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Most abundant host cell in human body? RBCs, by far

Sender, Fuchs and Milo. BioRxiv 2016; Bianconi et al. Ann Hum Biol 2013

RBCs Glya
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Other

RBCs
• 25 Trillion RBCs out of 30 Trillion host cell in the human body;
• Lifespan of ~120 days 
• ~0.2 Trillion RBCs made everyday; 
• Significant daily energy expenditure in embryonic and adult life;

• Lose nuclei and organelles during maturation;
• No ribosomes: devoid of de novo protein 

synthesis capacity;
• 98% of cytosol is hemoglobin!

SIMPLE

• They still preserve the proteasome;
• The 2% of the proteome that is not Hb

includes more than 1500 proteins (as of now)

YET COMPLEX



RBC Proteomics: Unanticipated complexity

D’Alessandro et al. J Prot Res 2010
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Project DEEP RED

D’Alessandro et al. Blood Transfusion 2017

GeLC-MS workflow

High pH RP-HPLC fractionation FASP



Project DEEP RED

Fatty acids
Sterols, Triglycerides

Other sugars

Di-/Tri-carboxylates
Glutamine and GSH
Aminoacids
Nucleosides

Glycolysis

Folate

List updated to
2806 proteins

D’Alessandro et al. Blood Transfusion 2017
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RBCs: Cytosolic isoforms of TCA cycle enzymes

D’Alessandro et al Transfusion 2017
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RBCs: … 2806 proteins and counting… (Introduction to Quantitative Metabolic Flux Analysis)

Nemkov, Hansen, D’Alessandro Rapid Comm Mass Spec 2017
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META-INFORMATION: METABOLIC LINKAGE

D’Alessandro et al. Blood Transfus 2017b
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Systems Biology: Predicting RBC metabolic fluxes from steady state data

Yurkovich et al. Plos Comp Biol 2017; Bordbar et al. Sci Reports 2017; Paglia et al. Blood 2016

James Yurkovich
UCSD, Palsson’s Lab

Aarash Bordbar
Sinopia Biosciences

Bernard Palsson
UCSD, San Diego, CA

Neema Jamshidi
UCLA, Los Angeles, CA



RBCs: CLINICAL METABOLOMICS

D’Alessandro et al. Blood Transfusion 2011; Clinical Metabolomics; Nemkov et al. Amino Acids 2015; Rapid Comm Mass Spec 2017

PERSONALIZED MEDICINE INITIATIVE

• Clinical biochemistry of RBCs is routine practice
• Easy to collect;
• Extremely abundant
• Only 4-12 metabolic parameters monitored;

• Blood testing in HEALTH and DISEASE
• Hypoxia;
• Sickle cell disease;
• Inflammation;
• Ageing;
• Down Syndrome;

• High Throughput metabolomics platform 
(+300 parameters in 3 minute)

Prof. Andrew Monte (R35)



If you still prefer Metabolon over us… maybe bad news

NIH National Metabolomics Resource Map



RBC metabolic reprogramming
in high altitude hypoxia02



Courtesy of Dr. Roab Roach

Alternative NADH oxidation pathways:
Methemoglobin reductase uses NADH to reduce reversibly oxidized Hemoglobin iron

Increased glycolysis product is kept in check by GPT transaminases

Sups

Rob C. Roach and Yang Xia labs - Liu et al. Circulation 2016; Sun*, Zhang*, D’Alessandro* et al. Nature Comm 2016

High Altitude hypoxia: ALTITUDEOMICS

Robert C Roach – Altitude Research Center – Denver
Yang Xia – University of Texas Houston
Kirk C Hansen – University of Colorado Denver

Sea Level

5260m

3200m

1500m

SL ALT1 ALT7 ALT16 POST 7/21

TIME (days)

• 21 subjects 
(12 males and nine females, age 19-23 yo)

• 5 time points
(Sea Level, Day 1, 7, 16 at high Altitude, 
Reascending either at Day 7 or 21 from descending)

First day at high altitude: noon and 8 pm  blood draws



Courtesy of Dr. Roab Roach

Alternative NADH oxidation pathways:
Methemoglobin reductase uses NADH to reduce reversibly oxidized Hemoglobin iron

Increased glycolysis product is kept in check by GPT transaminases

Sups

Ryan et al. PLOS One 2014; Subudhi et al. PLOS One 2014

Acclimatization: HB concentration increases only after 7 days – but acclimatization is faster!

*AMS = Acute mountain sickness

HYPOXIA

HIF

EPO

RBC count
Hb content

Tissue Hypoxia



Alternative NADH oxidation pathways:
Methemoglobin reductase uses NADH to reduce reversibly oxidized Hemoglobin iron

Increased glycolysis product is kept in check by GPT transaminases

SupsAcclimatization: DPG increase promotes O2 off-loading and tissue oxygenation

Liu et al. Circulation 2016; Sun*, Zhang*, D’Alessandro* et al. Nature Comm 2016
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Alternative NADH oxidation pathways:
Methemoglobin reductase uses NADH to reduce reversibly oxidized Hemoglobin iron

Increased glycolysis product is kept in check by GPT transaminases

SupsHigh Altitude hypoxia: metabolic reprogramming in RBCs as early as hours from ascent

Liu et al. Circulation 2016; Sun*, Zhang*, D’Alessandro* et al. Nature Comm 2016
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Alternative NADH oxidation pathways:
Methemoglobin reductase uses NADH to reduce reversibly oxidized Hemoglobin iron

Increased glycolysis product is kept in check by GPT transaminases

SupsModel: Adenosine and Sphingosine 1 phosphate stabilize deoxyHb and promote glycolysis under hypoxia
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Liu et al. Circulation 2016; Sun*, Zhang*, D’Alessandro* et al. Nature Comm 2016; Haines et al. Blood 2016; minor revisions;  Song et al Nat Comm 2017
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Alternative NADH oxidation pathways:
Methemoglobin reductase uses NADH to reduce reversibly oxidized Hemoglobin iron

Increased glycolysis product is kept in check by GPT transaminases

SupsModel: Adenosine and Sphingosine 1 phosphate stabilize deoxyHb and promote glycolysis under hypoxia
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Liu et al. Circulation 2016; Sun*, Zhang*, D’Alessandro* et al. Nature Comm 2016; Haines et al. Blood 2016; minor revisions;  Song et al Nat Comm 2017

S1P

SPK1

BAND 3

Hb

GAPDH

MOUSE
Altitudeomics cohort,  Ex vivo experiments

Untargeted Metabolomics
13C1,2,3-glucose experiments

Quantitative targeted metabolomics
CD73, ADORA (all receptors) and SPK1 kd mice

Immunofluorescence
Activity assay

Competitive activity assay
Competitive binding

Crystallography
Pharmacological activation of AMPK
Pharmacological inhibition of AMPK

Proteasome inhibition
Redox proteomics

Ubiquitinylation assay
PKA activation/inhibition

BALF protein content, neutrophil infiltration
Hydroxyprobe, P50 and DPG measurement

PKA
ADO

ADORA2B

Proteasome

P

PKA P

ATP



Alternative NADH oxidation pathways:
Methemoglobin reductase uses NADH to reduce reversibly oxidized Hemoglobin iron

Increased glycolysis product is kept in check by GPT transaminases

SupsSCD: Sickling is induced by HBS polymerization at the membrane. Does Sphk1 play a role?

Sun et al., in preparation; Zhang et al. J Clin Invest 2015; Sun et al. Blood 2015
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RED BLOOD CELL STORAGE
and INTEGRATED OMICS03



ECONOMIC BURDEN
(year/US $)

Viagra RBC 
Transfusion

Ventolin

MOST CONSUMED 
PRESCRIPTION DRUG 

IN THE US/WORLD

Medscape, June 2016
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$3.5-4.5 billion/year in the US alone
6th in rank of all drugs by sales!!!



LIFE YEARS LOST
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STORAGE ADDITIVES
(SAGM, AS3,

AS5, AS1, PAGGSM)

FLUX 
ANALYSIS

BIOMARKERS
& MECHANISMS

OMICS
CHARACTERIZATION

IRON
METABOLISM

TRAUMA H/S
SICKLE CELL DISEASE

SEPSIS

ANAEROBIC
STORAGE

LEUKOREDUCTION

PATHOGEN
INACTIVATION

DONOR
VARIABILITY

ALKALINE
ADDITIVES

REJUVENATION

ENZYMOPATHIES (G6PD)

PLASTICIZERS

RBC
POPULATIONS

ALTERNATIVE 
STORAGE STRATEGIES

IN VIVO
SURVIVAL

ANIMAL 
MODELS



Spitalnik et al. Transfusion 2015; Glynn et al. Transfusion 2016

RBC storage: Can we make it better?

BLOOD BANK
STORAGE QUALITY

We can make it better



3 Min Method 
METABOLOMICS

Red Blood Cell Unit
(n = 4)

Weekly sampling of cells
and supernatants until 

end of shelf life

2 7 14 21 28 35 42

Storage day

Metabolites increasing by storage day 14 Metabolites decreasing within storage day 14

AS3: Significant metabolic lesions tend to accumulate by storage day 14
RBC Extracts

RBC storage: how long is too long?

D’Alessandro et al. Transfusion 2015; D’Alessandro et al. Vox Sang 2015; D’Alessandro et al. Haematologica 2012; Gevi D’Alessnadro et al J Prot 2012
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Statistics: significant changes occur between storage week 2 and 3

D’Alessandro et al.  Transfusion 2016; Bordbar et al. Transfusion 2016; Paglia et al. Blood 2016



D’Alessandro et al, Transfusion 2015

Hypoxanthine: keep it in mind

D’Alessandro et al.  Transfusion 2016; Bordbar et al. Transfusion 2016; Paglia et al. Blood 2016
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Reisz et al. Blood 2016; 

RBC storage: …and GAPDH oxidation, affecting activity and potentially band 3 binding
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Slide adapted from Yoshida, New Health Sciences, 2010

Oxygen jumps from one Hb molecule to another, a process that promotes formation of oxygen 
radicals and triggers Haber Weiss and Fenton reactions

Winterbourne et al. 1978; D’Alessandro et al,  Haematologica 2012; 

From energy to redox: stored RBCs are challenged with oxidative stress
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N=997 - Data kindly provided by Dr. Tatsuro Yoshida, New Health Sciences inc



Oxidized proximal 
Histidine of HBB

Deoxygenated Hemoglobin Oxygenated Hemoglobin
Oxygen IronIron

Wither et al. Transfuion 2016 – Cover of the February 2016 issue

Oxidative stress targets: ROS target the most abundant RBC proteins

H3 H144H64 H93 C94M1
Hemoglobin Beta     

(HBB)

Oxidation



D’Alessandro et al. Transfusion 2015

RBC antioxidant capacity: GSH pools plummet
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D’Alessandro et al. Transfusion 2016; Whillier et al Transfusion 2012

RBC antioxidant capacity: GSH synthesis is compromised during RBC storage
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Castagnola et al Blood Transfusion 2010; Rogers et al 2012; Low et al 1992; Reisz et al. Blood 2016

GAPDH: redox sensitive thiols at the interface between energy and redox metabolism
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D’Alessandro et al. Transfusion 2016; Reisz et al. Blood 2016

RBC storage: steady state of PPP are depressed, not fluxes!
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Castagnola et al Blood Transfusion 2010; Rogers et al 2012; Low et al 1992

Hypothesis: anaerobic storage should promote glycolysis by decreasing oxidative stress
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…and

Haines et al. Blood 2016; under review

RBC storage: Hyperoxia promotes the mechanisms

13C 1,2,3-GLUCOSE

METABOLOMICS
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Castagnola et al Blood Transfusion 2010; Rogers et al 2012; Low et al 1992

Anaerobic storage : Improved energy metabolism
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Castagnola et al Blood Transfusion 2010; Rogers et al 2012; Low et al 1992

Quantitative metabolic fluxes
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Haines et al, submitted

…and

D’Alessandro et al. Transfusion 2016; June 2016 issue cover

RBC supernatant: markers of STORAGE QUALITY
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Haines et al, submitted

…and

D’Alessandro et al. Transfusion 2016; June 2016 issue cover

RBC storage: Quality control markers of RBC storage correlating with hemolysis and Hb
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Haines et al, submitted

…and

D’Alessandro et al. Haematologica 2012; Blasi, D’Alessandro et al Transfusion Med 2012; Bessis and Weed 1979

RBC storage: Vesiculation impairs RBC morphology and promotes osmotic fragility

~75% RBCs show 
IRREVERSIBLE MORPHOLOGY 

ALTERATIONS at Storage day 42

Hemolysis at
Lower than

Physiological
[NaCl]



D’Alessandro et al. J Blood Transfusion 2013; Blood Transfusion 2015; Mol Biosystems 2013

Anaerobic storage : preserves RBC morphology
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Haines et al, submitted

…and

De Wolski et al. Haematologica 2016; Nemkov et al. under review

Purine Oxidation markers: Predictors of post-transfusion survival in mice and humans

Courtesy of Drs. Eldad A. Hod, Columbia University and James C. Zimring, Bloodworks NW
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Nemkov et al. Under review; Zimring et al. in preparation

Oxidative stress promotes purine deamination
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In collaboration with Yang Xia, University of Texas Houston

Hypoxia prevents purine deamination

1.5

2.0

2.5

3.0
Hypoxanthine

Sea  Level ALT1noon ALT1pm ALT7

*
*** ***

Sea Level

5260m

3200m

1500m

SL ALT1am ALT7

TIME (days)

ALT1pm

12

9

HUMAN

µM

In vivo RBCs

n = 6

MOUSE

Normoxia
(21% O2)

Hypoxia
(8% O2)

Normoxia Hypoxia
2.0106

2.5106

3.0106

3.5106

4.0106

4.5106

5.0106 Hypoxanthine

**

0

5.0106

1.0107

1.5107

2.0107

2.5107

Hypoxanthine

1 7 14

WT N
WT H

Ex vivo RBCs

n = 5

MOUSE

Normoxia
(21% O2)

Hypoxia
(8% O2)

AS-3



Haines et al, submitted

…and

D’Alessandro et al. in preparation; In collaboration with New Health Sciences inc

Hypoxia limits purine oxidation and Improves salvage: survival?
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D’Alessandro et al. in preparation; In collaboration with New Health Sciences inc

Hypoxia limits purine oxidation and Improves salvage: survival?
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In collaboration with Yang Xia, University of Texas Houston

Hypoxia limits purine oxidation or Improves salvage?
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In collaboration with Yang Xia, University of Texas Houston

Hypoxia limits purine deamination
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Where do we go from here

Nemkov et al. Rapid Comm Mass Spec 2017

TWINS

Heritability of
Good vs Poor 
Storage Traits

ZOO-OMICS

Underwater mammals Donor effect on Storability

REDS III Omics



3 MINUTE METHOD: Ultra-High Throughput for REDS 13,800 samples 

Sugars and Carboxylic acids

Aromatic AAs and di-/tri-peptides

Polyamines and basic AAs
Neutral amino acids

Phosphate and Nucleosides

Acidic amino acids

Nemkov et al. Rapid Comm Mass Spec 2017



RBC biology

Sickle cell disease
RBC hypoxic metabolic 

reprogramming

Pulmonary Hypertension
Hemorrhagic shock

Down Syndrome
Inflammaging

Cancer
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Mammalian hibernation

Clinical 
Metabolomics
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Novel additives
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…andLactate dilemma: only AS3 additives contain citrate!

D’Alessandro et al. Transfusion 2016; Bordbar et al. Personal Communication
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D’Alessandro et al. ISBT series 2016

RBC storage: Redox signaling promotes PPP, but antioxidant defenses are overwhelmed by D21
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