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Lipidomics is the systematic identi"cation of the lipid mo-
lecular species of a biological matrix (either a cell, organelle, 
globule, or whole organism) with emphasis on the relative 
quantitation of composition changes in response to a pertur-
bation, such as ageing or drug treatments [1].While the term 
“lipidomics” dates back to a decade ago, investigations of the 
lipid content of speci"c biological matrices was an already 
consolidated "eld of research over the last "7y years [2]. In 
particular, this holds true for those matrices that are largely 
available and display limited biological complexity, such as 
anucleated cells and, in particular red blood cells (RBCs) [2-
14].  

Indeed, RBCs are also devoid of organelles and of any de 
novo lipid synthesis capacity, which makes their lipidome ra-
ther stable in comparison to other cell types. Indeed, phos-
pholipid synthesis is known to be active in reticulocytes and 
suppressed in mature RBCs [15]. Nonetheless, alteration of 
lipid homeostasis is strictly tied to membrane reorganization 
during RBC ageing in vivo and in vitro (RBC storage), main-
ly owing to lipid peroxidation phenomena which promote 
membrane shape alterations through the progressive loss of 
lipids (and membrane-associated proteins) via vesiculation 
[16-18]. >erefore, it is small wonder that the RBC lipidome 
has long attracted a great deal of interest over the last "ve 
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Abstract 

1. Introduction 

Recent developments in mass spectrometry (MS) have enabled fast and sensitive detection of lipid species in diWerent biological matrices. In 
the present study we performed an on-line HPLC-microTOF-Q MS approach to the red blood cell (RBC) lipidome. We thus exploited bioin-
formatic tools for the interrogation of novel databases, such as LIPID MAPS. By means of ad hoc so7ware suites for mass spectrometry-based 
metabolomics analyses, we could address the key biological issue of the RBC lipidome, within the framework of RBC storage for transfusion 
purposes. Samples were collected from subjects living in the province of Viterbo, where olive oil consumption represents a central aspect of 
the diet. On this ground, we could postulate a diet speci"c eWect on the accumulation of lipid-speci"c storage lesions. >e analyses yielded the 
tentative identi"cation of a huge number of lipid molecules on the basis of accurate intact mass values and retention times, and MS/MS vali-
dation. >is analytical workYow was exploited to consolidate existing knowledge on the RBC lipid composition and individuate statistically 
signi"cant Yuctuations of lipids throughout storage duration of RBC concentrates under blood bank conditions. Our analysis indicated 
ceramides, glycerophospholipids and sterols as key targets of RBC storage lesions to the lipidome, that will deserve further targeted investiga-
tions in the future. It also emerged how compositional analyses of the RBC lipidome might end up yielding diWerent results on the basis of 
the background of the blood donor (i.e. diet), which might translate into region-speci"c lipidomic alterations over storage progression of 
RBC concentrates.  

Keywords: Red Blood Cells; Mass Spectrometry; Blood Storage; Lipidomics.  



Anna Maria Timperio et al., 2013 | Journal of Integrated Omics 

11-24: 12 

decades. 
Yet in 1959, Phillips and Roome provided a preliminary 

portrait of the human RBC phospholipidome [2]. However, 
it was only in 1960 that Hanahan and colleagues described a 
more complex scenario, also by including species-speci"c 
diWerences between human and bovine RBCs [3]. Four years 
later, Ways and Hanahan reported a detailed lipid class com-
position of normal human RBCs, indicating the following 
percentages: cholesterol 25%, choline glycerophosphatides 
30%, sphingomyelin 24%, ethanolamine glycerophospha-
tides 26%, and serine glycerophosphatides 15% [5]. Mean-
while, Farquhar and Ahrens [4] had showed that 67% of the 
PE, 8% of the PS, and 10% of the lecithin of human RBCs are 
in the plasmalogen form, with a vinyl ether linkage at the sn-
1 and an ester linkage at the sn-2 position. In 1967, Dodge 
and Philips described a silicic acid thin-layer chromatog-
raphy strategy to investigate the phospholipid and phospho-
lipid fatty acids and aldehydes in human RBCs [6]. >irty-
three fatty acids and "ve aldehydes were separated and tenta-
tively classi"ed into lipid classes, including phosphatidyl 
ethanolamine (PE), phosphatidyl serine (PS), lecithin, and 
sphingomyelin (SM) 24:0 and 24:1, while fatty acid moieties 
were tentatively attributed. Of note, the values reported by 
Dodge and Philips [6] were consistent with those by Ways 
and Hanahan [5]. Interesting results were obtained also as 
far as it concerned the composition in fatty acid moieties of 
the diWerent lipid classes. About 37% of the total fatty acid in 
PS was 18:0, while only about 3% was 16:0; in PE and leci-
thin, 16:0 was the major saturated fatty acid, with the level in 
lecithin being over twice that in PE. >e relative amount of 
18:1 was also much lower in PS than in PE and lecithin. >e 
fatty acid distribution of sphingomyelin diWered markedly 
from that of the glycerophospholipids (GP), in particular in 
the greater degree of saturation [6]. Only about 33% of the 
fatty acids were unsaturated; in addition, less than 6% of the 
fatty acids appeared to have more than one double bond and 
less than 3% more than two double bonds. >e 16:0, 24:0, 
and 24:1 made up almost 7% of the total fatty acids. Essen-
tially all of the 24:0 and most of the 24:1 of the human RBC 
phospholipids appeared to reside in sphingomyelin. 

DiWerent instrumentations and techniques have been test-
ed for the improvement of lipid analysis. During the last two 
decades, big technological strides have prompted the dissem-
ination of chromatography separation and mass spectrome-
try-based lipidomics studies of RBCs [9-14]. At the dawn of 
the mass spectrometry-based lipidomics era the complexity 
of the lipidome did not enable comprehensive studies like 
the ones performed with thin layer chromatography (TLC) 
or gas chromatography (GC) described in the previous para-
graphs [2-8]. >e expensive instrumentation and the lack of 
bioinformatic tools to handle the high-throughput amount 
of data collected via the mass spectrometry-based workYow 
hampered at "rst its diWusion in the "eld [1]. More recently, 
the introduction of highly accurate and less expensive instru-
ments (in comparison to the ones available decades ago) was 
also paralleled by consistent improvements in the "eld of 

bioinformatic elaboration of the raw mass spectra [1]. >e 
acquired expertise have helped laboratories worldwide to 
cope with the intrinsic di\culties related to lipid mass attrib-
ution and fueled new eWorts to bring about the systematic 
classi"cation of lipid species and structures [19, 20]. >e 
current burgeoning of OMICS disciplines has thus given 
new verve to the "eld of lipidomics research, while enabling 
further steps forward. 

Regarding RBC lipid homeostasis, as premised by Far-
quhar and Ahrens [4], lipid composition of human RBCs is 
largely inYuenced by the diet. In this view, Dougherty and 
colleagues performed an extensive investigation to relate 
region speci"c diets to the lipid content of plasma, platelets 
and RBCs [8]. By comparing RBCs of individuals from rural 
areas in Finland, Italy (province of Viterbo) and the United 
States, the Authors demonstrated how diets largely relying 
on "sh and olive oil consumption (in Finland and Italy, re-
spectively), resulted in a signi"cant decrease (in comparison 
to the US counterparts) in the levels of polyunsaturated fatty 
acids (PUFA), which they relate to the potential production 
of unhealthy prostaglandins (thromboxane and prostacy-
clins) byproducts [8]. Finally, the Authors also noted that in 
all plasma and RBC glycerolphospholipids, the monounsatu-
rated fatty acids (especially oleic acid 16:1 and palmitic acid, 
16:0) were highest in the Italian and the saturated fatty acids 
were highest in the Finnish samples. In this frame, we exploit 
novel databases such as LIPID MAPS and ad hoc so7ware 
suites for mass spectrometry-based metabolomics analyses 
(such as MAVEN [21]) to address the key biological issue of 
the RBC lipidome. Our investigation shares some features 
with the study by Dougherty and colleagues [8], for it was 
performed on RBCs collected from subjects living in the 
province of Viterbo, where olive oil consumption represents 
a central aspect of the diet. We further address the RBC stor-
age issue (from a lipidomic standpoint) as to conclude that 
wider transfusion medicine-relevant studies should be car-
ried out to investigate whether inter-regional donor diWer-
ences might lie upon peculiar RBC lipidomic pro"les, which 
in turn are likely to reYect the heterogeneity of local alimen-
tation regimes across Italy. 

2. Materials and Method 

2.1. Sample collection 

Red blood cell units were drawn from healthy donor vol-
unteers according to the policy of the Italian National Blood 
Centre guidelines (Blood Transfusion Service for donated 
blood) and upon informed consent in accordance with the 
declaration of Helsinki. We studied RBC units collected 
from 10 healthy donor volunteers [male=5, female=5, age 
39.4 ± 7.5 (mean ± S.D.)]. RBC units were stored for up to 42 
days under standard conditions (CDP-SAGM, 4°C), while 
samples were removed aseptically for the analysis on a week-
ly basis (at 0, 7, 14, 21, 28, 35 and 42 days of storage).  
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2.2. Untargeted Metabolomics Analyses 

2.2.1. Metabolite  extraction  

For each sample, 0.5mL from the pooled erythrocyte stock 
was transferred into a microcentrifuge tube (Eppendorf ® 
Germany). Erythrocyte samples were then centrifuged at 
1000g for 2 minutes at 4°C. Tubes were then placed on ice 
while supernatants were carefully aspirated, paying attention 
not to remove any erythrocyte at the interface. Samples were 
extracted following the protocol by D’Alessandro et al. [22]. 
>e erythrocytes were resuspended in 0.15mL of ice cold 
ultra-pure water (18 MΩ) to lyse cell, then the tubes were 
plunged  into a water bath at 37°C for 0.5 min. Samples were 
mixed with 0.6mL of -20°C methanol and then with 0.45mL 
chloroform. Subsequently, 0.15mL of ice cold ultra-pure 
water were added to each tube and they  were transferred to -
20°C freezer for 2-8 h. An equivalent volume of acetonitrile 
was added to the tube and transferred to refrigerator (4°C) 
for 20 min. Samples with precipitated proteins were thus 
centrifuged for 10000 x g for 10 min at 4 °C . 

Finally, samples were dried in a rotational vacuum con-
centrator (RVC 2-18 - Christ Gmbh; Osterode am Harz, 
Germany) and re-suspended in 200 µl of water, 5% formic 
acid and transferred to glass auto-sampler vials for LC/MS 
analysis. 

2.3. Rapid Resolution Reversed-Phase HPLC  

An Ultimate 3000 Rapid Resolution HPLC system (LC 
Packings, DIONEX, Sunnyvale, USA) was used to perform 
metabolite separation. >e system featured a binary pump 
and vacuum degasser, well-plate autosampler with a six-port 
micro-switching valve, a thermostated column compart-
ment. Samples were loaded onto a Reprosil  C18 column 
(2.0mm×150mm, 2.5 µm - Dr Maisch, Germany) for metab-
olite separation.  

For lipids multi-step gradient program was used. It started 
with 8% solvent A (ddH20, 20 mmol L-1 ammonium 
formiate; pH 5) to 6% solvent A for 3 min than to 2% solvent 
A for 35 min and "nally to 100% solvent B (methanol) in 30 
minutes. At the end of gradient, the column was recondi-
tioned with 8% solvent A for 10 min. >e overall run time 
was 68 min. Column oven was set to 50°C and the Yow rate 
was 0.2 mL/min.  

2.4. Mass spectrometry analysis through microTOF-Q 

Due to the use of linear ion counting for direct compari-
sons against naturally expected isotopic ratios, time-of-Yight 
instruments are most o7en the best choice for molecular 
formula determination. >us, mass spectrometry analysis 
was carried out on an electrospray hybrid quadrupole time-
of Yight mass spectrometer MicroTOF-Q  (Bruker-Daltonik, 
Bremen, Germany) equipped with an ESI-ion source. 

MS analysis was carried out in negative ion mode capillary 

voltage 2800V, nebulizer 45 psi and dry gas of 9 l/min, scan 
mode 100-1500 m/z. For sample injection, solutions were 
evaporated to dryness and reconstituted in an adequate vol-
ume of methanol:ethanol 1:1. Lipids extracts were prepared 
by dilution to a concentration of 5 pmol*L-1 ( where total 
phospholipids concentration was 2.5 pmol*L-1). Tandem 
mass spectrometry (MS/MS) is used for glycerophospholipid 
species structural characterization. Unambiguous species 
identi"cation is done by analysis of the retention time and 
fragmentation pattern and through direct comparison 
against the same parameters, as acquired from chemically 
de"ned standards (Avanti Polar Lipids, Inc., Alabaster, Al.), 
in agreement with Ivanova et al. [23]. 

Automatic isolation and fragmentation (AutoMSn mode) 
was performed on the 4 most intense ions simultaneously 
throughout the whole scanning period (30 min per run). 
Calibration of the mass analyzer is essential in order to 
maintain an high level of mass accuracy. Instrument calibra-
tion was performed externally every day with a sodium for-
mate solution consisting of 10 mM sodium hydroxide in 
50% isopropanol, water, 0.1 % formic acid. Automated inter-
nal mass scale calibration was performed through direct au-
tomated injection of the calibration solution at the beginning 
and at the end of each run by a 6-port divert-valve.  

2.5. Data elaboration and statistical analysis 

In order to reduce the number of possible hits in molecu-
lar formula generation, we exploited the in house SmartFor-
mula application of MAVEN [21], which directly calculates 
molecular formulae based upon the MS spectrum (isotopic 
patterns) and transition "ngerprints (fragmentation pat-
terns). >is so7ware generates a con"dence-based list of 
chemical formulae on the basis of the precursor ions and all 
fragment ions, and the signi"cance of their deviations to the 
predicted intact mass and fragmentation pattern (within a 
prede"ned window range of 5 ppm). Triplicate runs for each 
one of the 10 biological replicate at day 0 and over storage 
duration were exported as mzXML "les and processed 
through METLIN/XCMS data analysis so7ware (Scripps 
Centre for Metabolomics) [24] and MAVEN [21]. Mass 
spectrometry chromatograms were elaborated for peak 
alignment (m/zwidth = 0.025, minfrac = 0.5, bw = 5), match-
ing and comparison of parent and fragment ions, and tenta-
tive metabolite identi"cation (within a 20 ppm mass-
deviation range between observed and expected results 
against the imported LIPID MAPS database [20] – annota-
tions included adduct ions in positive ion mode). XCMS and 
MAVEN are open-source so7ware that could be freely used 
or downloaded from their websites (http://
metlin.scripps.edu/download/ and http://genomics-
pubs.princeton.edu/mzroll/index.php?show=download). 
Quantitative variations were determined against day 0 con-
trols and only statistically signi"cant results were considered 
(fold change > 2.5 and ANOVA p-values < 0.01). Data were 
further re"ned and plotted with GraphPad Prism 5.0 
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(GraphPad So7ware Inc.). 

3. Results and Discussion 

HPLC-MS analysis of the RBC lipidome yielded the tenta-
tive identi"cation of a huge number of lipid molecules on 
the basis of accurate intact mass values and retention times 
(RT) (Supplementary Tables 1-5). Results were further vali-
dated against MS/MS feature transitions (fragmentation pat-
terns) for RBC storage time course analyses, where we re-
ported statistically signi"cant variations (p < 0.01 ANOVA) 
of speci"c lipid molecules over storage duration on a weekly 
basis in comparison to day 0 controls (Table 1). >is helped 
coping with the di\culties related to the attribution of fatty 
acid moieties in detected lipids, a problem that hampered 
major translational applications of early MS-based ap-

proaches to the RBC lipidome [9,10]. 
A 2D map overview of the lipid features identi"ed in a 

single run is provided in Figure 1, where compound class 
speci"c separations are indicated according to the estab-
lished nomenclature (fatty acids – FA; glycerolipids – GL; 
glycerophospholipids – GP; sphingolipids – SP; sterols – ST; 
prenols – PR and polyketides – PK). While FA, GL, GP and 
SP eluted rather early (within the "rst six minutes of RT), ST 
"rst and PR or PK displayed higher RTs, consistently with 
their more hydrophobic nature. 

In the following paragraphs, we will detail the major "nd-
ings of the currently proposed investigation through the 
description of the main distinct lipid classes. Results will be 
discussed in the light of existing literature in the "eld. 

3.1. Fatty acids  

Figure 1.  2D map overview of the lipid features identi"ed in a single run compound. Class speci"c separations are indicated according to the 
established nomenclature (fatty acids – FA; glycerolipids – GL; glycerophospholipids – GP; sphingolipids – SP; sterols – ST; prenols – PR and 
polyketides – PK).  
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Fatty acid distribution indicated that palmitic acid (FA 
C16:0 – Figure 2) was the most abundant free fatty acid 
(extended results are reported in Supplementary Table 1). 
>is is also consistent with oldest reports on the RBC fatty 
acid composition available from the literature [5], despite 
the extreme diWerences between the TLC and the HPLC-MS 
analytical approaches. Palmitic acid might be tied to the 
modulation of calcium signaling in RBCs by mediating Ca2+ 
Yuxes via speci"c membrane pores [25], thereby modulating 
RBC survival. 

Among the most abundant individual fatty acids we could 
detect 16:0 (palmitic), 18:0 (stearic), 18:1 (oleic), and 22:6 n-
3 (docosahexaenoic acid), in agreement with previous stud-
ies on fatty acids of erythrocytes obtained from healthy Ital-
ian subjects [26]. Furthermore, octadecadienoic acid (18:2 n-
1,5) had already been reported among the most abundant 

ten fatty acids of RBCs [5]. >e abundance of oleic acid in 
particular was an expected result, since olive oil holds a key 
role in the frame of the Mediterranean diet and, in particu-
lar, in the province of Viterbo (Italy) where blood samples 
were collected from healthy donor volunteers. >e inter-
twinement between oleic acid relative concentrations and 
high olive oil consumption rates had already been postulated 
and demonstrated through TLC approaches [8], and hereby 
con"rmed through MS. 

On the other hand, no previous investigation indicated 
myristic acid (14:0) as one of the most abundant fatty acid in 
RBCs, except for those studies suggesting a role for myristic 
acid supplementation as a substitute of oleic acid in the diet, 
which results in the relative increase of α-linolenic and dox-
osahexaenoic acid levels [27] and alterations of RBC mem-
brane Yuidity [28]. Analogously, heptadecanoic acid (17:0) 
has been proposed as a controversial biomarker for the as-
sessment of energy and macronutrient composition in re-
sponse to speci"c diets [29]. 

Eicosanoids and octadecanoids and their peroxidation 
products (relative abundances are reported in Figure 1) are 
thought to play a role in mediating RBC maturation from 
reticulocytes by promoting the degradation of mitochondrial 
membranes and thus elimination of these organelles [30]. 
Also, eicosanoids serve as substrates for cycloxygenase, 
lipoxygenase and epoxygenase activities, which result in the 
production of pro-inYammatory factors that are associated 
with increased cardiovascular risk and cancer [31]. 

3.2. Glycerolipids and glycerophospholipds 

Relative abundances of RBCs glycerolipids (GL) and glyc-
erophospholipids (GP) are reported in Figure 3 and 4 
(extended results are reported in Supplementary Table 2 and 
3), respectively, whereas the latter class has been further sub-
divided into phosphatidic acid (PA), phosphatidylcholines 
(PC), phosphatidylethanolamines (PE) and phosphatidylser-
ine (PS), in the light of the observed elevated concentrations 
in RBCs. 

Fatty acid incorporation stages into RBC membrane GLs 
and GPs has been long investigated [32-34], indicating high-
er rates for reticulocytes in comparison to adult RBCs 
[35,36]. Indeed, RBC, GL and GP metabolism is a key aspect 
in RBC survival [37], since during their 120 days approxi-
mate lifespan in the circulatory system RBCs shed approxi-
mately 1 microvesicle/h, thus continuously remodeling their 
membrane and its lipid composition. Also, early approaches 
to GP composition of RBCs have been  
purported via TLC [38] indicated a relation of GP composi-
tion with RBC membrane anomalies, such as in the case of 
spheorcytosis [39]. >ese considerations are relevant in the 
light of the incomplete long chain fatty acid synthesizing 
system which characterizes RBCs [40]. >e introduction of 
high-resolution capillary gas chromatography approaches 
recently shed new light on this delicate issue [41], further 
evidencing compositional anomalies of GL and GP in cancer 

Figure 2. Fatty acid distribution obtained by exporting data 
from microQtof as mzXML "les and processed through MAVEN 
by interrogating LIPID MAPS database [20].  
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evidencing compositional anomalies of GL and GP in cancer 
patients [42]. 

Our results provide further supporting evidence about 
increased levels of elevated levels of C16:0 and C18:0 fatty 
acids in lyso-PCs from adult RBCs (Figure 4), as previously 
reported with diWerent approaches [8,41,43]. Analogous 
considerations can be made for PE 38:4, PE 40:6 and lyso-PE 
18:0, as well as for PS 38:4 (Figure 4), in agreement with the 
literature [8,43]. In particular, PS 38:4 had been recently 
indicated as the most abundant RBC-speci"c PS, in compari-
son to other blood cell types [43]. Distribution of saturated 
and unsaturated fatty acids in GL and GP was also consistent 
with the literature [5,8,43].  

As expected, compositional diWerences were observed as 
well, which are probably attributable to the diWerent diets of 
the subjects enrolled in the present study in comparison to 
data available from the literature. 

3.3. Sphingolipids, sterols and prenol lipids 

Sphingolipids (SP), among which ceramides (Cer), have 
been recently associated with in vivo and in vitro ageing of 
RBCs [18]. >ough the mechanisms have not yet been fully 
elucidated, sphinogosines and ceramides seem to aWect RBC 
survival by serving as signaling molecules upon acid sphin-
gomyelinase hydrolysis of sphingomyelin into ceramide [44] 
or rather they directly aWect RBC membrane stability by 
forming speci"c pores and thus altering membrane permea-
bility and potential [45]. Ceramide-enriched membrane do-
mains have been indeed associated with hot-cold hemolysis 
[46]. Besides, SP metabolites, including ceramides, sphingo-
sine and sphingosine 1-phosphate have recently emerged as 
a new class of lipid biomodulators also in the extracellular 
space [47]. 

In Figures 5 and 6 we report the relative abundances of the 
top SP, with a focus on ceramides, respectively. Of note, C16 
sphingosine (Figure 5) has been recently reported to be the 
most abundant RBC-speci"c SP [43]. On the other hand, 
while we expected elevated levels of Cer 24:1 and 24:0, in 
agreement with Leidl et al. [43], we could instead observe 
elevated levels of Cer 18:0 and 18:1 in all ceramide subclass 
(Figure 6), which might reYect the relative composition of 
free fatty acid, as mentioned in the previous paragraphs. 

Recent studies have also demonstrated that sphingolipids 
dynamically cluster with sterols to form lipid microdomains 
or ra7s, which function as platforms for eWective signal 
transduction and protein sorting [48]. Sterol pro"ling of 
RBCs is also a powerful diagnostic tool to investigate the 
eWects of total parental nutrition diet supplementation to the 
newborn, a lifesaving therapy in children with intestinal fail-
ure [49]. 

An overview of the most abundant sterol lipids is provided 
in Figure 7, where sterol lipids are reported with their rela-
tive name from the Lipid Maps database [20], owing to the 
impossibility to adapt graphic limitations to the lengthy ex-
tended names of each sterol lipid. However, full details are 
provided in the Supplementary Table 4. 

Prenol lipids are o7en under-investigated class of lipids, 
which are synthesized from "ve carbon isoprene units. Re-
cent lipidomics studies focused on plasma levels of dolichols 
(a group of α-saturated polyprenols characterized by 14 to 24 
isoprene subunits) and ubiquinones (a group of 1,4-
benzoquinones modi"ed with 9-10 repeated isoprene units) 
[50]. However, to the best of the Authors’ knowledge, little is 
known about the composition of prenol lipids in adult RBCs. 

While in Figure 8 we graphed the relative abundances of 
prenol lipids on the basis of their relative molecular formula, 
in Supplementary Table 5 we also provided extended details 
about their common name and abbreviations, according to 
the Lipid Maps database nomenclature [20]. However, fur-
ther dedicated studies are mandatory to shed further lights 
on the relative concentrations and biological functions of 
these molecules within the framework of RBC biology. 

3.4. Red blood cell Lipidomics: application to the storage of 
erythrocyte concentrates 

Figure 3. Glycerolipids distribution obtained by exporting data 
from microQtof as mzXML "les and processed through MAVEN 
by interrogating LIPID MAPS database [20]. 
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RBC concentrates for transfusion purposes are routinely 
stored at 2-6°C for up to 42 days, according to international 
standard guidelines [51]. 

Despite decades of substantial improvements in the "eld of 
RBC storage [52], concerns still arise and persist about the 
quality of longer stored RBCs, since it is clearly emerging –at 
least from a biochemical standpoint– that storage progres-
sion corresponds to the accumulation of a wide series of 
RBCs storage lesions [52], as, among others, we could re-
cently document at the morphologic, metabolomics and 
proteomics level [53-55]. On the other hand, lipidomic as-
pects of RBC storage in the blood bank still lie undisclosed. 
Recently, Bosman’s group demonstrated that speci"c treat-
ment with exogenous sphingomyelinases resulted in the ac-
cumulation of ceramides RBC morphological lesions, there-
by mimicking the eWects of long-stored RBCs [18]. Indeed, 
accumulation of ceramides and their metabolites 
(sphingosine and sphingosine 1-phosphate – S1P) might 
promote intrinsic stimuli leading to the exacerbation of age-
ing phenomena in RBCs [18], by altering membrane confor-
mation [45] or mediating speci"c intra- or extra-cellular 
signaling cascades [44]. In this view, it is worthwhile noting 
that plasma S1P mainly originates from erythrocytes, since 
RBCs display alkaline (but not acid or neutral) ceramidase 
activity on D-e-C(18:1)-ceramide [56]. First of all, we wish to 
stress that the most abundant ceramides we could detect in 
control adult RBCs could be catalogued as C18:0 or 18:1 
(Figure 6). Moreover, in the present study prolonged storage 
of RBC was apparently associated with statistically signi"-
cant decrease (p < 0.01 ANOVA) of ceramides (C-8, 
Ceramide d18:1/12:0 and ceramide C-2 – Table 1) a7er three 

weeks of storage, which is a critical 
timespan threshold for the accumulation 
of storage lesions at the biochemical level, 
as we could previously report at the pro-
teomics and metabolomics level [54,55]. 
>ese results are suggestive of a likely 
ceramidase-mediated digestion of 
ceramides, or rather of an alteration of 
the lipid composition of long-stored 
RBCs probably reYecting the membrane 
remodeling occurring over RBC storage 
duration [53]. However, we could also 
observe a decrease in the levels of several 
sphingosines (N,N,N-trimethyl sphingo-
sine, sphingosine, phytosphingosine and 
D-erythro-Sphingosine C-15 – Table 1), 
which did not help us ruling out any de-
"nitive scenario to explain the observed 
phenomena. 
A7er an initial increase (attributable to 
phospholipase activities [57]), prolonged 
storage of RBC concentrates hereby re-
sulted in the progressive statistically sig-
ni"cant (p<0.01 ANOVA) decrease of a 
wide series of fatty acids, prostaglandins 

(such as PGF2α and prostaglandin E2) and fatty acid oxida-
tion products ((1R,2R)-3-oxo-2-pentyl-
cyclopentanehexanoic acid) (Table 1). >is is consistent with 
the reported progressive accumulation of lipid oxidation 
byproducts in the supernatants of long-stored erythrocyte 
concentrate units [17,57]. 

>e initial increase in the levels of diacyl-glycerols (DG) 
and triacyl-glycerols (TG) (Table 1) is di\cult to interpret, if 
not in the light of the need for RBCs to cope with the initial 
free fatty acid accumulation through their sequestering and 
accumulation in the form of DGs and TGs. >is is consistent 
with the hypothesis that, whether a Save or Sacri"ce mecha-
nism is innate in RBCs, as suggested by in silico elaborations 
[58,59], this mechanism is active within the "rst two weeks 
of storage [53-54]. 

Recently, Bicalho et al. investigated the alterations to the 
RBCs phospholipidome by performing a direct comparison 
of fresh RBC phospholipids against the phospholipid com-
position of RBC-shed microvesicles [60]. As a result, the 
Authors could point out the alterations of PS 38:4 and PS 
38:1 composition in fresh controls and RBC-derived mi-
crovesicles [60]. In the present study, while we could con-
"rm previous evidences about PS 38:4 being preponderant in 
RBCs (Figure 4), also in agreement with Leidl et al. [43], we 
could not detect any statistically signi"cant variation as far as 
PS are concerned. On the other hand, we could detect sig-
ni"cant decrease in the levels of two PCs (O-1:0/O-18:0 and 
10:0/18:0 – Table 1), PEs (lyso-PE(0:0/22:2(13Z,16Z)) and 
lyso-PE(0:0/22:2(13Z,16Z)) – Table 1), while PIs followed a 
controversial trend, especially within the "rst two weeks of 
storage. 

Figure 4. Glycerophospholipids distribution obtained by exporting data from mi-
croQtof as mzXML "les and processed through MAVEN by interrogating LIPID MAPS 
database [20].  
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Figure 5. Sphingolipids distribution obtained by exporting data 
from microQtof as mzXML "les and processed through MAVEN 
by interrogating LIPID MAPS database [20].  

Figure 6. Ceramides distribution obtained by exporting data 
from microQtof as mzXML "les and processed through MAVEN 
by interrogating LIPID MAPS database [20].  

Figure 7. Steroids distribution obtained by exporting data from 
microQtof as mzXML "les and processed through MAVEN by 
interrogating LIPID MAPS database [20].  

Figure 8. Prenols distribution obtained by exporting data from 
microQtof as mzXML "les and processed through MAVEN by 
interrogating LIPID MAPS database [20].  
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Finally, sterols, prenols, saccharolipids and polyketides 
were hereby investigated for the "rst time within the frame-
work of RBC storage. Intriguingly, all these classes of lipids 
statistically signi"cant decreases throughout storage dura-
tion (Table 1). Most of the observed decreases account for 
sterols (e.g. desmosterol, gorgosterol), and in particular for 
vitamin D3-related metabolites (Table 1). >is is relevant in 
the light of the well-established role for Vitamin D in modu-
lating RBC survival [61], also by inYuencing anti-oxidant 
potential and Ca2+ permeability [62], a phenomenon which 
is strictly tied to erythrocyte-speci"c apoptosis, also known 
as eryptosis [63]. 

On the other hand, earliest studies on the likely long term 
eWect of RBC storage on the lipidome suggested that choles-
terol loss is limited in comparison to the loss of phospholip-
ids and phosphoinositides [64]. Finally, our results about a 
generalized decrease in lipid contents of the major lipid clas-
ses in long stored RBCs also con"rm and expand/
complement recent evidences by Acker’s group [60,65]. 

4. Conclusion 

Despite decades of investigations, the "eld of lipidomics 
recently drained new lymph from the introduction of recent 
technical innovations. From TLC to gas chromatography 
and MS, consolidated lipidomics expertise in the "eld of 
RBC biology has paved the way for a deeper understanding 
of the functioning of this pivotal cell and, in parallel, to the 
accumulation of a wealth of knowledge that will be soon 
transferred to the clinical setting. Indeed, owing to their rela-
tive abundances and widespread biological activities, lipids 
are well suited to play the role of biological markers and will 
soon serve this purpose. 

In this study, we presented an HPLC-microTOF-Q ap-
proach to investigate the RBC lipidome. We could exploit 
this analytical workYow to consolidate existing knowledge 
on the RBC lipid composition and individuate statistically 
signi"cant Yuctuations of lipids throughout storage duration 
of RBC concentrates under blood bank conditions. While 
this "eld of research still warrants future investigations, 
which could be exploiting for example recently introduced 
imaging mass spectrometry approaches [66], we could indi-
cate ceramides, glycerophospholipids and sterols as key tar-
gets of RBC storage lesions to the lipidome, that will deserve 
further targeted investigations in the future. 

Finally, in the light of minor diWerences with other reports 
available from the literature, we posited how compositional 
analyses of the RBC lipidome might end up yielding diWer-
ent results on the basis of the background of the blood donor 
(above all, the diet), which might translate into region-
speci"c lipidomic alterations over storage progression of 
RBC concentrates. >is is relevant in the light of the constant 
eWorts pursued by transfusion services to improve the quali-
ty of blood-derived therapeutics [67], by shi7ing the focus of 
attention from the end-product (RBC concentrates) to their 
providers (the donors). 
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