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Background. Blood transfusion is an established therapeutic practice. The characteristics of
blood components at different storage times are expected to affect the efficacy of transfusion therapy.
Metabolic profiling by nuclear magnetic resonance (NMR) spectroscopy requires little or no sample
treatment and allows identification of more than 50 soluble metabolites in a single experiment. The
aim of this study was to assess the metabolic behaviour of red blood cells during 42 days of storage
in blood bank conditions.

Materials and methods. Red blood cells (RBC), collected from eight healthy male donors,
aged 25-50 years, were prepared as prestorage leukoreduced erythrocyte concentrates and stored
under standard blood bank conditions. Samples taken at various storage times were separated in two
fractions: the supernatant, recovered after centrifugation, and the red blood cell lysate obtained after
protein depletion by ultrafiltration. The metabolic profile of the red blood cells was determined from
analysis of '"H-NMR spectra.

Results. The red blood cell supernatant was studied to track the consumption of the preservative
additives and to detect and quantify up to 30 metabolites excreted by the erythrocytes. The NMR
spectra of the RBC lysate provided complementary information on some biochemical pathways and
set the basis for building a time-dependent red blood cell metabolic profile.

Discussion. We proved the analytical power of 'H-NMR spectroscopy to study red blood cell
metabolism under blood bank conditions. A potential biomarker able to provide information on the
level of cellular oxidative stress protection was identified. Our data support the hypothesis that a more
detailed knowledge of metabolic modifications during storage opens the way to the development of new
and more effective protocols for red blood cell conservation and patient-oriented transfusion therapy.
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Introduction

Blood transfusion is among the oldest and commonly
used therapies in medical practice. It is, therefore, of
paramount importance that a blood bank can offer an
average estimate of the quality of blood components
in stock and also provide information on a specific
erythrocyte concentrate unit on demand.

Despite numerous biochemical studies investigating
red blood cell (RBC) metabolic modifications
associated with the cells' viability and, therefore,
effectiveness, e.g. increase of free haemoglobin,
creatine, and potassium, decrease of pH, glutathione
(GSH), ATP and 2,3-diphosphoglycerate!™*, the
measurement of specific biochemical parameters
is so far considered of ambiguous physiological
significance®. Indeed, for decades, RBC quality has
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been associated with the cells' effectiveness and
with the morphological changes (storage lesion)
that the cells undergo during storage, from a smooth
discoid shape to a phenotype characterized by various
membrane protrusions (echinocyte) and finally to
a spheroid-shaped cell (spheroechinocyte)®’, being
considered reliable indicators of loss of RBC efficacy.

Clinical studies have highlighted a correlation
between the transfusion of blood stored for more than
14 days and an increase in hospital permanence, post-
operative infections, prolonged mechanical ventilation,
multiple organ failure and mortality®*!3. To understand
the origin of these events, some "-omics" methodologies
have started to flank medical practice with increasing
frequency!'*: proteomics'>!'7 and metabolomics'®!? are
the most promising of these methodologies.



Analysis of the metabolome? is a qualitative and

quantitative assessment of low molecular weight
compounds (below 1.5 kDa) that originated from
metabolic pathways and are present in the body fluids,
tissues and cells. Metabolic profiling of biological
fluids can be carried out by nuclear magnetic resonance
(NMR) spectroscopy?'"*® and mass spectrometry'®*.
NMR measurements require little or no sample
treatment and allow more than 50 metabolites present
in the cells' cytoplasm or in biological fluids to be
identified in a single measurement®. The first study on
blood ageing in blood bank conditions, based on NMR
measurements, was carried out by Messana and co-
workers?® and focused on glucose uptake during storage.

To obtain a comprehensive view of the evolution
of RBC viability during storage we identified and
quantitatively followed a larger number of metabolite
released by RBC in the suspension medium and present
inside the cells.

Here we report a protocol based on the use of
"H-NMR spectroscopy to follow the metabolic pattern
of leucodepleted erythrocytes during 42 days of storage
in blood bank conditions.

Materials and methods
Donors: ethical aspects

This study was approved by the Arcispedale Santa
Maria Nuova Ethics Committee on January 21, 2013.
Informed consent was obtained from all volunteers
donors who participated in this study according to
the declaration of Helsinki. Blood components were
collected from eight periodic donors at the Transfusion
Medicine Unit of Reggio Emilia, Italy. These donors
were healthy males aged 25-50 years, in accordance
with the Italian National Blood Centre Guidelines.

Blood collection

Eight whole blood units (450 mL+10%) were
collected into quadruple bags, containing citrate,
phosphate, dextrose (CPD) solution, using the top-
and-bottom system (Fresenius Kabi Medicare, Bad
Homburg, Germany) and prepared as pre-storage
leucodepleted erythrocyte concentrates.

Briefly, after centrifugation most of the plasma
and buffy coat was removed using a Compomat G4
separator (Fresenius Kabi Medicare) and the filtered
RBC were stored in 100 mL of saline, adenine, glucose
and mannitol (SAGM) additive solution. An aliquot
of 3 mL was taken from each bag of leucoreduced
erythrocyte concentrate in order to determine the cell
count, haematocrit and total haemoglobin (Sapphire
instrument, Abbott Diagnostic, IL, USA and Cytomix
FC 500 Beckman Coulter IL, Indianapolis, IN, USA).
In accordance with the Italian National Blood System

regulatory law, it was acceptable that a few white blood
cells and platelets were present in the final leucoreduced
red blood cell concentrate. After 24 hours each unit of
pre-storage leukoreduced erythrocytes was divided
into seven satellites bags of 40 mL each (Fresenius
Kabi Medicare). The satellite bags were stored for
up to 6 weeks under standard conditions (2-6 °C) and
analysed at different storage times (2, 9, 16, 23, 30, 36
and 42 days).

Supernatant preparation

The suspension medium and RBC were separated
by centrifugation at 2,000xg for 10 minutes. The
supernatant was then divided into two aliquots: one
used for biochemical investigations and the other was
frozen at —80 °C for subsequent 'H-NMR analysis.

Supernatant biochemical assays

Na™ and K* were measured by an indirect ion-
selective electrode method (Hoffmann-La Roche Ltd.,
Basilea, Switzerland). The levels of total proteins,
lactate, blood urea nitrogen, lactate dehydrogenase
(LDH), creatinine, Ca*? and Mg*" were measured by
a Cobas® Roche.

Haemolysis was evaluated by the absorption
spectrum of free haemoglobin (HbO,), using an
extinction coefficient of 512 mM'cm™ at 415 nm?” on
a JASCO V-630 spectrophotometer (Jasco Analytical
Instruments, Easton, MD, USA). The percentage
of haemolysis was calculated according to Han and
colleagues®.

Supernatant samples for '"H-NMR measurements

The supernatant was depleted of proteins by
ultra-filtration using a membrane with a 5,000 Da
molecular weight cut-off. As a reference for chemical
shift (O ppm) and as a quantitative internal standard,
30 puL of 1% 3-trimethylsilyl propanoic acid (TSP)
in D,O were added to 570 pL of the protein-depleted
suspension medium. The pH was adjusted to pH 7.4
by addition of 10 pL of phosphate buffer 1 M.

Red blood cell samples for '"H-NMR measurements

The RBC precipitate was washed twice with 0.9%
NaCl in 5 mM phosphate buffer pH 7.2 (2,000xg for
10 minutes) and subsequently lysed through two cycles
of freezing in liquid nitrogen and thawing at 37 °C and
by sonication for 30 seconds (Sonicator Misonix 3000,
Farmingdale, NY, USA). Proteins and membranes
were eliminated by ultrafiltration on membranes
(cut-off 5,000 Da). In a typical experiment 2.6 mL of
haemolysate were loaded on two concentrators of 50
mL and centrifuged for 2 hours at 4,000xg at 4 °C. The
final filtrate resulted in about 1 mL of which 570 pL
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to which 10 pL of phosphate buffer 1 M pH 7.4 and
30 pL of TSP (1% TSP in D,0) were added to prepare
the NMR samples.

'H-NMR experiments and analysis
One-dimensional '"H-NMR spectra were acquired at
25 °C on a Spectrometer Varian Inova 600 MHz (Varian
Inc., Palo Alto, CA, USA) using the first increment of
the pulse sequence NOESY-presat, 128 scans, sweep
window 20 ppm, 32 k points and relaxation delay 5
seconds. The spectra were processed and analysed with
Chenomx NMR suite 7.6 (Chenomx Inc., Edmonton,
AB, Canada), zero-filing to 64 k points and line
broadening 0.5 Hz** and MestReNova 8.1 software
(Mestrelab Research, Santiago de Compostela, Spain).
It should be noted that metabolite concentrations
were measured starting from the second day of
conservation (which is, therefore, our initial time)
after mandatory tests performed by the Transfusion
Medicine Unit in accordance with Italian Transfusion
Regulatory law (n. 219, 21 October 2005).

Mass spectrometry analysis

Liquid chromatography mass spectrometry analysis
of the NMR samples of RBC supernant and lysates was
performed using a LTQ Orbitrap XL (Thermo Scientific,
Waltham, MA, USA) coupled to a HPLC Dionex
Ultimate 3000. The liquid chromatography separation
was carried out on Aeris peptide 3.6u XB-C18 column
(150x2.1 mm) (Phenomenex, Torrance, CA, USA).

Statistical analysis

Data are expressed as the mean+standard deviation of
the eight samples and the level of statistical significance
was P<0.02 using an independent sample t-test analysed
by Origin 6.1 (Microcal Software Inc., Northampton,
MA, USA). The linear correlation was attained using
the concentration of 5-oxoproline in relationship to the
concentration of the other metabolites.

Results
Standard biochemical measurement

Throughout the storage period of the pre-storage
leukoreduced erythrocyte concentrates, samples were
tested weekly with biochemical and haematological
assays (data not shown) and the results were in
agreement with those reported in the literature*-*°.

Sample optimisation for NMR measurements

'"H-NMR spectra of the supernatant showed two
main interferences: the occurrence of broad signals
due to residual proteins and lipids from plasma, and
intense signals due to the high concentration of the
components of the suspension medium.

550

To eliminate proteins and lipids we used
ultrafiltration, adapting the method of Tiziani and
colleagues?®' for metabolite extraction from human
serum (see the materials and methods section). The
'"H-NMR spectrum of the filtered supernatant showed
only narrow lines and the qualitative and quantitative
analysis of the NMR data matched the results of those
obtained by biochemical assays and the values reported
in the literature.

The RBC storage medium SAGM contains high
concentrations of nutrients (adenine 1.25 mM,
glucose 45.4 mM and mannitol 28.8 mM) with
respect to the blood metabolites that are present at
concentrations in the range of 10 uM to 6 mM?'. As
an example, Figure 1 shows the "H-NMR spectrum of
the suspension medium, which contains not only the
storage solution SAGM but also a residual amount
of citrate from the CPD solution used to conserve
the whole blood. It is evident that the extent of the
dynamic range of the peak intensities makes adenine
barely visible.

Nonetheless, Figure 2A shows the NMR spectrum
of a supernatant in which some metabolites, whose
chemical shifts are distinct from those of glucose and
mannitol (region between 3-5 ppm, indicated in grey),
can be identified. In addition, the high signal-to-noise
ratio of the spectra, makes regions, such as the one
between 5.7-8.5 ppm that comprises the aromatic
amino acids, accessible to peak recognition and
quantitative analysis (see inset, 100xmagnification).
Finally, Figure 2B and 2C present two regions of
the spectrum showing that it is possible to follow
time-dependent quantitative variations of both added
nutrients and metabolites produced during storage: e.g.
the decrease of glucose concentration (Figure 2B) and
the increase of lactate (Figure 2C).

As for the analysis of the RBC metabolite content,
NMR-based studies generally use solvent extraction
protocols taking advantage of various type of solvents
(methanol, chloroform, water, perchloric acid) and/
or hypotonic lysis of tissues?2¢. All these procedures
carry the risk of loss or dilution of the extracted
metabolites. To overcome this problem we devised a
protocol to collect the RBC cytoplasm after sonication
without dilution. Ultrafiltration with selected cut-
off filters, carried out at 4 °C, allowed us to recover
the polar metabolites preserving their physiological
concentration (Table I). It should be noted that this
fact is valid only for data concerning amino acids and
GSH because these compounds are not introduced as
additives. In contrast, the values we found for glucose,
and its derivatives, for instance, are altered by the very
high and not physiological concentration of glucose of
the suspension medium.



NMR assessment of RBC metabolic profile during storage
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Figure 1 - 'H-NMR spectrum of the additives and nutrients (CPD and SAGM) used for RBC storage.
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Figure 2 - 'TH-NMR spectra of a sample of RBC supernatant.
(A) Whole spectrum at 2 days of storage: the inset shows a magnification (100 x) of the region 5.7-
8.5 ppm; (B) decrease of glucose concentration (3.3-3.6 ppm) and (C) increase of lactate (1.30-1.36
ppm) peaks at different storage times (2, 23 and 42 days).
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Table I - Metabolites identified in haemolysates (uUM).

Metabolite Day 2 Day 42
GSH 2,692+533 1,981+529
5-oxoproline 76431 646+31
Gly 467+113 1,194+86
Ala 309+31 340+45
Gln 470+69 106+29
Phe 38+12.6 7248
His 146+30 161£25
Tyr 96+13 11349
Asp 359+161 307+117
Leu 45+14 71£14
Ile 31+8 41£7
Val 66£15 11249
Nicotinurate 5548 59+19
Fumarate 32+13 18+3
Acetate 102+35 134+38
Formate 89+34 72433
Choline 37£12 31£10
Urea 238+113 490+124
Creatine 700£130 668+120
Creatinine 78+15 54+8
Adenine 220+73 17+24
Hypoxanthine 17425 280+56
ATP 1,393+231 403+88
Glucose 11,960+3,897 3,405+1,069
Fructose 856+331 1,297+85
UDP-glucose 81+19 54422
Lactate 3,038+1,163 22,912+3,026
Pyruvate 200+84 436+50
Mannitol 783+84 2,082+370

Validation of the '"H-NMR measurements

To validate our measurement protocol we followed
the quantitative changes of the added nutrients during
RBC storage and compared the results with those present
in the literature!'®-32-34, Figure 3 shows the changes of the
components of the SAGM storage medium.

The glucose variation is in perfect agreement with the
liquid chromatography-mass analysis!’: the concentration
decreased gradually and, at day 42, up to 42% (18 mM)
is still present. Glucose consumption is correlated to a
gradual accumulation of the end product of glycolysis,
lactate, which increases from 7.9 mM (day 2) to 35 mM
(day 42) (Figure 4). The values determined by NMR
match those obtained by standard biochemical analysis
(data not shown).

As for adenine, our results do not agree completely
with the liquid chromatography-mass data from Gevi
and colleagues'. In fact, while they reported a complete
depletion of adenine after 20 days of storage, we found a
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Figure 3 - Quantification of RBC additives during the storage
period: glucose (¢), adenine (m), mannitol (e) and
citrate (A).

consumption of about 60% in that period and complete
consumption during the last 3 weeks of storage; in
any case, our data support the notion that the adenine
present in SAGM additive is not sufficient to sustain the
requirements of the RBC™.

Mannitol, which has free radical scavenger
activity and acts as an osmotic pressure regulator?®,
is added to the conservation medium to prevent
RBC lysis. In contrast to Gevi and colleagues'’, we
observe a concentration decrease of only 15% at day
42. Our results are consistent with the hypothesis
that mannitol can diffuse into cells, as suggested by
Hamasaki and Yamamoto®’. In fact, we observe a
gradual increase of the sugar, up to 2 mM at day 42,
in RBC lysates.

Citrate is not a SAGM component; nonetheless
its presence was detected by NMR suggesting that it
remains from the initial use of CDP. As expected, its
concentration does not change during RBC storage.

Identification and quantification of metabolites in
the supernatant and inside red blood cells

So far, 30 metabolites have been identified in
the supernatant: amino acids, products of glucose
catabolism, purine metabolism and GSH cycle. Figure
4 shows the concentrations of metabolites measured at
day 2 and at day 42, together with the values for normal
human serum reported in the Human Metabolome
Database (http://www.hmdb.ca/)*. It should be noted
that the 'H resonances of glucose and mannitol hide a
number of metabolites usually found in normal blood
samples such as betaine, taurine, glycerol, arginine,
lysine, and trimethylamine-N-oxide.

We have identified and quantified 29 metabolites
in the RBC lysates; some NMR peaks have not yet
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Figure 4 - Metabolites identified in the RBC supernatant medium.

The concentrations are those on the 2" day (black) and 42™ day (grey) of storage and for
reference the values in normal human serum (striped) from the Human Metabolome Database

(http://www.hmdb.ca/).

Figure 5 - Fold change ([ ] day 42 /[ ] ) of the concentrations of different metabolites inside

The bars below the black line indicate consumption of the metabolite while those above the

line indicate production of the metabolite.

the RBC.
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been identified. The list and concentrations of these
metabolites at day 2 and day 42 are shown in Table I.
Figure 5 illustrates the fold-increase of the metabolites
found in the RBC cytoplasm. The data show the
changes in concentration of a number of metabolites
reflecting the utilisation of the nutrients present in
the conservation medium, including fructose, lactate,
pyruvate and hypoxanthine. In addition to these
metabolites, we identified and quantified several amino
acids and some products of amino acid catabolism (e.g.,
creatine, creatinine and urea). Finally, we detected
metabolites associated with GSH metabolism, including
5-oxoproline.

In healthy human erythrocytes GSH concentration
is ~2-3 mM?*°, while its extracellular concentration
is relatively low (2-20 uM in the plasma). It is well
known that GSH plays a critical protective role against
oxidative processes that impair haemoglobin function
and produce RBC lysis.

As reported in Figure 6, GSH concentration
decreases during the first week, then recovers in the
second week and steadily decreases afterwards down
to —26 %, with respect to the initial value, by day 42;
these results are in good agreement with other data
for RBC?. In parallel with the decrease in GSH, we
observed a gradual increase of its precursor glycine and
a significant decrease of glutamine. Interestingly, these
variations are associated with a significant increase of
5-oxoproline (8.5-fold inside the cells and 4.0-fold in
the supernatant; Figure 4).

The identification of metabolites deriving from
the GSH cycle was confirmed by mass spectrometry
analysis.

Red blood cell haemolysis and S-oxyproline
concentration

Haemolysis is the fate of aged RBC, and free
haemoglobin (HbO,) and the cytosolic enzyme LDH
are biomarkers commonly used to certify the occurrence
of that cellular damage. We looked for a biomarker that
would also provide hints on the origin of that process.
The build-up of 5-oxoproline in the supernatant during
storage showed a good correlation with the standard
markers of haemolysis (r=0.96 for HbO, and r=0.81 for
LDH). Figure 7 shows the direct correlation between
5-oxoproline and free haemoglobin.

Creatine has also been indicated as a useful
parameter for the quantification of haemolytic processes*
and a report of some years ago indicated that it is
possible to follow the creatine concentration in RBC
using '"H-NMR#%. Interestingly, as in the case of free
haemoglobin, we found a very good correlation
between the increase of concentration of creatine and
5-oxoproline in the supernatant (r=0.98).

Discussion

The knowledge of RBC biochemical modifications
during storage has great potential to be translated
into better transfusion strategies and reduced RBC
transfusion risks.

In the past decades, many studies have focused on
various aspects of RBC metabolism with the aim of
understanding critical steps responsible for the loss of
viability and efficacy of RBC'*. However, even though
there are fewer metabolic pathways in RBC than in
other cells and organelles, the interplay between GSH
and purine metabolism or glycolysis, to mention some,
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Figure 6 - Glutathione metabolism: correlation between
amino acid precursors (glycine in light grey and
glutamine in white), GSH (black) and 5-oxoproline
(dark grey) during storage.
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turns out to be very strict and requires a more holistic
analysis that metabolomics can offer.

To date, most of the analytical studies available to
tackle RBC metabolic viability suffer from the drawback
of complex and lengthy analytical procedures. We set up
a protocol that allows, at the moment, to detect and follow
quantitatively up to 30 metabolites. In addition, we show
that it is possible not only to study, independently, RBC
metabolites that are present in the cytoplasm or excreted
in the supernatant medium, but also to follow quantitative
changes in the nutrients added to the preservation
medium over the entire storage period.

The analysis of SAGM components (Figure 3)
confirmed that the amount of adenine, added to sustain
RBC ATP synthesis, decreases rapidly, down to 60%
in the first 2 weeks. Concomitantly we observed the
accumulation of hypoxanthine, which only in part remains
inside the cells (Table I) reaching a very high concentration
in the supernatant, up to 1.0 mM, at the end of storage
period (Figure 4). It is noteworthy that hypoxanthine
is present at a very low concentration in the blood: its
concentration, predicted by theoretical simulation, is in
the nanomolar range*'. These observations call for further
studies to verify how both the shortage of adenine and the
high concentration of hypoxanthine in the second half of
the storage period may eventually impair RBC viability.

Knowing that SAGM is an amino acid-free medium,
the fact that we detect, inside and outside the RBC, an
increase in some metabolites that originate from amino
acid catabolism reflects the onset of a progressive
degradation of proteins very likely favoured by a
decrease in the protection from oxidative stress.

GSH is a low molecular weight tripeptide found at
relatively high concentrations (0.5-10 mM) in animal
cells. It is known to play a relevant role in protecting
RBC from lysis and haemoglobin from degradation
due to oxidative stress. Although GSH synthesis via the
v-glutamyl cycle in RBC is critical to preserve the cells'
integrity and functionality, its turnover is relatively slow
with respect to other cell types: in fact, in vitro, it has
been estimated to be around 4-6 days®.

During storage, in the first week we observe a
decrease of 40% in GSH, which we attribute to its
oxidation and/or to the formation of adducts with
oxidation by-products, such as aldehydes. In week
2, the GSH concentration in the RBC recover almost
completely to the initial concentration (Figure 6). This
observation is in agreement with a model for GSH
metabolism proposed by Raftos and co-workers®.
According to that model, viable RBC are expected to
react to perturbations of the equilibrium between reduced
and oxidized glutathione, recovering the original GSH
concentration in about 7 days. In the following weeks we
observe a linear decrease in the concentration of GSH

which, by day 42, was —26 % with respect to the initial
concentration; this suggests that the ability of RBC to
protect themselves from oxidative stress is impaired.

Such a decrease in the concentration of GSH is
consistent with the observed increase in glycine and
5-oxoproline concentrations. In fact, the dipeptide
v-glutamylcysteine, formed in the first step of GSH
synthesis, can be the substrate for two different
enzymes: y-glutamylcyclotransferase (which produces
5-oxoproline) and GSH-synthetase (which uses glycine
to produce GSH). In normal conditions in animal cells
GSH synthesis is favoured*?, and in particular, in human
erythrocytes, GSH homeostasis produces only traces
of 5-oxoproline (around 45 uM)*. The accumulation
of 5-oxoproline and glycine during storage clearly
indicated a block of the second step of the GSH pathway.
It is noteworthy that this event is also observed in the
pathological condition known as mild glutathione
synthetase deficiency** which is characterised by
haemolytic anaemia. The fact that we found a very good
correlation between the accumulation of 5-oxoproline in
the supernatant and free haemoglobin (Figure 7) in the
RBC during storage confirms this biochemical model.

Since the extracellular concentration of 5-oxoproline
is clearly correlated to the GSH content of the RBC
(r=0.96) (Figure 6), we propose to use S-oxoproline as
a specific biomarker in transfusion medicine. In fact,
the detection of 5-oxoproline in the supernatant medium
of stored RBC provides a quantitative estimate of the
GSH in RBC and, therefore, a reliable estimate of their
viability, quickly available for standard quality control
in transfusion practice.

In conclusion, although the analysis of RBC by
"H NMR spectroscopy presents some challenges due
the occurrence of broad signals arising from residual
proteins and lipids from plasma, and intense signals
due to the high concentration of the SAGM and CDP
components, we showed that the method can be used
to study details of the metabolism of stored RBC. The
information acquired may be valuable to improve the
storage and quality control protocols currently used.

The Authors declare no conflicts of interest.
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