulatory pathways and can be seen as the
ultimate response of a biologic system to genetic factors and/or
environmental changes.! Presently, metabolomics is used to de-
scribe metabolites present in simple unicellular organisms, such as
Escherichia coli,? or in important biologic fluids, such as plasma or
urine,>* but the cross-talks between cells in tissues or the complex
metabolism in mammalian cells make the interpretation of metabo-
lomics data challenging in human, although important metabolites
involved in pathogenesis of cancer,>¢ diabetes,” and cardiovascu-
lar®? and mitochondrial diseases'? are described.

Mammalian mature red blood cell (RBC) is a cell without
nucleus or cytoplasmic organelles, such as mitochondria or ribo-
somes, easy to collect and to purify in large quantity. In human,
during their 120-day life span, RBCs are perfectly adapted to
oxygen, carbon dioxide, and proton transport. RBCs have also an

important role in interorgan transport of metabolites, such as amino
acid transport to muscles resulting from numerous amino acids
receptors on RBC membranes. RBCs are also used as reporters of
exogenous metabolisms as exemplified by the level of hemoglobin
Alc, which is a measure of erythrocyte hemoglobin glycation and
reflects mean glycemia for the previous 3 months in humans. RBC
metabolism is supposed to be restricted to glycolysis, nucleotide
catabolism, glutathione metabolism,'' and protection of hemoglo-
bin, enzymes and proteins that protect RBC membrane against
oxidation,'? but a recent exploration of the human RBC proteome
has identified unexpected minor proteins that are involved in other
metabolic pathways that need to be characterized.'? Thus, RBCs in
whole blood could be one of the most suitable natural systems to
investigate dynamic modification of metabolome in human physiol-
ogy or in human diseases.

Sickle cell anemia, one of the most common autosomal
recessive diseases in the world, is caused by a single nucleotide
substitution (G7G > GAG) at the sixth codon of the human
{3-globin gene. This point mutation results in well known hemolytic
and vaso-occlusive complications that characterize sickle cell
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Table 1. Summary of clinical data for Hb-SS subjects
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Subject no. Sex Age,y Hb, g/dL Hb F, % MCV, fL Reticulocytes, x 10%/L (%) WBCs, x 109/L Platelets, x 10%/L
SCD 1 B 25 9.4 5.3 85 235 (6.9) 9.6 356
SCD 2 M 34 8.6 NDd 92 351 (12.5) 10.1 265
SCD 3 F 23 7.9 ND 86 261 (9.6) 7.8 377
SCD 4 F 28 9.4 6.2 93 351 (12.5) 11.2 380
SCD 5 M 20 11.4 10.4 89 250 (6.8) 11.1 505
SCD 6 M 29 8.1 ND 90 ND 11.2 504
SCD7 B 24 10.2 9.9 88 214 (6.1) 9.7 499
SCD 8 M 38 111 15.9 109 ND 124 275
SCD 9 F 55 8.1 ND 91 ND 7.9 164
SCD 10 M 26 9.7 1.6 70 205 (4.7) 135 496
SCD 11 F 40 8.7 ND 100 174 (6.7) 9.3 349
SCD 12 M 28 9 ND 85 229 (7.4) 12.2 389
SCD 13 B 19 9.1 12.7 99 296 (11) 14.4 628
SCD 14 M 46 7.3 5.9 90 323 (14) 9.3 288
SCD 15 M 27 8.2 0.9 75 139 (4.2) 6.4 256
SCD 16 M 38 6.1 ND 93 218 (11.4) 12.8 292
SCD 17 M 34 8.6 ND 92 351 (12.5) 10.1 265
SCD 18 M 45 10.5 ND 84 216 (5.7) 8.9 263
SCD 19 B 46 9.3 11.2 89 231 (7.2) 12.4 379
SCD 20 M 39 7.7 ND 81 448 (16) 11.3 259
SCD 21 M 33 11.2 9 83 228 (5.4) 9.3 262
SCD 22 F 28 9.5 8.8 85 336 (9.9) 12.9 389
SCD 23 M 31 11.3 ND 83 184 (4.4) 7.8 317
SCD 24 M 33 8.9 6.7 87 163 (5.2) 8.0 299
SCD 25 B 38 7.6 2.9 90 224 (9.3) 11.6 359
SCD 26 F 42 9.6 ND 110 210 (8.2) 10.1 445
SCD 27 M 46 10.5 1.7 80 350 (8.5) 7.8 275
SCD 28 F 44 8.2 ND 108 249 (11.3) 13.9 422

F indicates female; M, male; Hb, hemoglobin; MCV, mean corpuscular volume; WBCs, white blood cells; and ND, not determined.

disease (SCD). Although the polymerization of sickle hemoglobin
(HbS) is the primary event in the pathogenesis of SCD, the
pathophysiology of SCD is far more complex and involves
endogenous and exogenous dysfunctions.!* HbS polymerization
results in cellular alterations of the RBCs, such as membrane
alterations that shorten the red cell life span and lead to vascular
occlusion with induced damage in the infracted organ. In addition,
adherence of the RBCs and other cellular elements to vascular
endothelium, proinflammatory events and scavenging of nitric
oxide are involved in the pathogenesis of several SCD-related
complications.’® Until recently, SCD treatments have remained
limited, but the availability of several novel therapeutic agents in
various phases of development is encouraging.'® The complex
pathophysiology of SCD makes unlikely that a single therapeutic
agent will prevent or reverse all SCD complications and metabolo-
mic analysis might help in the characterization of the endogenous
and exogenous effects of the new treatments.

There are very few reports providing comprehensive measure-
ments of metabolites present in the RBCs!7 and no reports on
global metabolites changes associated with SCD. The aim of this
study was to develop a simple and comprehensive strategy for
metabolite extraction and metabolome analysis of purified human
RBCs from normal person and sickle cell-affected patients and also
to determine pathways that might be of interest to prevent
vaso-occlusion and to monitor the effects of new drugs on SCD.

Methods

Biologic samples

For this study, blood samples were collected from a cohort of 28 adult SCD
patients with hemoglobin SS disease (Table 1) and 24 healthy adults

(controls). Written informed consent was obtained from all patients and
controls in accordance with the Declaration of Helsinki. All protocols were
approved by Inserm.

The SCD patients were enrolled in the Sickle Cell Disease Center in
Henri Mondor Hospital. Excluded patients were those with hemoglobin SC
disease or SB* thalassemia, patients who received hydroxyurea treatment
and patients transfused with RBCs in the last 3 months. Patients who were
clinically diagnosed at the time of medical consultation with bacterial
infection or vaso-occlusive symptoms were also excluded. The SCD patient
group contains 12 women and 16 men (sex ratio = 1.33), and the average
age is 34.3 = 9.1 years. For the control group, the average age is
33.3 £ 8.9 years and the sex ratio is 1.

Blood samples were collected into tubes containing ethylene diamine
tetraacetic acid and kept at 4°C until metabolite extraction in the hours after
blood sampling.

Preparation of RBC lysates and metabolite extraction

Whole blood was centrifuged at 120g for 15 minutes at room temperature,
and the supernatant containing platelets was discarded. To isolate the RBCs
from leukocytes, a cellulose column was used as follows: 400 mg of
a-cellulose (Sigma-Aldrich) and 400 mg of Sigmacell Cellulose, Type 50
(Sigma-Aldrich) were mixed in an isotonic sodium chloride (0.9% NaCl)
solution. The barrel was removed from a 5-mL syringe and fixed in a
vertical position with the outlet pointing downward. A small piece of glass
wool was placed at the bottom of the syringe, and the well-mixed cellulose
was poured until the 5-mL mark; 1 mL of pelleted RBCs mixed with 1 mL
of sodium chloride solution were gently poured on top of the column. The
RBCs were then drained through the column using 5 to 10 mL of a 0.9%
NaCl solution. The effluent was collected into one 15-mL Falcon tube. After
this chromatography, the RBC purity was higher than 99.99%. RBC
suspensions obtained were centrifuged at 1430g for 3 minutes at 4°C, and
the supernatant was discarded. A total of 4 X 10° purified RBCs were
transferred, suspended in Milli-Q water in twice of the initial volume of
packed cells, and boiled for 3 minutes. After centrifugation at 1430g for
3 minutes at 4°C, the supernatant was ultrafiltered with centrifugal filter
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devices, molecular weight cutoff of 30 000 followed by 10 000 (Amicon
Ultra-4 centrifugal filter devices) at 4000g for 20 minutes at 20°C.'® The
final ultrafiltrate was frozen at —80°C until mass spectrometry analysis.
Before injection into the chromatographic system, the samples were diluted
1:1 with Milli-Q water. A quality control sample was obtained by pooling
RBC samples with a mixture of 8 internal standards (supplemental Table 1,
available on the Blood Web site; see the Supplemental Materials link at the
top of the online article).

Liquid chromatography coupled to electrospray-LTQ-Orbitrap
mass spectrometry

A total of 10 L of samples was injected and separated on a 2.1 X 150-mm
Hypersil gold C18 1.9-um column (Thermo Electron) equipped with an
on-line prefilter (Interchim). The flow rate was 0.5 mL/min with mobile
phases A (100% water) and B (100% acetonitrile), both containing 0.1%
formic acid. The gradient consisted of an isocratic step of 2 minutes at
100% phase A, followed by a linear gradient from 0% to 100% of phase B
for the next 13 minutes, before returning to 100% A for 4 minutes. Mass
spectrometric detection was performed using an LTQ-Orbitrap hybrid mass
spectrometer (Thermo Electron) fitted with an electrospray source operated
in the positive and negative ion modes. The detection was achieved from
50 to 1000 u at the maximum resolving power of 30 000 (expressed as full
width at half maximum for an ion at 400 U). The mass spectrometer was
operated with capillary voltage at 4 kV and capillary temperature at 275°C.
The sheath gas pressure and the auxiliary gas pressure were set, respec-
tively, at 45 and 10 arbitrary units with nitrogen gas. Samples were
randomly analyzed together by ultra-high performance liquid chromatogra-
phy coupled to mass spectrometry (UHPLC/MS), and a quality control
sample was injected every 10 RBC samples to check the performance of the
analytical system in terms of retention times, accurate mass measurements,
and signal intensities.

Collision-induced dissociation spectra were acquired using the data-
dependent scanning function for identification purpose. The scan event
cycle composed a full scan mass spectrum at a resolution power of 30 000
and one or 2 data-dependent (MS2? and MS?) events acquired with a
resolution set to 7500. Microscan count was set to unity, and a repeat count
for dynamic exclusion was set to 3. MS™ acquisition parameters were an
isolation width of 1 u, normalized collision energy ranging from 15% to
45%, and an activation time of 30 ms.

Data processing and multivariate statistical analysis

Our data processing procedure included 2 main steps: (1) Automatic peak
detection. Raw data were analyzed using the XCMS software Version
1.14.1 running under R Version 2.8.1,' (http://www.bioconductor.org/
packages/bioc/html/xcms.html). The UHPLC/MS data were peak-detected
and noise-reduced in both the LC and MS domains to exclude peaks related
to noise. The resulting datasets consisted of a single matrix containing
features with m/z-retention time pair as an identifier and their intensity
values for each sample. (2) Annotation of the datasets. The datasets
resulting from the XCMS process were then annotated using tools
developed in-house.

The resulting data from the XCMS process were first mean-centered
and scaled either to unit variance or to Pareto variance, then introduced into
SIMCA-P11 (Umetrics) for multivariate analyses by unsupervised principal
component analysis (PCA) or by supervised projection to latent structure-
discriminant analysis (PLS-DA). The PLS-DA models were validated using
the cross-validation function of SIMCA-P11 and by permutation tests
(k = 100). In the 2 analyses, the first principal component t[1] accounts for
as much of the variability in the data as possible, and the second t[2] and
third t[3] components account for as much of the remaining variability.20

Results
A simple method to investigate the RBC metabolome

We used a simple RBC metabolite extraction method previously
described'® and UHPLC coupled to a LTQ-Orbitrap discovery mass
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spectrometer (Thermo Electron) fitted with an electrospray source
to investigate human RBC metabolome. Detection of metabolites
was achieved by picking their accurate masses from complex and
information-rich metabolite fingerprints using an automatic peak
detection software. Metabolites of biologic relevance were then
highlighted using multivariate statistical analyses and identified
with their elemental composition provided by accurate mass
measurements and with complementary MS" experiments. The
analytical method was validated using 3 criteria: intra-assay
precision, impact of freeze-thaw cycles of RBC extracts on
metabolite detection, and linearity of signal intensities as a function
of sample dilution.

The intra-assay precision study determines whether the analytes
are measured with an acceptable variability within one experiment.
It was achieved by injecting an RBC extract spiked with a mixture
of 8 xenobiotics used as internal reference every 10 samples to
assess performances of the chromatographic column and the mass
spectrometer during the experiments. Chromatographic retention
times were stable in the course of experiments, with coefficients of
variation less than 2% (supplemental Table 1). As for signal areas,
coefficients of variation were less than 25%; for all compounds
except for one for which the coefficient of variation was 36%
(values obtained with metformin, supplemental Table 1). Further-
more, each compound exhibited area values within 2 SD range,
indicating that the MS signal was stable within experiments
(supplemental Figure 1A-B).

The impact of freeze-thaw cycles of RBC extract on metabolite
levels was determined with samples from 5 healthy volunteer
donors. These extracts were subjected to 3 consecutive freeze-thaw
cycles before UHPLC/MS analysis. The chromatograms were
processed by automatic peak detection software and then submitted
to PCA, an unsupervised projection method used to visualize the
structure of the dataset. The scores plot indicated that there is no
effect of freeze-thaw cycles and that interindividual variability is
the main source of variance in the samples (Figure 1A). This
absence of effects of freeze-thaw cycles on RBC metabolome was
also confirmed on selected metabolites (Figure 1B).

Although automatic peak detection software is expected to
report as many analytically relevant features as possible, artifactual
signals (ie, noise signals that are detected as real signals) are
generated during the detection process (~ 400 for 100 relevant
signals).?! These artifactual signals can be highlighted and removed
as their intensities do not correlate with the dilution factor.?!?> The
linearity of the signal response was investigated to search for such
signals and to ensure that the variations in ion abundances observed
in the course of metabolomic studies can be detected despite the
occurrence of ion suppression effects.?> Among 3000 signals that
could be detected in the positive and negative ion modes, more than
1700, including all the identified metabolites, exhibited coefficient
correlation more than 0.7 and were thus found to be analytically
relevant (Figure 1C).

RBC metabolome revisited by UHPLC/MS

The processing of a dataset of 52 UHPLC/MS chromatograms of
RBC extracts by automatic detection software led to the detection
of few thousand features in both positive and negative ion mode. A
few hundred of them were considered as analytically relevant and
were thus further considered. Data annotation procedures (“Data
processing and multivariate statistical analysis™) led to the charac-
terization of 89 metabolites: 46 metabolites were identified on the
basis of the similarity of their retention time, accurate mass, and
also MS" spectra to those of authentic standards, and the other
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Figure 1. Validation of the LC/MS method. (A) Principal analysis score plots (PCA) for RBC extracts obtained from 5 healthy individual donors who were subjected to
3 consecutive freeze-thaw cycles before LC/MS analysis. The chromatograms were processed by automatic peak detection software. The variables (ie, couples of m/z ratio,
retention time) contained in the resulting data matrix were mean-centered and scaled to unit variance before PCA. Data for each person are circled, and the samples
corresponding to the first, second, and third freeze-thaw cycles are red, green, and blue, respectively. (B) Levels of the 3 indicated metabolites as a function of the number
(F1 =1, F2 = 2, and F3 = 3) of freeze-thaw cycles. A.U. indicates arbitrary units. (C) More than 1700 signals among 3000 detected in the positive and negative ionization
mode exhibited coefficient correlations more than 0.7 with the dilution factor. (Inset) An example of correlation between UHPLC/MS areas and dilution of RBCs samples. C1 to

C5 indicate control persons.

metabolites were putatively annotated according to the definition
established by the Metabolomics Standard Initiative.>* No refer-
ence compound was available at the laboratory for these metabo-
lites, but the matching was based on the elemental formula
obtained from accurate mass measurements and, for some of them,
on the basis of the interpretation of fragmentation spectra (supple-
mental Table 2).

The RBC metabolome was not only restricted to metabolites
produced by metabolic pathways related to vital functions in RBCs,
such as glycolysis, nucleotide, or glutathione metabolism, but also
contained amino acids, polyamines, small peptides, vitamins, and
carnitine derivatives (Figure 2). Some of these metabolites are
produced by RBC enzymes,!? whereas others such as amino acids
might come from external sources such as plasma or other cell types.

RBC metabolome of sickle cell patients

RBC extracts of 28 SCD patients and 24 age- and sex-matched
controls were analyzed by LC/MS with detection in negative and
positive ion modes. Processing of the metabolic fingerprints led to
1524 and 785 relevant signals in the negative and positive ion
modes, respectively. The resulting data matrices were subjected to
PCA. The PCA score plots discriminated metabolic fingerprints of
healthy subjects from those of SCD patients on the first component
for the data recorded in the negative ion mode, indicating that most

of the variance of the dataset could be explained by the disease
(Figure 3A), whereas the separation was less obvious for the data
acquired in the positive ion mode because it only occurred on the
second component (Figure 3B). These data indicate that SCD was
the main source of variance in the dataset. Of note, 5 SCD samples
did not cluster with the other SCD patients in PCA score plots
corresponding to the positive mode of detection (Figure 3B). As we
could not find any methodologically or clinically relevant explana-
tion, these samples were then removed from the dataset. No
difference between the metabolomes of men and women with SCD
could be evidenced (data not shown). Finally, the discrimination
between SCD patients and controls observed on the PCA score
plots was not related to reticulocyte count because metabolic
fingerprints from SCD patients with low reticulocyte count (< 4%)
were not statistically different from that of SCD patients with high
reticulocyte count (> 11%; data not shown).

Although fresh samples were used for this proof-of-concept
study, many RBC samples of biologic relevance are stored frozen at
—196°C in glycerol.?’> To determine the effects of freezing RBCs
on their metabolome, blood samples from SCD patients and
controls were collected and divided in 2 aliquots, one being
immediately extracted and the other frozen at —196°C in glycerol
before extraction. Similar clustering (Figure 3C) and concentration
trends (Figure 3D) were obtained from the statistical analysis of the
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Figure 2. The RBC metabolome revisited by LC/MS. The analysis of LC/MS data led to the characterization of 89 metabolites in RBC metabolome Shown are the

percentages of the different metabolites that were identified in this study.

UHPLC/MS fingerprints, indicating that RBC storage at —196°C
in glycerol has a limited impact on the recorded metabolic data.

PLS-DA, a supervised method, was then used to improve the
clustering observed with PCA and to facilitate the isolation of the
variables responsible for the discrimination between SCD and
control samples. Two-component PLS-DA models were built for
each experimental condition (supplemental Figures 2A, 3A) for the
detection in the negative and positive ion modes, respectively. The
relevance of these models was evaluated by 2 parameters: (1) R2(Y),
corresponding to the proportion of the variance of the response
variable (ie, occurrence of the disease) that is explained by the
model, and (2) Q2(cum), expressing the cumulative proportion of
the variance of the variables that can be predicted by the model.
The values of R2(Y) were 0.9 and 0.8, for negative and positive ion
detection, respectively, whereas Q2(cum) values were more than
0.8 and 0.6, for negative and positive ion detection, respectively,
thus indicating that most of the variance related to our response
variable is explained by the PLS-DA model. These models were
also subjected to permutation tests to check for their validity and
their degree of overfitting. Permutation of data from SCD patients
related to data from healthy subjects induced dramatic decreases of
the performance of the models, thus confirming their validity
(supplemental Figures 2B, 3B).

Thirty-one metabolites exhibited significantly increased (Figure
4A; supplemental Tables 3-7) or decreased (Figure 4B; supplemen-
tal Tables 3-7) concentrations in RBCs from healthy subjects or
from SCD patients (HbS cells). Accumulations of intermediate
products of the glycolytic and the pentose phosphate pathways,
such as the hexose-phosphate (ie, fructose-6-phosphate, glucose-1-
phosphate, or glucose-6-phosphate), glyceraldehyde-3-phosphate
or phosphoenolpyruvic acid were observed in HbS cells (supplemen-
tal Table 3), whereas concentrations of others, such as phosphoglyc-
erate (ie, 2-or 3-phosphoglycerate), or pyruvate did not vary. The
level of 2,3-diphosphoglycerate (2,3-DPG), which is produced by
the Rappoport-Luebering shunt that is specific of RBCs,? was also
increased in HbS cells. Finally, the levels of malate, which can be
synthesized from pyruvate (the end-product of glycolysis), were
higher in HbS cells than in control cells, although we did not find
any significant change in lactate concentration, the other metabolite
that can be produced from pyruvate.

The main oxidative damages control system in RBCs, the
glutathione pathway, was altered in HbS cells (supplemental Table
4). In HbS cells, reduced glutathione (GSH) and oxidized gluta-

thione (GSSG) concentrations were significantly decreased, whereas
the concentrations of their precursors (glutamine, glutamate, and
glycine) were increased. The concentration of niacinamide, the
substrate for nicotinamide adenine dinucleotide phosphate (NADP,
an important cofactor of glutathione metabolism) synthesis, was
decreased in HbS cells (Figure 4A; supplemental Table 4), and we
also found that the levels of 2 metabolites involved in the ascorbate
metabolism, diketogulonic acid and threonolactone, were increased
in HbS cells (Figure 4B; supplemental Table 5).

In humans, conversion of arginine to ornithine and urea by
arginase mainly occurs in liver, but arginase is also present in
RBCs.?” Arginine could be imported from plasma to RBCs through
the y+ system,?® or might be produced in RBCs from aspartate as
demonstrated for other cell type.?? Ornithine and urea may be
products of arginine metabolism in RBCs. In HbS cells, decreased
concentrations of ornithine and urea, as well as aspartate, were
detected, whereas the concentration of fumarate, produced in the
course of arginine biosynthesis from arginosuccinate, was in-
creased (Figure 4B; supplemental Table 6). Outside the RBCs and
in many cell types, ornithine is the precursor for polyamine
synthesis. These polyamines (putrescine, spermine, and spermi-
dine) can then penetrate and accumulate into the RBCs. Increased
concentrations of spermidine and spermine were found in RBCs
from SCD patients compared with controls, indicating an increased
catabolism of ornithine (Figure 4B).

The nitric oxide (NO) pathway is a key element in SCD.** Two
metabolites, arginine (the NO synthase substrate) and citrulline (the
NO synthase product), were detected in the RBC metabolome. No
variation of arginine concentration was observed between SCD and
normal RBCs, but the citrulline concentration was decreased in
SCD RBCs. As RBCs do not have any NO synthase activity or urea
cycle, citrulline might come from plasma (Figure 4A).

RBCs have an essential role in interorgan transport of amino
acids resulting from many transport systems.’! In HbS cells,
increased concentration of glycine, serine, glutamine, glutamate,
and alanine, together with decreased concentrations of lysine and
aspartate, were detected (Figure 4A; supplemental Tables 4, 6, and
7), whereas the levels of arginine, asparagine, methionine,
phenylalanine, proline, threonine, tryptophan, tyrosine, and valine
remained unchanged. Finally, carnitine and acetyl-carnitine concen-
trations were increased in HbS cells (Figure 4A; supplemental
Table 7), and we observed an expected increased concentration of
creatine (Figure 4B; supplemental Table 7), which accumulates in
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Figure 3. SCD patients and healthy subjects can be individu-
alized on the basis of the metabolic information contained in

o their RBCs. PCA score plots for RBC extracts obtained from
SCD Control 28 SCD patients and 24 controls. Each point (red triangles and
30| A green squares for SCD patients and healthy subjects, respec-
u = tively) represents an LC/MS metabolic fingerprint. (A) Data
2of acquired in the negative mode of electrospray ionization. The
A A = i ined i i i -
= - = variables contained in the relsultlng data matrix were me'?m
1o} Y t‘ : u centered and scaled to unit variance before PCA. The separation
Y “ occurs on the first component. (B) Data acquired in the positive
= P — L) A —= _ mode of ionization. The variables contained in the resulting data
A A A matrix were mean-centered and scaled to Pareto variance before
™ i & .' PCA. The separation occurs on the second component.
(C-D) Impact of the storage of RBC extracts on the metabolic
- A ™ information contained in the LC/MS fingerprints. Blood samples
& ] - from SCD patients and controls (9 patients, and either 11 or
) - 5 controls, for positive or negative ion mode, respectively) were
collected and divided in 2 aliquots, one being immediately
=) . extracted and the other frozen,? before future extraction. (C)
PCA scores plot observed with detection in the positive ion mode.
™ . el - ™, ::| n = b = e (D) Correlation between concentration ratios of SCD patients to
controls obtained on fresh and frozen RBC extracts on 34
B discriminating metabolites detected in positive ion mode.
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Figure 4. A metabolic signature of SCD patients and young RBCs can be obtained from LC/MS analysis of RBC extracts. Metabolite exhibiting significant concentration
variations between controls and SCD patients. Values are ratios of individual levels observed for SCD patients (red points) and controls (green points) to mean levels obtained
for healthy subjects. Statistically significant difference observed with a ttest: *.01 < P < .05, **.001 < P < .01, ***P < .001. (A) Metabolites whose levels are decreased in
SCD patients. (B) Metabolites whose levels are increased in SCD patients. (C) Metabolites whose levels are decreased in SCD patients were analyzed in young normal RBCs.
(D) Metabolites whose levels are increased in SCD patients were analyzed in young normal RBCs. Values are ratios of mean levels observed for SCD patients and controls (red
panel), compared with ratios of mean levels found for young RBCs and all aged RBCs (blue panel).

young RBCs?>33 and thus might reflect the short life span of the
HbS cells.

To determine the impact of RBC age on the metabolic signature
of SCD patients, we compared metabolomes of young RBCs from
healthy subjects with those of RBCs from SCD patients. To this
end, RBCs from controls were fractioned according to the age of
the RBCs* and metabolomes of the different fractions were
analyzed by LC/MS. Then, we compared, for each discriminating
metabolite previously identified, the variation of metabolite
concentration between control and SCD RBCs, with the varia-
tion of metabolite concentration between young normal RBCs
(ie, < 20 days old) and normal RBCs. Any difference between
these 2 ratios indicated that the variation of the metabolite
concentration observed in SCD was not the result of the young age
of the cell but to the pathology. By this mean, concentration trends
of metabolites, such as citrulline, malate, or carnitine, were found
to be specifically related to SCD, whereas those of metabolites,
such as creatine, GSH, or serine, were found to be related to the
youth of SCD RBCs (Figure 4C-D).

Discussion

Emerging metabolomics profiling technologies hold promise for
illuminating biology and human diseases. We chose one of the less
complex human cell subtypes, the RBC, and a very frequent and
highly disabling disease, SCD, to identify biologically meaningful
changes at the metabolite level. In this study, some compounds,
such as glucose-6-phosphate and fructose-6-phosphate, or 1,3-

DPG and 2,3-DPG, cannot be separated using our LC/MS method.
This limits biologic interpretations, unless the natural presence of a
particular isomer in a given biologic medium or its level variations
is supported by previously published data, as is the case with
increased concentrations of 2,3-DPG in SCD disease.>>*¢ Finally,
sample preparation (ie, RBC isolation and metabolite extraction) is
a crucial step for metabolomics. Some described protocols rely on
the use of thermal shocks®” or sonication®® for cell membrane
disruption, followed by a metabolite extraction step using organic
solvents. Compared with these methods, boiling RBCs at 100°C for
3 minutes in water followed by differential centrifugations gave the
most reliable results in terms of number of metabolite detected and
signal intensities. This protocol did not seem to hydrolyze hemoglo-
bin, which represents 98% of cytoplasmic proteins, as the glutamic
acid that is mutated to valine in sickle cell patients displayed a
significantly higher level in HbS RBCs than in normal RBCs
(Figure 4).

Almost all the life functions of RBCs are supported by energy
from glycolysis.'? Although accumulations of glycolytic intermedi-
ates were observed in HbS cells, we detected neither any increased
level of ADP or AMP nor any concentration variations of glycolysis
end-products, such as pyruvate or lactate, thus indicating that
glycolysis is not highly dysregulated in these cells. Interestingly,
increased concentrations of malate were detected in HbS cells
(Figure 5A). This organic acid can be produced from pyruvate with
reduction of a NAD* molecule to NADH, which might be involved
in maintaining HbS cell redox balance. Indeed, reactive oxygen
species production is increased in SCD, and a major consequence
of reactive oxygen species production in HbS cells is the high
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glutathione turnover.?*#? Accordingly, in HbS cells, decreased
levels of GSH, GSSG, and Cys-Gly (nonsignificant: P = .06) and
an increased concentration of GSH precursors, such as glutamine,
glutamate, and glycine, were detected (Figure SA). GSH and GSSG
concentrations were also reduced in young RBCs, suggesting that
the variations observed in HbS cells may be related to the young
age of RBCs in SCD. On the other hand, the high increase of
glutamine, glutamate, and glycine in HbS cells did not seem to be
accounted for by RBC age but directly related to SCD pathophysi-
ology. The increased concentrations of these amino acids might
probably be linked to increased plasma levels for glycine*® and/or
to an increased activity of transport systems of glutamate and
glutamine® from the plasma (“system ASC” for glutamine and
glycine transport, and “system gly” for glycine transport), whereas
the catalytic activities of the enzymes involved in the glutathione
biosynthesis pathway may also be saturated by such a substrate
excess. Interestingly, the levels of other amino acids transported by
the system ASC in RBCs (ie, alanine and serine; Figure 5B) are
also increased in HbS cells, whereas serine is unchanged in the
plasma of SCD patients.*

Otherwise, the pentose phosphate pathway catalyzes the reduc-
tion of NADP to NADPH and is important to ensure GSSG
reduction.*! De novo synthesis of NADP requires the specific
transport, involves niacinamide, and plays a significant role in
GSSG reduction. Thus, decreased concentration of niacinamide in
HbS cells might also be related to a high glutathione turnover.

RBCs can regenerate ascorbate*? from its oxidized form,
dehydroascorbic acid (DHA). DHA is taken up from plasma by the
glucose transport protein, GLUT1, and intracellular DHA is rapidly
reduced to ascorbate by a GSH-dependent mechanism.*3 Ascorbate

is then slowly cleared from the cells but can also play an
intracellular role for preventing lipid peroxidative damage in the
erythrocyte membrane.** The concentration of ascorbate was not
significantly different between HbS cells and normal RBCs, but the
concentration of diketogulonic acid, which is a direct degradation
product of DHA, was increased (Figure 5A), suggesting that the
capacity to reduce DHA might be overloaded because of a large
import of DHA and/or because of a lack of GSH.

Oxidative stress from HbS auto-oxidation, increased binding of
membrane-attack complex complement C5b-9,4 shedding of mem-
brane vesicles from repeated cycle of erythrocyte sickling and
unsickling, and mechanical fragmentation under shear stress'#40
participated in HbS cell membrane fragility. Thus, membrane
turnover and repair mechanisms are highly solicited in HbS cells,
as emphasized by the observed increased concentrations of carni-
tine and acetyl-carnitine (Figure 5B), which are known to be used
as buffer and reservoir of activated acyl group for the turnover and
the repair of RBC membrane.* Increased concentrations of choline
(Figure 5B) were also detected in HbS cells and might be linked to
recycling of phospholipids and thus document the RBC membrane
fragility observed in SCD patients. Interestingly, the increased
concentration of acetyl-carnitine might be related to the young age
of HbS RBCs, whereas increased concentration of carnitine and
choline might be directly related to SCD pathophysiology.

Endothelial dysfunctions are important actors of SCD vasculopa-
thy, mostly because of impaired NO homeostasis.”> In SCD,
intravascular hemolysis releases arginase from RBCs to blood
plasma. Arginase competes with NO synthase, degrades arginine to
ornithine, and severely limits NO synthesis (Figure 5C). This
competition has a direct impact on clinical symptoms because
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sickle cell patients with the highest arginase activity in plasma and
the lowest ratios of arginine to ornithine develop more vascular
complications, such as pulmonary hypertension.*®4° We did not
observe any altered arginine concentration in HbS cells, whereas
citrulline, produced by NO synthase, was decreased. Ornithine
concentration was decreased in both HbS RBCs and young RBCs,
indicating that this metabolite level might be unrelated to SCD
pathophysiology. Ornithine, which is synthesized by arginase, is an
important precursor for proline and polyamines (putrescine, sperm-
ine, and spermidine) synthesis in many cell types.’® In HbS RBCs,
the increased concentration of polyamines could not be accounted
for by the young age of RBCs in SCD, and is probably linked to the
pathology. The decreased citrulline concentration in HbS cells
might reflect the competition between released arginase and NO
synthase during intravascular hemolysis in sickle cell patients, and
citrulline concentration could be a relevant biomarker of sickle cell
vasculopathy that cannot currently be monitored by any biologic
parameter.

In conclusion, a metabolic signature of SCD patients RBC that
depicts the pathophysiology of SCD has been obtained from
UHPLC/MS-based metabolome analysis of RBC extracts. Among
the metabolites that participate in this signature, citrulline, sperm-
ine, and spermidine could be of interest for the follow-up of SCD
patients and also for monitoring the effect of new drugs targeted
against this pathology.
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