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Background - In response to stress, anucleate red blood cells (RBCs) can undergo 
a process of atypical cell death characterised by intracellular Ca2+ accumulation 
and phosphatidylserine (PS) externalisation. Here we studied alterations in RBC 
metabolism, a critical contributor to their capacity to survive environmental 
challenges, during this process.
Materials and methods - Metabolomics analyses of RBCs and supernatants, 
using ultra-high-pressure liquid chromatography coupled to mass spectrometry, 
were performed after in vitro exposure of RBCs to different pathophysiological 
cell stressors, including starvation, extracellular hypertonicity, hyperthermia, and 
supraphysiological ionic stress. Cell death was examined by flow cytometry. 
Results - Our data show that artificially enhancing RBC cytosolic Ca2+ influx significantly 
enhanced purine oxidation and strongly affected cellular bioenergetics by reducing 
glycolysis. Depleting extracellular Ca2+ curtailed starvation-induced cell death, an 
effect paralleled by the activation of compensatory pathways such as the pentose 
phosphate pathway, carboxylic acid metabolism, increased pyruvate to lactate ratios 
(methemoglobin reductase activation), one-carbon metabolism (protein-damage 
repair) and glutathione synthesis; RBCs exposed to hypertonic shock displayed a 
similar metabolic profile. Furthermore, cell stress promoted lipid remodelling as 
reflected by the levels of free fatty acids, acyl-carnitines and CoA precursors. Notably, 
RBC PS exposure, independently of the stressor, showed significant correlation with 
the levels of free fatty acids, glutamate, cystine, spermidine, tryptophan, 5-oxoproline, 
lactate, and hypoxanthine.
Discussion -  In conclusion, different cell death-inducing pathophysiological stressors, 
encountered in various clinical conditions, result in differential RBC metabolic 
phenotypes, only partly explained by intracellular Ca2+ levels and ATP availability.
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INTRODUCTION
Under physiological conditions, circulating red blood cells (RBCs) have an average 
lifespan of approximately 100-120 days, a time window during which they progressively 
become senescent prior to removal from circulation via erythrophagocytosis through 
the reticuloendothelial system in the liver and spleen1,2. However, following acute 
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enable metabolic checkpoints to promote proliferation 
and apoptosis16. Similar considerations hold true 
for RBCs, since the energy-deficient effete RBCs are 
rapidly removed from the bloodstream due to impaired 
membrane deformability19. The role of mitochondria in the 
metabolism and intrinsic apoptosis cascade of nucleated 
cells is well established20. In mitochondria-devoid RBCs, 
however, the current understanding into the metabolic 
alterations during their extracellular environment changes 
and cell death remains rudimentary. The present study, 
thus, aimed to dissect the intracellular and extracellular 
metabolome of injury-aff licted RBCs undergoing atypical 
cell death, by examining RBCs lysates and supernatants, 
respectively.  

MATERIALS AND METHODS

Red blood cell treatment and flow cytometry analysis
Red blood cell component production from five healthy 
consenting donors was performed by the Canadian 
Blood Services (CBS) Network Centre for Applied 
Development (netCAD, Vancouver, BC, Canada; approved 
by CBS Research Ethics Board #2015.022). The log4  
leukocyte-filtered RBC concentrates were shipped to 
McMaster University, Hamilton, ON, Canada, under 
refrigerated conditions. RBCs (10% haematocrit) were 
exposed to different pathophysiological conditions by 
incubation in different solutions at specified temperatures 
and time durations. To study the impact of starvation on 
RBC metabolism and cell death, RBCs were incubated at 
37 °C for 48 hours (h) in Ringer's solution (containing 125 
mM NaCl, 5 mM KCl, 5 mM glucose, 32 mM HEPES, 1 mM 
Mg2SO4, 1 mM CaCl2; pH 7.4) or in a modified Ringer's 
solution with omission of either glucose alone or both 
glucose and CaCl2. Where indicated, RBCs were exposed 
to increased extracellular osmolality by incubation in 
hypertonic Ringer's solution containing sucrose (550 mM) 
for 6 h. Elevation in intracellular Ca2+ was stimulated by 
treatment of RBCs with the Ca2+ ionophore ionomycin 
(10 µM for 1 h at 37 °C; Sigma, St. Louis, MO, USA). To 
examine metabolic alterations in temperature-sensitive 
cell death, RBCs were incubated in Ringer's solution for 
12 h at 37 °C (normothermia) or 40 °C (hyperthermia). 
Baseline measurements were performed in RBCs drawn 
directly from blood bags stored (<5 days) under blood 
bank conditions. At the end of the respective treatment, 

insults, anucleate RBCs are prematurely cleared from 
the circulation through an atypical cell death process, 
also referred to as eryptosis3-6. Injured RBCs progressing 
to cell death display a plethora of morphological 
changes, including a disruption in their membrane 
phospholipid asymmetry causing phosphatidylserine 
(PS) externalisation4. Given that the loss of phospholipid 
asymmetry in RBCs, and other cell types, is mediated by the 
activity of ATP-dependent enzymes7, PS externalisation, 
thus, offers a window into the cellular metabolic state. 
Physiologically, swift RBC clearance by cell death is 
believed to avert extracellular haemoglobin accumulation 
in blood vessels by diverting them to splenic catabolism1. 
Red blood cell lifespan in the circulation is inf luenced 
by age-related alterations8, and may also be impacted 
by pathophysiological cell stressors such as extracellular 
hypertonicity, hyperthermia, and energy starvation, 
encountered in a wide array of clinical conditions3,4. 
These cell stressors elicit supraphysiological intracellular 
Ca2+ levels by increased membrane cation conductance, 
which, in turn, inf luence various components of the 
cytoskeleton and modulate multiple signalling cascades 
involving Ca2+-sensitive enzymes leading to cellular 
dysfunction and death2,4. Mechanistically, however, these 
pathophysiological cell stressors may also differentially 
activate various non-Ca2+ -dependent pathways (reviewed 
by Lang et al.3 and Qadri et al.4). The ionic stress due to 
supraphysiological Ca2+ overload, caused by cell stress, 
may be pharmacologically recapitulated using Ca2+ 
ionophores9. While ionic homeostasis in RBCs is, at 
least in part, energy- and temperature-dependent10-12, 
the patterns of metabolic reprogramming under  
stress-mediated cytoplasmic Ca2+ increase remain elusive. 
From a metabolic standpoint, the case of RBCs is 
particularly striking in that the absence of mitochondria 
has prompted investigators to focus mainly on cytosolic 
reactions such as glycolysis, pentose phosphate pathway, 
and Rapoport-Luebering shunt12. In the last decade, 
however, several unexpected biochemical pathways in 
mitochondria-devoid RBCs have been discovered with 
the advent of high-throughput metabolomic approaches 
in the ageing RBC in vivo13 and in vitro, i.e., under blood 
bank conditions14,15. There is increasing evidence to 
support the notion that metabolic changes regulate  
cell-fate decisions16-18. In nucleated cells, growth factors 
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RBC samples were centrifuged (272 g at 4 °C for 5 min) 
and the RBC pellet and the respective supernatants were 
transferred in separate cryotubes and snap frozen 
in liquid nitrogen. A small aliquot of RBCs from the 
treated samples was used to examine cellular markers 
of cell death using FACS analysis. Fluorescence intensity 
was determined in the FL1 channel with an excitation 
wavelength of 488 nm and an emission wavelength of 530 
nm using EPICS XL‐MCL (Beckman Coulter, Mississauga, 
ON, Canada) f low cytometer as described previously21. 
To quantify the percentage of PS externalisation, RBCs 
were stained with annexin V-FITC (1:200; ImmunoTools, 
Friesoythe, Germany) in Ringer's solution containing an 
additional 4 mM CaCl2 for 15 minutes (min)  at 37 °C. For 
the determination of intracellular Ca2+ levels, RBCs were 
loaded with Fluo3/AM (2 μM in Ringer's solution; EMD 
Millipore Corp., Billerica, MA, USA) for 15 min at 37 °C. All 
data generated using FACS analysis were analysed using 
FlowJo® software (FlowJo LLC, Ashland, OR, USA). Frozen 
RBC samples were shipped on dry ice for metabolomics 
analyses to the University of Colarado, Aurora, CO, USA.

Sample preparation
Prior to LC-MS analysis, RBCs and supernatant isolates 
were placed on ice and diluted 1:10 (v/v) or 1:25 (v/v) with 
methanol:acetonitrile:water (5:3:2, v:v), respectively. 
Suspensions were vortexed continuously for 30 min at 
4 °C. Insoluble material was removed by centrifugation at 
10,000 g for 10 min at 4 °C and supernatants were isolated 
for metabolomics analysis by ultra-high performance 
liquid chromatography-tandem mass spectrometry 
(UHPLC-MS).

Ultra-high performance liquid chromatography-
tandem mass spectrometry analysis
Analyses were performed as previously described22,23. 
Brief ly, the analytical platform employs a Vanquish 
UHPLC system (Thermo Fisher Scientific, San Jose, CA, 
USA) coupled online to a Q Exactive mass spectrometer 
(Thermo Fisher Scientific, San Jose, CA, USA). Samples 
were resolved over a Kinetex C18 column, 2.1×150 mm, 
1.7 µm particle size (Phenomenex, Torrance, CA, USA) 
equipped with a guard column (SecurityGuardTM 
Ultracartridge - UHPLC C18 for 2.1 mm ID Columns - 
AJO-8782 - Phenomenex, Torrance, CA, USA) using an 
aqueous phase (A) of water and 0.1% formic acid and a 
mobile phase (B) of acetonitrile and 0.1% formic acid. 

Samples were eluted from the column using either an 
isocratic elution of 5% B f lowed at 250 µL/min and 25ºC 
or a gradient from 0-5% B over 0.5 min; 5-95% B over 0.6 
min, hold at 95% B for 1.65 min; 95-5% B over 0.25 min; hold 
at 5% B for 2 min, f lowed at 450 µL min-1 and 35ºC. The Q 
Exactive mass spectrometer (Thermo Fisher Scientific, 
San Jose, CA, USA) was operated independently in positive 
or negative ion mode, scanning in Full MS mode (2 μscans) 
from 60 to 900 m z-1 at 70,000 resolution, with 4 kV spray 
voltage, 45 sheath gas, 15 auxiliary gas. Calibration was 
performed prior to analysis using the PierceTM Positive 
and Negative Ion Calibration Solutions (Thermo Fisher 
Scientific). Acquired data were then converted from .raw 
to .mzXML file format using Mass Matrix (Cleveland, 
OH, USA). Samples were analysed in randomised order 
with a technical mixture injected after every 15 samples to 
qualify instrument performance. Metabolite assignments, 
isotopologue distributions, and correction for expected 
natural abundances of deuterium, 13C, and 15N isotopes 
were performed using MAVEN (Princeton, NJ, USA)24.  
Graphs, heat maps and statistical analyses (either t-test 
or ANOVA), metabolic pathway analysis, partial least 
square-discriminant analyses (PLS-DA) and hierarchical 
clustering was performed using the MetaboAnalyst 3.0 
package (www.metaboanalyst.com). Hierarchical clustering 
analysis (HCA) was also performed through the software 
GENE-E (Broad Institute, Cambridge, MA, USA). XY 
graphs were plotted through GraphPad Prism 5.0 
(GraphPad Software Inc., La Jolla, CA, USA).

RESULTS

Metabolic effects of red blood cell death-inducing 
stressors
In the present study, we investigated the metabolic impact 
of starvation, hyperosmolarity, ionic or temperature stress 
on human RBCs (n=5) and their respective supernatants 
(Figure 1A). All the raw measurements are provided in 
Online Supplementary Content, Tables SI and SII for RBCs and 
supernatants, respectively. Multivariate analyses were 
performed, including hierarchical clustering analyses 
(HCA) and PLS-DA. A vectorial version of the HCAs for 
RBCs and supernatants is provided in Online Supplementary 
Content, Figures S1 and S2. Significant metabolic changes 
by ANOVA are highlighted in Figure 1B, C and F for RBCs 
and supernatants, respectively. These changes indicate 
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Figure 1 - Metabolomics profiling of cell death-inducing stresses in red blood cells (RBCs) and supernatants.
Overview of the experimental design. Briefly, RBCs were either tested at baseline (red) or incubated for 48 hours (h) in Ringer's solution (green). 
RBCs were either stressed by starvation, i.e., without glucose (dark blue), without glucose and Ca2+ (light blue) or ionic stress, i.e., incubation 
in presence of ionomycin (violet) or under hypertonic conditions (yellow). RBCs were independently incubated for 12 h at 37ºC (grey) or 40ºC 
(black) to test the impact of temperature on RBC metabolism. (B and C) and (D and E) Heat maps with hierarchical clustering of the top 50 
significant metabolites by ANOVA and partial least square-discriminant analyses (PLS-DA) are shown for RBCs and supernatants, respectively. 
(F) Top metabolic pathways impacted by the various stresses are highlighted. (G) RBC key metabolites are highlighted, colour-coded as per the 
legend on the left-hand side of the figure.  ANXV: Annexin V binding; ATP: adenosine triphosphate; Gluc: glucose; GSH: glutathione; PPP: pentose 
phosphate pathway; PYR/LAC: pyruvate to lactate ratio.
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a significant metabolic heterogeneity across RBCs 
treated with different stressors, as further highlighted 
by PLS-DAs in Figure 1D and E. In particular, ionic stress 
with ionomycin resulted in the most severe metabolic 
changes across all treatments (Principal Component 
[PC1] accounting for 20-27% of total variance in RBCs and 
supernatants, respectively), closely followed by starvation 
(21% variance in RBCs and 11.7% in supernatants), and 
temperature (9.9% in RBCs and 14.7% in supernatants) 
(Figure 1D and E). Pathway analyses suggested a significant 
impact of starvation on lipid remodelling and free fatty 
acids, while hypertonic stress significantly impacted 
glycolysis, the pentose phosphate pathway (PPP) and 
glutathione metabolism (Figure 1F). Ionomycin treatment, 
but not hyperosmotic stress or starvation without Ca2+, 
resulted in the intracellular accumulation of amino acids 
and carboxylic acids in comparison to other stressors 
(Figure 1F). Indeed, hyperosmotic stress, with addition of 
sucrose, promoted energy metabolism (ATP generation 
and glutathione levels) above baseline values (Figure 
1G). On the other hand, starvation promoted significant 
increases in pyruvate to lactate ratios, suggestive of 
impaired homeostasis of reducing equivalents (Figure 1G). 
Measurements of annexin V binding indicate that glucose 
starvation (but not glucose starvation in absence of Ca2+) 
and ionomycin treatment induced the highest elevation in 
PS exposure in the outer membrane leaf let (Figure 1G). 

Metabolic impact of glucose starvation in the 
presence or absence of extracellular calcium
After a preliminary overview of the data, we then focused 
on the metabolic impact of glucose starvation on the 
metabolomes of RBCs and supernatants. Results indicate 
a significant impact of glucose starvation, accounting for 
26-30% of the total metabolic variance in the PLS-DAs 
of treated RBCs and supernatants, respectively (Figure 
2A and C). HCA of the top 25 significant metabolites in 
RBCs and supernatants (Figure 2B and D, respectively) 
indicate a significant impact of glucose starvation on 
glycolysis, resulting in significant decreases in glucose, 
glycolytic intermediates and lactate. These changes were 
accompanied by significant decreases in total levels of 
glutathione and increases in the levels of its precursors, 
glutamate, cysteine and gamma-glutamyl-intermediates, 
suggestive of dysregulation in (ATP-dependent) 
glutathione synthesis and turn-over (Figure 2B, centre 

panel). However, glucose starvation in the absence of 
Ca2+, though insufficient to rescue the deficit in ATP 
generation, resulted in a compensatory activation of the 
PPP (6-phosphogluconate, ribose phosphate). Notably, 
supernatant levels of acetylcholine and polyamines 
(spermidine) increased response to glucose starvation 
and even more so after glucose starvation in the absence 
of Ca2+. Significant decreases in the levels of free amino 
acids and carboxylic acids were noted, suggestive of a 
disruption of amino acid uptake/release and alteration 
of the enzymatic activity of cytosolic isoforms of Krebs 
cycle enzymes involved in the metabolism of reducing 
equivalents (e.g., NADH, NADPH) and salvage reactions14. 
Notably, increased intracellular Ca2+ levels and PS 
exposure induced by glucose starvation were normalised 
back to control levels when RBCs were glucose-starved in 
calcium-free media (Figure 2, centre panel, number 1 and 
2 highlights). 

Metabolic impact of ionic and hypertonic stress 
Partial least square-discriminant analyses  revealed a 
strong impact of ionomycin (38% of the variance [PC1]) 
on the metabolomes of RBCs (Figure 3A). Hypertonicity 
had a significant impact on RBC metabolism, only 
partially overlapping with ionomycin. Hyperosmolality 
increased RBC levels of glutathione and ATP, while 
ionomycin promoted purine deamination and 
accumulation of oxidation products of deaminate 
purines, including hypoxanthine and xanthine (Figure 
3B-D). Ionomycin promoted alterations to amino acid 
metabolism (higher levels of free amino acids and 
carboxylic acids in comparison to hyperosmolality (Online 
Supplementary  Content, Figures S1 and S2). Consistent with 
the metabolomics finding suggesting higher stress in 
ionomycin-treated cells, intracellular Ca2+ levels and PS 
exposure were significantly higher in ionomycin-treated 
RBCs as compared to RBCs exposed to hypertonic media 
(Figure 3, centre panel, number 1 and 2 highlights).

Metabolic impact of heat stress
Incubation at 40 ºC vs 37 ºC significantly impacted RBC 
metabolism (approx. 22% of total variance), with some 
subjects responding with extreme metabolic aberrations 
(PC2 in Figure 4A and C) and PS exposure above three times 
the standard deviation of the group average (Figure 4, centre 
panel, number 2 highlight). Heat stress was accompanied 
by intracellular Ca2+ accumulation, increased purine 
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Figure 2 - Metabolic impact of energy starvation. 
(A and C) Partial least square-discriminant analyses (PLS-DA) reveals significant impact of both glucose starvation and glucose starvation in the 
absence of Ca2+ in red blood cells (RBCs) and supernatants, respectively. (B and D) Top 25 significant metabolites following starvation stress by 
ANOVA in RBCs and supernatants, respectively. Key metabolites are highlighted in the dot plots in the centre  of the figure, colour-coded as per 
the legend on the right-hand side of the figure. 
Ach: acetylcholine; ATP: adenosine triphosphate; GSH: glutathione; PS: phosphatidylserine; RibP: ribose phosphate; 6PG: 
6-phosphogluconolactone.
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Figure 3 - Metabolic impact of supraphysiological ionic and hypertonic stress. 
(A and C) Partial least square-discriminant analyses (PLS-DA) reveals significant impact of ionic stress induced by ionomycin (which induces 
increases in intracellular Ca2+) or hypertonic stress in red blood cells (RBCs) and supernatants, respectively. (B and D) Top 25 significant metabolites 
by ANOVA in RBCs and supernatants are shown. Key metabolites are highlighted in the dot plots in the centre  of the figure, colour-coded as per 
the legend on the right-hand side of the figure. 
ATP: adenosine triphosphate; G6P: glucose 6-phosphate; PS: phosphatidylserine; RibP: ribose phosphate.
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Figure 4 - Metabolic impact of hyperthermic stress.  
(A and C) Partial least square-discriminant analyses (PLS-DA) reveals significant impact of high fever-like temperatures on RBCs 
and supernatants, respectively. (B and D) Top 25 significant metabolites following heat stress by ANOVA in RBCs and supernatants, 
respectively. Key metabolites are highlighted in the dot plots in the centre of the figure, colour-coded as per the legend on the  
right-hand side of the figure. 
Ach: acetylcholine; ATP: adenosine triphosphate; 2HG: hydoxyglutarate.
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breakdown (decreased ATP, increased IMP) and oxidation 
(hypoxanthine, xanthine), elevated markers of glutathione 
turnover (5-oxoproline) (Figure 4B). Heat stress also 
resulted in decreases in glycolysis and increases in 
pyruvate/lactate ratios (with higher levels of supernatant 
pyruvate), along with decreases in intracellular carboxylic 
acids and supernatant accumulation of hydoxyglutarate. 
Notably, choline and acetyl-choline increased in the 
supernatants of RBCs exposed to 40 ºC (Figure 4D).

Correlation analyses between red blood cell death 
and metabolism 
Metabolite levels were correlated to intracellular Ca2+ levels 
and PS exposure. In Figure 5A and B, significant positive 
(red) or negative (green) correlates are highlighted, along 
with highlights of lactate and ribose phosphate (Figure 
5C and E) (negative correlates to intracellular Ca2+ and PS 
exposure, respectively) and cystine (positive correlates to 
both) (Figure 5D and F). Consistent with the considerations 
above, increases in free fatty acids, carboxylic acids 
(ketoglutarte), glutathione synthesis/turnover 
dysregulation (glutamate, cystine) and purine oxidation 
(hypoxanthine) was positively correlated to increases in 
intracellular Ca2+ and PS exposure,  independently of the 
stress, consistent with increased cell death. Vice versa, 
negative correlates (suggestive of decreased apoptosis) 
were consistent with increases in high-energy phosphate 
compounds and total adenylate pools (ATP, ADP, adenine) 

or purine signalling (cAMP), increases in glycolysis 
(lactate) and antioxidant metabolism (glutathione, urate, 
dehydroascorbate, SAM, glucose 6-phosphate and ribose 
phosphate as markers of PPP activation) (Figure 5).

DISCUSSION
The energy and redox state of a cell plays a critical role 
in regulating the cell's capacity to cope with stressors16. 
This holds true for nucleated cells, which can respond to 
stimuli by mechanism of regulation of gene expression 
to cope with sudden environmental changes. However, 
these considerations are even more relevant to the mature 
RBC, in which the lack of organelles and nuclei makes it 
impossible to cope with stressors through the synthesis of 
novel enzymes that could help in counteracting stressors 
such as heat or ionic stress through the synthesis of, for 
example,  novel heat shock protein chaperones or ion 
transporters. Similarly, the lack of mitochondria deprives 
the RBC of the metabolic plasticity that characterises 
other cells with respect to the capacity to generate energy 
(in the form of nucleosides triphosphate) from sources 
other than glucose. Indeed, mitochondria are essential 
for the synthesis of ATP from fatty acid and amino acid 
catabolism. However, the advent of omics technologies 
has elucidated, over the past decade, the (unexpected) 
complexity of the RBC metabolome25, paving the way 
for a significant expansion of our understanding of 

Figure 5 - Correlation analyses between red blood cell (RBC) death and metabolism.
Correlation analyses between metabolite measurements and intracellular Ca2+ level (A) or phosphatidylserine (PS) exposure (B). (C and D) 
Intracellular lactate or cystine levels are negative and positive correlates to intracellular Ca2+ levels, respectively. (E and F) Intracellular  
ibose-diphosphate or cystine levels are negative and positive correlates to PS exposure levels, respectively. (C-F) Stresses are colour-coded as 
in Figure 1.  
ADP: adenosine diphosphate; ATP: adenosine triphosphate; SAH: S-adenosylhomocysteine. 
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the mechanisms that RBCs can leverage to cope with 
different stressors in order to avoid (or facilitate) cell 
death following environmental insults. Based on these 
considerations, in the present study we investigated the 
impact of starvation, ionic, hyperosmotic, and heat stress 
on RBC metabolism via UHPLC-MS-based metabolomics 
approaches. In recent years, we have extensively used this 
workf low to investigate the impact of refrigerated storage 
on RBC metabolism under all currently marketed storage 
additives12,14,23,26,27. Results helped elucidate critical  
cross-talks between storage-induced depression of energy 
metabolism and the progressively irreversible alteration of 
RBC redox metabolism. Identified mechanisms involved 
donor-dependent23 changes in the capacity to: (i) activate 
the PPP and generate reducing equivalent in the face of 
storage-induced oxidant stress15,28; (ii) repair oxidatively 
damaged proteins29,30. Despite critical differences 
between RBC ageing in vivo and in vitro31, we hypothesised 
that some of these mechanisms relevant to blood storage 
quality may be relevant to RBC physiology in the context 
of pathological stresses. For instance, refrigerated storage 
temperature are known to negatively impact RBC ion 
homeostasis, resulting in the intracellular accumulation 
of Ca2+ and the downstream activation of Ca2+-dependent 
proteases involved in RBC cell death32. Interestingly, 
here we noted that ionomycin-induced increases in 
intracellular Ca2+ levels resulted in metabolic aberrations 
comparable to those observed in stored RBCs, including 
decreased glycolysis33, increased purine oxidation 
(consistent with activation of Ca2+-dependent RBC-
specific AMP deaminase 3)14, dysregulated carboxylic acid 
metabolism34, and increased fatty acid mobilisation23,35,36. 
On the other hand, we found that hypertonic stress due 
to incubation in higher concentrations of sucrose had 
opposite effects, resulting in the promotion of glycolysis, 
glutathione synthesis and a subtle intracellular Ca2+ 
accumulation. This observation may be critical for the 
formulation of novel blood storage additives with the goal 
to boost the aforementioned pathways25, which tend to be 
inhibited progressively as a function of storage duration.
Notably, glucose starvation in oxygen-rich environments 
results, in all eukaryotic cells in the human body but 
RBCs (i.e., in all cells that contain mitochondria), in a 
metabolic rewiring towards fatty acid catabolism. The 
first step in this pathway is constrained by the activation 

of phospholipases to promote the release of fatty-acyl 
moieties from membrane lipids. Notably, RBCs are 
endowed with such enzymes, including non-canonical 
redox-sensitive phospholipases such as peroxiredoxin 6, 
an antioxidant enzyme that, in the face of (oxidant) stress, 
can migrate to the membrane and exert a phospholipase 
A2-like activity37. While some have shown that this 
activity can be Ca2+-independent38, it is interesting to 
note that defects in energy metabolism can result in ATP 
depletion, which in turn impairs ATP-dependent ion 
pump capacity and promotes intracellular accumulation 
of Ca2+. Since a sub-group of phospholipase A2s are  
Ca2+-sensitive, their activation would result in lipolysis 
and thus fuel mitochondria in cells with organelles, but not 
RBCs. Consistently, here we noted that glucose-starvation 
resulted in increases in free fatty acids, even when RBCs 
were incubated in Ca2+-free media. As such, it is apparent 
that the above-described cascade may represent an 
oversimplification of a much more complicated series of 
events potentially involving other molecular mediators. 
Clearly, preservation of phospholipid membrane 
symmetry is an ATP-dependent process mediated by 
f lippase activity, which prevents the externalisation of PS 
and phosphatidylethanolamines as a function of stress. In 
the context of this study, we noted that PS externalisation 
is, indeed, mostly dependent on the dysregulation of 
Ca2+ homeostasis and it can be prevented when specific 
stressors (e.g., ATP-depleting glucose starvation) are 
coupled to the lack of Ca2+ in the media. In addition, 
another potential contributor to the cascades described 
above is AMP-activated protein kinase39, a protein that 
senses imbalances in AMP/ATP ratios which plays a 
major role in RBC lifespan40 and can be activated by  
Ca2+-mediated protein phosphatase A2 activity41, an 
abundant protein in RBC at the cross-roads of redox 
sensing and membrane stability42. In this purview, it is 
worth noting that stresses inducing intracellular Ca2+ 
increases, like ionomycin and heat stress, not only were 
accompanied by decreases in ATP, but also resulted 
in increases in purine deamination and alterations of 
reactions associated with the homeostasis of reducing 
equivalents NADH and NADPH (i.e., pyruvate/lactate 
ratios30, carboxylic acid metabolism34, and the PPP). 
Consistent with a potential role of oxidant stress in RBC 
cell death cascades, it is worth noting that PPP activation 
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was only observed in starved RBCs in the absence of Ca2+ 
or RBCs exposed to hypertonic stress.
Activation of the PPP is known to be critical to RBC 
homeostasis, as RBCs from donors suffering from glucose 
6-phosphate dehydrogenase (G6PD) deficiency (the most 
common enzymopathy in humans affecting approx.  
400 million people) have a shorter lifespan43. Compensatory 
mechanisms arise to cope with impaired antioxidant 
capacity in the G6PD-deficient RBCs, such as the  
over-activation of the NADH-dependent methemoglobin 
reductase30. By depleting free NADH, methemoglobin 
reductase makes the last step of lactic fermentation 
downstream of glycolysis irrelevant, resulting in an 
accumulation of pyruvate and increased pyruvate/lactate 
ratios. Of note, glucose starvation (independently of Ca2+ 
depletion in the media) resulted in significant increases in 
pyruvate to lactate ratios.
From the untargeted analyses, several indole-containing 
tryptophan metabolites clustered with pyruvate and 
carboxylic acids. Notably, RBCs are endowed with five 
different transport systems, as identified by kinetic 
analyses and studies of inhibition and sodium dependence 
of transport: the L-, T-, Ly-, ASC- and Gly-system44. 
Dysregulation of ion homeostasis was thus expected to 
impact amino acid uptake and release; a result confirmed 
by the present analysis. However, intracellular levels 
of glutamate and cysteine, precursors in the synthesis 
of glutathione,  increased significantly only in the RBC 
exposed to glucose starvation in presence of Ca2+ in the 
media, suggestive of Ca2+- (other than ATP-) dependency 
of glutathione synthesis in the mature RBC. Previous 
studies have noted that gamma-glutamyl-cysteine ligase 
(a rate-limiting enzyme in glutathione synthesis) is indeed 
activated via phosphorylation by protein kinase C or  
Ca2+-dependent calmodulin kinase II45. 
Arginine and methionine metabolites, specifically 
polyamines such as spermidine, were observed to increase 
in the supernatants of stressed RBCs, especially as a result 
of heat stress and glucose starvation in Ca2+-free media. 
While the role of arginine metabolism in the mature RBC 
is not completely understood, the presence of a functional 
arginase46 and nitric oxide (NO) synthase47 in the RBC 
suggests that polyamine synthesis in the stressed RBC 
could sacrifice NO synthesis capacity to promote the 
generation of these "primordial stress molecules" with 

a strong (redox and osmolality) buffering capacity48. 
Interestingly, polyamine synthesis intertwines recycling 
of purine catabolites, such as methylthioadenosine)  and 
one-carbon metabolism through reactions that involve 
methionine and S-adenosylmethionine as precursors49. 
Notably, mature RBCs use methionine-derived  
methyl-groups to repair damaged isoaspartyl moieties 
in proteins that are generated as a function of (oxidant) 
stress50. Interestingly, this damage-repair pathway was 
up-regulated by all the tested stresses. In this context, 
it is interesting to note that membrane phospholipids 
can be alternative methyl-group donors, through 
pathways that promote the generation of choline from 
phosphatidylethanolamine and phosphatidylcholine 
lipid heads. The resulting excess in choline promotes the 
release of choline itself from the RBC; a phenomenon 
observed in the starved RBC and inhibited in  
ionomycin-treated RBCs. Interestingly, intracellular 
choline can be converted to acetylcholine, a metabolite 
that plays a key role in endothelial cell function,  through 
reactions that are constrained by the availability of  
acetyl-CoA46. In this study, different stressors impacted 
the levels of pantothenol, a precursor to CoA, as well as the 
levels of several fatty acyl-carnitines, which in the mature 
RBC are in equilibrium with free fatty acids, acyl-CoAs 
and carnitine levels, and are indicative of the status of 
homeostasis (or stress) of membrane lipids46. Overall, these 
results are indicative of a potential role of RBC protein 
damage-repair mechanisms in choline metabolism.

CONCLUSION
In the present study, we investigated the metabolic 
impact of starvation, Ca2+ metabolism, extracellular 
hypertonicity, hyperthermia, and ionic stress in RBCs. 
As a result, we expand on existing literature highlighting 
the heterogeneity of RBC responses to different RBC 
cell death-inducing stressors. The results presented here 
can inform follow-up studies to mechanistically target 
specific metabolic pathways, with the goal of exacerbating 
or preventing RBC metabolic responses to pathological 
stresses. Since RBCs represent a simplified model of 
cellular ageing51, the present study sets the stage for future 
studies testing novel strategies to leverage metabolic 
control to improve RBC capacity to cope with stressors, 
and thus extend the lifespan of RBCs and other cells.
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