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Nemkov et al. Exp Rev Proteomics 2019

Red Blood Cells – Abundant, Simple, Central to Human Metabolism

• RBCs ~83%
• 25 x 1012  RBCs/body
• Lifespan of ~120 days
• We spend a lot of energy to remove 

and generate 0.2 trillion RBCs/day

Key numbers

250 million copies of Hemoglobin/RBC



Nemkov et al. Exp Rev Proteomics 2019

Red Blood Cells – Perfect Model to study Energy and Redox Metabolism



D’Alessandro et al. Blood Transfusion 2019

Red Blood Cells – Not so simple after all

D’Alessandro et al

Roux-Dalvai et al.

Bachi et al.

Goodman et al.

Pasini et al.

Kakhniashvili et al.

Tyan et al.

Low et al.

Advances in RBC proteomics

2000 2004 2008 2012 2016

0

1000

2000

3000

Year

P
ro

te
in

s 
n

o
.

Wilson et al.

Goodman et al.
Comprehensive review

RBC + Reticulocytes

Basic GeLC-MS

approach

1 2 3
4

5 6

7

8

9

10

10

9

8

7

6

5

4

3

2

1

Bryk et al11

2018

11 (quantitative)

Gaultier et al12

12 

(highly 

purified)



Haiman et al BiorXiv 2024 – under review

RBC-GEM: a Knowledge Base for Systems Biology of Human RBC Metabolism



D’Alessandro et al. In preparation

RBC Proteome Updated – is PFKP even expressed in ultra-pure mature RBCs?
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Nemkov et al 2008

RBC as an organ: a window on systems-wide metabolic health

Haiman et al. BiorXiv 2024

DETOXIFICATION
• Transamination reactions
• Glutathionylation of oxidized proteins/lipids
• Uptake and metabolism of drugs
• Uptake and release of dietary mediators (e.g dietary lipids)
IMMUNOMODULATION
• Direct interaction through “eat me”/”do not eat me” signals
• Uptake and release of cytokines
• Generation and release of immunomodulatory 
• ATP, lactate
• Uptake/release of succinate and carboxylic acids
• Eicosanoids and oxylipins, Sphingosine 1-phosphate
• Tryptophan and catabolites (kynurenine, NAD)
• Arginine and catabolites (e.g. NO and polyamines)
• heme and iron metabolism in phagocytosing macrophages
• miRNA in phagocytosing cells

GAS TRANSPORT
• Oxygen/Carbon dioxide Transport
• Nitric oxide metabolism

ION HOMEOSTASIS
• Chloride and bicarbonate homeostasis
• Ion homeostasis (Ca++, Na+, K+)
• Iron metabolism (Fe++)

VASODILATION
• Sequestration and release of Nitric Oxide
• Generation and release of purinergic agonists
• Response to adenosine/purinergic stimuli

SYSTEM METABOLISM
• Glucose metabolism and lactatemia
• Redox (and glutathione/sulfur/iron)
• Amino acid uptake and metabolism
• Scavenging/Response to neurotransmitters

CROSS-TALK with other RBCs or other cells
• Membrane antigens mediating cell-cell interactions
• Release of small molecule mediators
• Vesiculation
• Release of mediators of target cell physiology upon hemolysis
• Scavenging/release of metabolic substrates for other cells



Dumont and Aubuchon. Transfusion 2007; Roussel et al. Blood 2021; D’Alessandro Blood 2021

Extravascular hemolysis of Red Blood Cells is a process essential to human 

biology and transfusion medicine

51Cr labeling 

for Post Transfusion Recovery

100 Million units of pRBC 

transfused every year

Most common in hospital 

procedure after vaccination

RBC aging in vivo and in vitro alters metabolism 

and promote extravascular hemolysisPoor storer Good storer



D’Alessandro et al. Blood 2024 – just accepted

Modeling diversity in RBC storability in mice



Zimring et al Transfusion 2012; Hay et al Blood Transfusion 2023

Genetic heterogeneity across mouse strains

C57BL6/J FVB/J

FVB C57BL6

Poor storer Good storer



Fatty acids

Sugars and Carboxylic acids
Acid and Aromatic AAs and Small Peptides
Phosphate and Nucleosides

Polyamines and basic AAs

Fatty acids
Acyl-carnitines

Lysophospholipids
Phospholipids

Eicosanoids
DGs and TGs

Bile acids
Sterols and 

Cholesteryl-esters
Hormones

1 min METABOLOMICS and 5 min LIPIDOMICS

Nemkov et al. Front Physiol 2023; Nemkov et al. Meth Mol Biol 2019



D’Alessandro et al. Blood 2024 – just accepted

Modeling diversity in RBC storability in mice

QTL Viewer

Eight genetically diverse founder strains

A/J C57BL/6J 129S1/SvlmJ NOD/ShiLtJ NZO/HILtJ CAST/EiJ PWK/PhJ WSB/EiJ

The Jackson Laboratory Diversity Outbred (J:DO) Population

…
J:DO1 J:DO2 J:DO3 J:DO4 J:DO5 J:DO6 J:DO7 J:DO8 J:DO350

Metabolomics + Lipidomics 137,192SNPsRBCs Storage 7 days at 4°C 



D’Alessandro et al. Blood 2024 – just accepted

Modeling diversity in RBC storability in mice

STEAP3



Recipient Epidemiology and Donor Evaluation Study – REDS RBC Omics

Donor effect on Storability 
(n=13,403)

Genotyping
(SNPs)

Correlation

Blood storage for 42 days
+ hemolysis

n=12,753 12,799 10,476

Endres-Dighe et al. Transfusion 2019;  Lanteri et al. Transfusion 2019
Josephson et al Transfusion 2022



Nemkov et al. Blood 2024

Metabolomics of 13,091 Blood Donors



D’Alessandro et al. Taransfusion 2019; Heamtologica 2022

RBC metabolism changes with storage



D’Alessandro et al. Haematologica 2012; D’Alessandro et al. Transfusion 2016; Paglia, D’Alessandro et al Blood 2016; Nemkov et al. Haematologica 2018

Biomarkers of the RBC Metabolic Age



Nemkov et al. Haematologica 2018; Howie et al. Blood Advances 2019

High hypoxanthine (ATP breakdown and oxidation) correlates to low PTR 

in mice and humans

RBC storage
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Nemkov et al. Haematologica 2018; Francis, D’Alessandro et al. JCI 2022;

High hypoxanthine (ATP breakdown and oxidation) correlates to low PTR 

in mice and humans
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Age BMI

Sex

Blood Group

Rh Status
Ethnicity

Additive Solution

Blood Center

Nemkov et al. Cell Metabolism 2024

Many iatrogenic and biological variables impact the metabolome of stored RBCs



Data analysis guides interpretation! Kmeans clustering + Linear Discriminant Analysis
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Nemkov et al. Cell Metabolism 2024

Finding the SUPER-DONORS (high energy metabolism, low oxidant stress)!



van Wijk and van Solinge Blood 2005

ATP: a central lynchpin in RBC metabolism, deformability, function

ATP regulates:

- Hemoglobin allostery with DPG 

      and O2 kinetics

- Proton pumps

- Membrane protein phosphorylation

- Structure and deformability

- Phospholipid asymmetry

- Proteasome activity

- Vesiculation

- Intra- or Extra-vascular Hemolysis



Nemkov et al. Cell Metabolism 2024

Age and Sex impact RBC energy metabolism



Nemkov et al. Blood 2024a and 2024b

Levels of glycolytic metabolites are reproducible across donations

Glycolysis by MS

643 Donors

Extreme 
Hemolyzers

Measured twice

Index Donation

at day 42 of storage
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Moore et al. J Biol Chem 2022

Metabolite heterogeneity encrypted in our DNA: mQTL



Genetic underpinnings of metabolite levels in donated blood 

>1 Million gene-metabolite associations

Earley et al. In preparation;  Moore et al. J Biol Chem 2022



RBC metabolism - revisited

D’Alessandro Springer Nature Book 2024



Nemkov et al. Cell Metabolism in press

ATP and Hypoxanthine correlate with PTR and hemoglobin increments in vivo 

in healthy autologous or ill heterologous recipients



There’s more that defines a donor than just storage, genetics and demographics
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D’Alessandro et al.  Transfusion 2020a, b; Stefanoni et al. Transfusion 2020
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Donor habits matter!!! Smoking, drinking (alcohol or coffee), diet!



Nemkov et al. JCI Insight 2021

DONOR EXPOSOME: a PANDORA’s box



Sir Archibald Garrod, 1908; Isiksacan, D’Alessandro et al. PNAS 2023

Chemical Individuality: 

from Molecular Epidemiology

 to Precision Transfusion Medicine



Slide adapted from Yoshida, New Health Sciences, 2010

From energy to redox: stored RBCs are challenged with oxidative stress

N=997 -  Data kindly provided by Dr. Tatsuro Yoshida, New Health Sciences inc
Nemkov et al. Haematologica 2018

GOOD? BAD?



Pentose
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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



Hess and D’Alessandro – Rossi’s principles in Transfusion Medicine 2024

Biochemical rational beyond removing O2: intracellular alkalinization favors 

glycolysis, PPP and Rapoport-Luebering
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Dumont et al. 2015; Yoshida et al., Transfusion 2007 and 2008; Sparrow, Blood Transfusion 2012; D’Alessandro et al, Mol Biosyst 2012

Anerobic storage: are anaerobiosis benefits pH dependent? 

Anaerobic storage + 5% CO2 



13C 1,2,3-GLUCOSE
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Nemkov et al. Haematologica 2018
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Hypoxia improves metabolism and PTR
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Tatsuro Yoshida, PhD
Hemanext Inc

Metabolic correlates to PTR: Glycolysis and PPP

D’Alessandro et al. Transfusion 2020



Hay et al. Blood Transfusion 2023; Hay et al. Blood Advances 2023

Metabolic and PTR benefits of hypoxic storage are recapitulated in mice

Lactate +3



Rabjucka et al. Blood Advances 2022; Haematologica 2022; 

Hypoxic storage boosts DPG and single cell O2 kinetics
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Hypoxic RBCs are superior to ctrl end of storage RBCs in hemorrhaged rats

Williams et al Shock 2019



D’Alessandro et al. Transfusion 2021; Reisz et al. Blood 2016; Reisz et al. Transfusion 2017; D’Alessandro et al. Mol Biosystems 2012; Dumont et al. Transfusion 2019; 
Williams et al Shock 2019; Rabjucka et al. Haematologica 2022; 

Hypoxic Storage of RBCs
PTR studies 

in humans

Resuscitation in 

T/HS in rats
Single Cell O2 

kinetics

Metabolism in 

hypoxia/hypocapnia

Hypoxia and RBC 

energy/redox metabolism 



D’Alessandro et al. Transfusion 2021; Reisz et al. Blood 2016; Reisz et al. Transfusion 2017; D’Alessandro et al. Mol Biosystems 2012; Dumont et al. Transfusion 2019; 
D’Alessandro et al. Haematologica 2022; Nemkov et al. Cell Metabolism 2024; Nemkov et al. Blood 2024a and 2024b

Blood storage studies – THANK YOU for your ATTENTION!

ATP Hypoxanthine Kynurenine Carnitine
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Metabolic changes in Trauma/Hemorrhagic shock in humans: COMBAT

Cohen, Erickson et al. BiorXiv 2023

Cohen, Erickson et al. BiorXiv



EXTRA SLIDES



Genetic regulation of (fresh and stored) RBC energy metabolism in mice 

Nemkov et al. Cell Metabolism 2024



Genetic regulation of (stored) RBC energy metabolism in humans

Nemkov et al. Cell Metabolism 2024



Nemkov et al. Cell Metabolism  2024

PFKP is less inhibited by ATP and its Km / substrate specificity promote 

glycolysis when ATP is low

   

   

   

   

   

    

 

      

     

    

     

   

         

     

     

    

   

    

    

   
     

   

        

    

   

       

  

      

   

  

   
   

    

   

   

   

   

   

   

   

   

       

      

  

   

   

   

    

   

   

           
       

      



Nemkov et al. Cell Metabolism in press

Impact of genetic ancestry on gene-metabolite association

G6PD-pyruvate and 

donor African ancestry

Genes – Glycolytic Metabolites  Associations by Ethnicity

All Population

AFR ASIAN

EUR HISP



Pathway overview – Focus on PFKP – consistent across ancestries



D’Alessandro et al. In preparation

RBC Proteome Updated – is PFKP even expressed in ultra-pure mature RBCs?
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Gated on singlets Gated on CD41-CD45- Gated on CD235a+ Gated on CD71



Haiman et al BiorXiv 2024 – under review

RBC-GEM: a Knowledge Base for Systems Biology of Human RBC Metabolism



PFKP is expressed in ultra-pure mature RBCs, 

at 30% higher levels in donors in cluster 4

Nemkov et al. Cell Metabolism 2024
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