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Abstract
Blood transfusions are an important part of modern medicine, delivering approximately 85 million blood units to
patients annually. Recently, the field of transfusion medicine has started to benefit from the “omic” data revolution
and corresponding systems biology analytics. The red blood cell is the simplest human cell, making it an accessible
starting point for the application of systems biology approaches.
In this review, we discuss how the use of systems biology has led to significant contributions in transfusion medicine,
including the identification of three distinct metabolic states that define the baseline decay process of red blood cells
during storage. We then describe how a series of perturbations to the standard storage conditions characterized the
underlying metabolic phenotypes. Finally, we show how the analysis of high-dimensional data led to the
identification of predictive biomarkers.
The transfusion medicine community is in the early stages of a paradigm shift, moving away from the measurement
of a handful of chosen variables to embracing systems biology and a cell-scale point of view.
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Background
The human red blood cell (RBC) has long been a starting point for the application of systems biology. The RBC
is an ideal model cell because of its relative simplicity
and its intrinsic accessibility, resulting in a vast amount
of available data. Further, it is of great importance for our
understanding of human health and physiology—RBCs
account for over 84% of the native cells in the human
body by number, making them the most numerous cell
type by a large margin [1]. Thus, many of the first wholecell modeling efforts targeted the RBC. The late 1980s
saw the development of the first whole-cell model of the
human RBC [2–5]. Since then, other models of the RBC
have focused on various aspects of its physiology, from
metabolism [6] to its structural properties [7].
Recently, omics technologies have been applied to study
RBCs under cold storage for use in transfusion medicine
[8]. The transfusion of RBCs has long been an integral
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part of healthcare [9–11], with approximately 85 million
RBC units transfused worldwide annually [12]. RBCs are
stored in tightly-regulated, non-physiological conditions
(i.e., packed in plastic blood bags in a static environment
at 4°C), leading to many changes in the biochemical and
physiological properties of RBCs. Over the past several
decades, the transfusion medicine community has made
great progress in defining a central paradigm that outlines
these biochemical and morphological changes—the socalled RBC “storage lesion” (RSL)—that red cells undergo
during cold storage [13–16]. Such changes include a
decrease in 2,3-diphosphoglycerate (2,3-DPG) levels, an
increase in endothelial adherence, and morphological
modifications to the shape and structure of the cells. Some
of these changes are reversible upon transfusion (e.g., 2,3DPG levels), while some of the morphological changes can
be irreversible.
As omics data characterizing RSL are being generated,
the field of transfusion medicine provides opportunities
for systems biologists [17]. In particular, metabolomics
data have become a central part of the effort to better understand RSL [18]. Profiling the metabolic state
of the cell is an important approach that allows a functional interpretation of cellular biochemistry [19]. With
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the availability of such data, systems biology methods can
be applied to study and understand RSL in considerable
detail. While correlations are important for the practice
of medicine, an actionable and mechanistic understanding
of relevant physiological phenomena is desired [20, 21];
systems approaches have already proven valuable through
the evaluation of drug therapies [22, 23], identification of
biomarkers for cancer [24], and the prediction of oncogenes in cancer conditions [25]. Here, we discuss how the
study of RSL is being added to this list.

Three key ingredients form the path to meaningful
multi-omic data integration
There have been a multitude of examples of how a systems biology approach can be applied to study a variety
of organisms and biological questions of interest [26–29].
The systems biology approach is an inherently iterative
process of refinement that unites three key ingredients:
data collection, analysis, and computational modeling
(Fig. 1). The first ingredient is data collection. Working
in conjunction with blood centers to ensure that standard
quality controls are met is vital for generating high-quality
data. Absolutely quantified (i.e., using standards to determine concentration values instead of relative amounts)
metabolomics data—while more costly—can yield greater
benefits since it can be integrated with quantitative,

mechanistic models. The data sets described here include
time course metabolomics data (both exo- and endometabolomic) and other hematological measurements
routinely performed in blood banks, such as hemolysis.
Time-resolved metabolomics data have yielded important insights into metabolic physiology, especially when
the resolution of the time course captures the time scale
of key metabolic changes. For RBCs under storage conditions, these key metabolic changes occur on time scales
on the order of days, not weeks (the historical-used time
increment). In the experiments discussed below, data is
collected every three to four days, providing a more complete characterization of these temporal dynamics. Exploration of various perturbations to the standard storage
conditions will help elucidate RBC metabolic properties.
Such perturbation experiments might be informed by
previous experiments or by computational models [20].
The second ingredient is the application of multivariate
data analysis to the large data sets generated. Multivariate statistical analyses can reveal the overall structure
of the data sets and trends within the data. In particular, methods like principal component analysis (PCA)
[30], partial least squares discriminant analysis (PLS-DA)
[31], and independent component analysis (ICA) [32] have
been used effectively to analyze complex metabolomics
data sets. Care must be taken when choosing a method—
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Fig. 1 Three key ingredients. Three key ingredients come together to form a workflow capable of extracting knowledge from omics data
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statistical methods have specific applications and cannot be blindly applied to raw data; fortunately, there are
several excellent resources that provide guidance for this
process [30, 33]. Although the data sets generated and
analyzed here are large compared to the history of the
field, they do not qualify as “Big Data.” In the future,
genetic information and other parameters may enrich
this data, as has been demonstrated by the generation
of personalized RBC models [34]. Notably, the REDS-III
initiative—a collaborative, international research program
that promises to evaluate 14,000 distinct donors—will
directly address hypotheses regarding the effects of
genetic variation on donor-specific RSL properties such
as hemolysis [35]. The availability of such rich data will
provide great potential for systems analyses.
The third ingredient is a computational, mechanistic metabolic network model capable of integrating disparate data types. Such models incorporate the results
of statistical analyses to generate biological insights and
testable hypotheses. A metabolic network specific to the
RBC has been generated by mapping multiple proteomic
data sets onto the reconstruction of the global human
metabolic network [36, 37]. This mapping has resulted
in a functional metabolic network of the RBC containing
283 metabolic genes [6] and includes contiguous known
pathways. The specifics of this network have been further delineated through a comprehensive manual curation of the literature (the “bibliome”). This reconstructed
metabolic network inherently includes available information about the metabolome, proteome, and bibliome [38],
truly representing multi-omic data integration.
Several years ago, the use of systems biology principles
in the transfusion medicine field were proposed as a way
to extend the lifetime of stored RBC units [17]. Since then,
the principles outlined above have been used to study RBC
storage from a systems perspective. Here, we review the
outcome of several of these efforts and try to contextualize
these results.

Multivariate statistical analysis reveals a
three-phase metabolic decay
The first major step in a systems biology characterization of the storage process was to understand the baseline RBC metabolic behavior during storage [39]. RBC
units were collected from 20 individuals and stored in
saline-adenine-glucose-mannitol (SAGM) media. SAGM
media is used throughout Europe, the United Kingdom,
Australia, Canada, and New Zealand, although it is not
licensed by the FDA [40]. Over 140 metabolites and hematological variables (e.g., hematocrit, pH) were absolutely
quantified at 14 time points over 45 days of storage, three
days past the FDA-regulated maximum shelf life of 42
days. With measurements taken every three to four days,
the resulting time resolution was finer than historically
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practiced in the transfusion medicine field (that typically
uses weekly sampling) and allowed for the capture of
previously unobserved behaviors. The quantitative nature
of the measurements is important for use in mechanistic models [41] while further allowing for an assessment of whether certain compounds reached toxic levels,
thereby enabling the corroboration of previous results for
the accumulation of compounds such as hypoxanthine
[42, 43].
Initial global characterization of the data was achieved
using PCA of the raw metabolomics data, revealing two
distinct metabolic shifts that occur during the 42 day
shelf-life of a stored RBC unit. These shifts in metabolic
state—occurring at days 10 and 17—showed that RBCs
do not undergo a simple linear decay process but instead
go through a defined series of three metabolic states
each with distinct characteristics. A similar three-phase
metabolic decay profile was being observed in parallel
in independent studies and in different storage media
[44] and has since been shown in other independent
studies [45]. Further, measuring endothelial biomarkers
such as hcDNA levels helped determine that blood transfused from the different states had differing effects on the
endothelium [39]. These results showed that RBC units
transfused from the third state resulted in endothelial
tissue damage.
The previously reported high concentration of 2,3-DPG
that depletes over time was observed, as well as the initial
increase and subsequent decrease in ATP levels after the
first shift at day 10. It was observed that the “metabolic
inflection points” (i.e., the points in time at which the
metabolic shifts in the PCA plots occur) approximately
coincide with the depletion of extracellular adenine and
onset of accumulation of hypoxanthine and xanthine in
the storage medium. One notable novel observation from
the quantitative metabolomics data was the existence of a
large intracellular malate pool (greater than 1 mM). The
discovery of these metabolic phases and their characterization was only possible through the use of a systems-level
perspective.

Mechanistic models informed by quantitative data
generates hypotheses and understanding
The multi-variate data analysis results provided by this
baseline study of RBC metabolic decay have proven to be
a useful starting point for mechanistic model-based analysis. Since the baseline metabolomics data are absolutely
quantified, they can be integrated into mechanistic, cellscale models capable of making quantitative predictions
[46, 47]. These models predicted that the large 2,3-DPG
pool is utilized to generate ATP using 2,3-DPG as a proton buffer through the reversal of bisphosphoglycerate
mutase. The catabolism of 1,3-DPG generates two ATP,
while the expected dephosphorylation of 2,3-DPG to 3PG
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generates only one ATP. Given that the initial 2,3-DPG
pool is high, the shift in degradation route has a large
influence on the overall ATP generation during storage.
While an interesting prediction, thermodynamics might
suggest that this behavior is unlikely to occur, highlighting a need for additional study. Others have built on
these modeling predictions by providing an examination
of the potential metabolic blockade in glycolysis at glyceraldehyde 3-phosphate dehydrogenase (GAPDH) based on
redox proteomics analyses and 13 C1,2,3 -glucose tracing to
elucidate this mechanism [48].
The quantitative model also made predictions about
the metabolic fate of citrate, a compound added to the
storage medium as an anticoagulant during blood collection. These results were validated [47] and then further
explored in a follow-up study in which labeled glucose,
citrate, and glutamine were added to RBC units [49].
More recent efforts have examined how this mechanism
is impacted by oxygen saturation in stored RBCs [50].
Together, these studies suggest that RBCs can metabolize carbon sources such as citrate to produce lactate
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and glutamate. These examples illustrate how quantitative metabolomics data enables model-based analysis that
leads to a biochemically-informed mechanistic understanding of metabolic changes that unfold in the RBC
during storage.

Perturbing the storage conditions
Having characterized the baseline metabolic behavior
of stored RBCs, the next step in the systems biology
characterization was to determine whether the storage conditions could be perturbed in such a way that
this three-phase metabolic decay process was affected.
Four perturbations representing pressing questions were
identified and examined (Fig. 2): (1) does the threephase decay pattern manifest itself only in SAGM media,
or is it present in other storage media types used in
transfusion medicine?; (2) do alternative sugars support ATP levels better than glucose?; (3) is the depletion of adenine the cause of the metabolic shifts?; and
(4) how does storage temperature affect the metabolic
network?

Fig. 2 Characterizing RBC storage conditions. Baseline characterization and perturbation experiments on stored RBCs. Perturbation experiments
examined the effect of (1) alternative media formulations, (2) supplementation with additional sugars, (3) addition of adenine to the media, and (4) a
change in storage temperature. An additional set of experiments (5) yielded a robust set of storage-age biomarkers
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(1) Does the storage media affect the metabolic decay
pattern?

With the baseline behavior in SAGM media characterized, it was important to determine whether RBCs stored
in other additive solutions exhibited similar metabolic
behavior [51]. RBC units from 12 individuals were stored
in SAGM [52, 53], AS-1 [54], AS-3 [54, 55], and PAGGSM
[56] for 45 days; an excellent discussion of the differences among these solutions can be found in [40]. Samples
were collected and metabolically profiled at 14 time points
during storage. These media types were chosen because
they represent the most widely-used additive solutions in
Europe (SAGM, PAGGSM) and the United States (AS-1,
AS-3) [40].
Several changes in basic metabolic behavior were
observed across the four additive solutions. Notably, citrate uptake and metabolism was increased in AS-3 and
PAGGSM compared to that of SAGM and AS-1. Corresponding changes in intracellular malate concentrations
suggest that citrate uptake impacts malate utilization.
Labeled citrate added to the bag prior to storage in SAGM
showed that citrate is taken up and converted to intracellular malate, contributing to the large pool previously
observed in the baseline characterization. This behavior
has been shown to occur in other media [49] and was computationally predicted and validated in the baseline data
[47]. Statistical analyses indicated that the difference in
citrate uptake and metabolism impacted glycolytic function, with small differences noted in glycolytic flux among
the additive solutions. Ultimately, while there were some
minor differences among the four solutions, the conclusion was that the overall three-phase pattern of metabolic
decay is the same in alternate storage solutions.
(2) Do alternative sugars support ATP levels better than
glucose?

The baseline data showed that fructose and mannose
found in the plasma collected with the RBCs from the
donor are rapidly metabolized and depleted during the
first metabolic phase. Mannose and fructose have been
shown to be metabolized through different pathways than
glucose in RBCs [57, 58], thus providing potential benefit
over glucose as the primary energy source for metabolism.
Further, the potential positive and negative effects of fructose are not yet clearly understood [59, 60], making it
a good target for further study. Following in the footsteps of work by Beutler and Duron [61] and by Dawson
and colleagues [57, 62], RBC units were supplemented
with mannose and fructose to better characterize alternate sugar metabolism during storage [63]. These units
were metabolically profiled at 14 time points over 25 days
of storage in SAGM media.
These experiments suggested that the metabolism of
mannose and fructose at 4°C reflects their metabolism
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at 37°C, but this is a potentially misleading result due to
the presence of glucose (i.e., mannose and fructose were
supplemented instead of replacing the normal glucose).
The timing of the metabolic inflection points was altered
slightly with the supplemented sugars, with the observed
changes primarily centered in glycolysis. The hypothesized protective effect of fructose was not observed. The
additives failed to maintain ATP and 2,3-DPG levels under
the tested experimental conditions, although this was
likely due to the presence of glucose.
While fructose is known to be taken up through the
GLUT5 transporter [64], the exact transport mechanism
for mannose uptake has yet to be clearly elucidated. However, it is believed that mannose is transported into the
cell via the GLUT1 transporter [58]. GLUT1 is also used
by glucose, leading to competition for uptake of the two
compounds. The 13 C labeling results from this perturbation study support the hypothesis that mannose is taken
up by GLUT1. More importantly, these results imply that
mannose is preferentially taken up and oxidized over glucose. Although some differences in the metabolic state
were observed with the addition of mannose and fructose,
there is no clear advantage to these supplementations.
Ultimately, a better characterization of the metabolism of
these sugars could be obtained by replacing glucose with
mannose and/or fructose (instead of supplementing) and
examining the resulting metabolomics measurements.
(3) Is the depletion of adenine the cause of the metabolic
shifts?

Following the identification of the three-phase metabolic
decay observed in SAGM [39], it was observed that the
depletion of adenine coincided with the metabolic inflection points observed in the PCA plots. It was hypothesized that these metabolic shifts were due in part to
the depletion of adenine. To test this hypothesis, adenine
was labeled in both normal and double concentrations
in SAGM media, and metabolomics measurements were
made at 10 time points over 31 days of storage [65].
It was observed that the RBCs consumed approximately
1.5 mg/L adenine per day over the first eight days of storage, almost depleting the total adenine concentration in
the bag toward the end of the first metabolic phase. During this first phase, adenine was converted into inosine
and IMP but not ATP. By day 18 of storage (the end of the
second phase), the extracellular adenine was completely
depleted.
Having detailed adenine metabolism under standard
storage conditions, its initial concentration was doubled
to see if its depletion was the cause for a metabolic shift.
The identical consumption rate of adenine was observed
until day 18, at which point adenine was no longer taken
up by the RBCs. In other words, it appears that the perfect amount of adenine is found in SAGM media; adding
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any more would result in adenine sitting in the extracellular media without being consumed by the RBCs. One
possible explanation for this result is that this behavior
was previously characterized during the development of
SAGM media but never published (and has now been rediscovered years later). One notable observation was that
the higher levels of adenine resulted in a buildup of 5methylthioadenosine. The conclusion of this study was
that adenine is not responsible for the observed metabolic
shifts: there is another internal process that leads to the
cessation of adenine uptake.
(4) Does the storage temperature affect the metabolic
network?

The previous studies all examined perturbations to the
storage media itself. One important aspect of the storage conditions, however, is the low temperature at which
RBC units are stored (4°C) and how this low-temperature
environment affects RBC metabolism. In order to investigate these effects, RBC units were stored at 4°C, 13°C,
22°C, and 37°C—temperatures that span the ex vivo (storage) and in vivo (body) temperatures—and metabolically
profiled [66]. Bags were stored for 21 days (4°C, 13°C, and
22°C) and 7 days (37°C) because the metabolic shifts were
anticipated to occur earlier at higher temperatures.
This study investigated whether the three-phase decay
pattern was observed at all temperatures. PCA was performed on the metabolomics measurements, observing
that these trends were preserved but accelerated with
increasing temperature. The temperature dependences
for individual metabolites and reaction fluxes were calculated, finding that the response of these individual network components did not scale uniformly with increasing
temperature. In particular, the behavior of the ions was
quite different at low temperatures due to the known inactivation of the sodium/potassium pump [67, 68]. Together,
these results showed that the RBC metabolic network is
robust against the accumulation or depletion of intermediate metabolites.
These results open the door for another interesting possibility: can the temperature dependences calculated here
be used to run high throughput screens of additional
perturbation experiments at higher temperatures? Our
results suggest that an RBC unit stored at a temperature
of only 13°C would only need to be stored for approximately 14 days to observe the equivalent 42 day storage
behaviors observed at 4°C. Since the global networklevel changes were consistent at higher temperatures, any
screens in which the three-phase decay pattern was disrupted could then be investigated in detail under the
proper conditions. It is important to note, however, that
there is still further evaluation required; the temperaturedriven effects on ion homeostasis—which activates iondependent cascades (e.g., calcium-induced eryptosis, a
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phenomenon known to occur during prolonged storage
[69, 70])—would not be taken into account by such
measurements. If these considerations were properly
addressed, a shorter experimental time would not only
allow for high throughput screens, but it also yields
the very practical consequence of reducing experimental costs. Experiments could be further accelerated if
we could find biomarkers that characterize the threephase decay without the need for full and expensive
metabolomic data generation.

Can we define a set of biomarkers that represent
RBC metabolic health?
One obstacle to the routine use of metabolomics data
is the high cost of generating them. With the increasing
amount of metabolomics data already available for RBCs
under storage conditions [18] and relative invariance of
the metabolome composition during decay, it is logical
to ask if we can identify biomarkers that describe the
three-phase decay process. With the large amounts of data
available in the literature and the above characterizations
of perturbed conditions, have we reached a point where
there is a critical mass of data available for true systems
analysis leading to the identification of robust biomarkers?
Paglia et al. [71] set out to identify a set of metabolites that could define the three metabolic phases based
on normal SAGM decay. A small number of extracellular metabolites were identified because of ease, cost, and
reliability of such measurements. Through statistical analysis of existing data sets, eight extracellular metabolites
(adenine, hypoxanthine, glucose, lactate, malate, nicotinamide, 5-oxoproline, and xanthine) were identified that
can differentiate between the three metabolic states.
These “storage-age” biomarkers robustly represent the
RBC metabolome throughout the storage process. Initially
identified in SAGM media, these storage-age biomarkers
were validated in AS-3 and independently verified in a
separate laboratory with a different analytical setup and
different sample sets [71].
Glucose, lactate, 5-oxoproline, and adenine represent
the primary metabolic inputs and outputs can effectively
serve as “clocks” for storage time. Further, the large malate
pool is related to a major component in the citrate buffer
used during processing. The potentially more interesting
biomarkers are nicotinamide, hypoxanthine, and xanthine
that are directly indicative of the metabolic state. Nicotinamide is one of the components of major cofactors
(NAD+ /NADH and NADP+ /NADPH) and is released
from RBCs after approximately ten days of storage. The
toxic effects of hypoxanthine and xanthine are well known
[72], making them good targets for additional study. Preliminary findings have already shown that hypoxanthine
levels correlate with post-transfusion recovery in vivo
and are related to purine oxidation and salvage [73, 74],
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suggesting that hypoxanthine could be a biomarker for
more than just storage age.
The utility of these storage-age biomarkers has been
shown to transcend their ability to differentiate the three
metabolic phases. A recent study showed that the concentrations of these extracellular metabolites at a particular time point can be used to quantitatively predict
the concentration of other metabolites in the network
[75]. Additional follow up work demonstrated that certain
combinations of these biomarkers (based on their location
within the metabolic network) could be used to forecast
the future values of other metabolites in the network [76].
The identification of these robust biomarkers is important from a practical standpoint: they reflect the fact that
the metabolic decay process is fairly invariant under the
conditions examined, thus revealing the inherently low
dimensionality of the dynamics of the metabolic decay
process.
This particular set of storage-age biomarkers needs further validation, not only in additional storage media but
also to determine whether they are indicative of in vivo
behavior. Other biomarkers have also been suggested that
may be able to measure the quality of stored RBCs, such as
peroxiredoxin 2 levels [77]. The identification of a robust
set of biomarkers that can be used to define both ex vivo
(i.e., storage) and in vivo health of RBCs is an area where
systems biologists can provide a meaningful contribution
to the field of transfusion medicine.

Toward broader applications of systems biology to
transfusion medicine
Transfusion medicine is a major part of healthcare. The
results and insights gained from the application of omics
data sets and systems biology analytics to stored RBCs
will continue to grow in scope and sophistication. As this
systems view expands to include additional types of information and data, phenomena such as genetic variation in
the human population is likely to come into focus. The
community has built large, collaborative efforts like the
REDS-III initiative [35] that directly address some of these
issues.
The RBC has been and will continue to be a useful
model system for applying and developing systems biology approaches. It is the simplest of human cells, easily
accessible, and easy to lyse and characterize biochemically.
Multi-scale analysis of RBC functions is needed to elucidate its role in human physiology, a fact easily demonstrated by looking at the physiologically-relevant RBC
time scales: one second for capillary transit, one minute
for average circulatory time, 45 min for ATP turnover, 24
hours for circadian rhythms, and 60 days for its half-life in
circulation. It is fair to say that if the systems biology community cannot fully characterize the RBC, the prospects
of doing so for more complicated human cell types are
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dim. Once we succeed with a refined definition of RBC
systems biology, it is logical to proceed to the next simplest cell—the human platelet. The presence of organelles
(e.g., mitochondria) and signaling pathways will provide
challenges beyond those faced in RBC physiology.
The human RBC is not only the ideal target for systems
analysis, but it also represents a system of high interest
for studying human physiology and is central to transfusion medicine. The RBC is the cell type most amenable
to systems analysis through the integration of multiple
omic data types into a mechanistic model. These data sets
can be gathered to reflect various criteria such as gender, age, and ethnic diversity. Ultimately, there is great
promise for the use of systems biology approaches to
design experiments informed by a mechanistic understanding of RBC physiology [20]. The field of transfusion
medicine therefore holds great opportunity as a place for
the development and practical application of systems biology approaches to human physiology and the delivery of
healthcare.
Funding
This research was supported by the European Research Council (ERC 232816),
the National Heart, Lung, and Blood Institute (NHLBI R43HL123074), and the
Landspitali University Hospital Research Fund.
Availability of data and materials
No data was included with this manuscript.
Authors’ contributions
JTY, OES, and BOP wrote the manuscript. All authors edited and approved the
final manuscript.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1 Department Bioengineering, University of California, San Diego, 9500 Gilman
Drive, 92093, La Jolla, USA. 2 Bioinformatics and Systems Biology Program,
University of California, San Diego, 9500 Gilman Drive, 92093, La Jolla, USA.
3 Sinopia Biosciences, 600 W Broadway Suite 700, 92101, San Diego, USA.
4 School of Science and Engineering, Reykjavík University, Hringbraut 101, 101,
Reykjavík, Iceland. 5 The Blood Bank, Landspítali-University Hospital, 9500
Gilman Drive, 101, Reykjavík, Iceland. 6 Department of Pediatrics, University of
California, San Diego, 9500 Gilman Drive, 92093, La Jolla, USA.
Received: 16 November 2017 Accepted: 22 February 2018

References
1. Sender R, Fuchs S, Milo R. Revised estimates for the number of human
and bacteria cells in the body. PLoS Biol. 2016;14(8):1002533.
2. Joshi A, Palsson BO. Metabolic dynamics in the human red cell: Part I—A
comprehensive kinetic model. J Theor Biol. 1989;141(4):515–28.

Yurkovich et al. BMC Systems Biology (2018) 12:31

3.
4.
5.

6.

7.

8.

9.

10.
11.
12.

13.
14.

15.
16.
17.

18.
19.
20.
21.

22.

23.

24.

25.

26.
27.

Joshi A, Palsson BO. Metabolic dynamics in the human red cell. part
II–Interactions with the environment. J Theor Biol. 1989;141(4):529–45.
Joshi A, Palsson BO. Metabolic dynamics in the human red cell. part
III—Metabolic reaction rates. J Theor Biol. 1990;142(1):41–68.
Joshi A, Palsson BO. Metabolic dynamics in the human red cell. part
IV–Data prediction and some model computations. J Theor Biol.
1990;142(1):69–85.
Bordbar A, Jamshidi N, Palsson BO. iAB-RBC-283: A proteomically derived
knowledge-base of erythrocyte metabolism that can be used to simulate
its physiological and patho-physiological states. BMC Syst Biol. 2011;5:110.
Bazanovas AN, Evstifeev AI, Khaiboullina SF, Sadreev II, Skorinkin AI,
Kotov NV. Erythrocyte: A systems model of the control of aggregation
and deformability. Biosystems. 2015;131:1–8.
D’Alessandro A, Kriebardis AG, Rinalducci S, Antonelou MH, Hansen KC,
Papassideri IS, Zolla L. An update on red blood cell storage lesions, as
gleaned through biochemistry and omics technologies. Transfusion.
2015;55(1):205–19.
Takei T, Amin NA, Schmid G, Dhingra-Kumar N, Rugg D. Progress in
global blood safety for HIV. J Acquir Immune Defic Syndr.
2009;52(Suppl 2):127–31.
Simon TL, McCullough J, Snyder EL, Solheim BG, Strauss RG. Rossi’s
Principles of Transfusion Medicine. Hoboken: Wiley-Blackwell; 2016.
Frank SM, Johnson DJ, Resar LMS. Ultramassive transfusion: give blood,
save a life. Transfusion. 2016;56(3):546–8.
García-Roa M, del Carmen Vicente-Ayuso M, Bobes A. M, Pedraza A. C,
González-Fernández A, Martín M. P, Sáez I, Seghatchian J, Gutiérrez L.
Red blood cell storage time and transfusion: current practice, concerns
and future perspectives. Blood Transfusion. 2017. https://doi.org/10.2450/
2017.0345-16.
Glynn SA, Klein HG, Ness PM. The red blood cell storage lesion: the end
of the beginning. Transfusion. 2016;56(6):1462–8.
D’Alessandro A, Seghatchian J. Hitchhiker’s guide to the red cell storage
galaxy: Omics technologies and the quality issue. Transfus Apher Sci.
2017;56(2):248–53.
Chen D, Serrano K, Devine DV. Introducing the red cell storage lesion.
ISBT Sci Ser. 2016;11(S1):26–33.
D’Alessandro A. Red blood cell storage lesion. VOXS. 2017;12(1):207–13.
Paglia G, Palsson BØ, Sigurjonsson OE. Systems biology of stored blood
cells: can it help to extend the expiration date? J. Proteomics. 2012;76
Spec No:163–7.
Nemkov T, Hansen KC, Dumont LJ, D’Alessandro A. Metabolomics in
transfusion medicine. Transfusion. 2016;56(4):980–93.
Patti GJ, Yanes O, Siuzdak G. Innovation: Metabolomics: the apogee of
the omics trilogy. Nat Rev Mol Cell Biol. 2012;13(4):263–9.
Bordbar A. Interpreting the deluge of omics data: new approaches offer
new possibilities. Blood Transfus. 2017;15(2):189–90.
Hod EA, Francis RO, Spitalnik SL. Red blood cell storage Lesion-Induced
adverse effects: More smoke; is there fire?. Anesth Analg. 2017;124(6):
1752–4.
Logan JA, Kelly ME, Ayers D, Shipillis N, Baier G, Day PJR. Systems
biology and modeling in neuroblastoma: practicalities and perspectives.
Expert Rev Mol Diagn. 2010;10(2):131–45.
Verma M, Karimiani EG, Byers RJ, Rehman S, Westerhoff HV, Day PJR.
Mathematical modelling of miRNA mediated BCR.ABL protein regulation
in chronic myeloid leukaemia vis-a-vis therapeutic strategies. Integr Biol.
2013;5(3):543–54.
Zhang W, Edwards A, Fan W, Flemington EK, Zhang K. miRNA-mRNA
correlation-network modules in human prostate cancer and the
differences between primary and metastatic tumor subtypes. PLoS ONE.
2012;7(6):40130.
Mani KM, Lefebvre C, Wang K, Lim WK, Basso K, Dalla-Favera R, Califano A.
A systems biology approach to prediction of oncogenes and molecular
perturbation targets in b-cell lymphomas. Mol Syst Biol. 2008;4:169.
Kitano H. Computational systems biology. Nature. 2002;420(6912):
206–10. https://doi.org/10.1038/nature01254.
Li S, Rouphael N, Duraisingham S, Romero-Steiner S, Presnell S, Davis C,
Schmidt DS, Johnson SE, Milton A, Rajam G, Kasturi S, Carlone GM,
Quinn C, Chaussabel D, Palucka AK, Mulligan MJ, Ahmed R, Stephens DS,
Nakaya HI, Pulendran B. Molecular signatures of antibody responses
derived from a systems biology study of five human vaccines. Nature
Immunology. 2013;15(2):195–204. https://doi.org/10.1038/ni.2789.

Page 8 of 9

28. Church GM, Elowitz MB, Smolke CD, Voigt CA, Weiss R. Realizing the
potential of synthetic biology. Nature Reviews Molecular Cell Biology.
2014;15(4):289–94. https://doi.org/10.1038/nrm3767.
29. Thakur GS, Jr BJD, Dean KR, Zhang Y, Rodriguez-Fernandez M,
Hammamieh R, Yang R, Jett M, Palma J, Petzold LR, III FJD. Systems
biology approach to understanding post-traumatic stress disorder. Mol
BioSyst. 2015;11(4):980–93. https://doi.org/10.1039/c4mb00404c.
30. Bartel J, Krumsiek J, Theis FJ. Statistical methods for the analysis of
high-throughput metabolomics data. Comput Struct Biotechnol J. 2013;4:
201301009.
31. Brereton RG, Lloyd GR. Partial least squares discriminant analysis: taking
the magic away: PLS-DA: taking the magic away. J Chemom. 2014;28(4):
213–25.
32. Krumsiek J, Suhre K, Illig T, Adamski J, Theis FJ. Bayesian independent
component analysis recovers pathway signatures from blood
metabolomics data. J Proteome Res. 2012;11(8):4120–31.
33. Worley B, Powers R. Multivariate analysis in metabolomics. Curr
Metabolomics. 2013;1(1):92–107.
34. Bordbar A, McCloskey D, Zielinski DC, Sonnenschein N, Jamshidi N,
Palsson BO. Personalized Whole-Cell kinetic models of metabolism for
discovery in genomics and pharmacodynamics. Cell Syst. 2015;1(4):
283–92.
35. Kleinman S, Busch MP, Murphy EL, Shan H, Ness P, Glynn SA. The
national heart, lung, and blood institute recipient epidemiology and
donor evaluation study (REDS-III): a research program striving to improve
blood donor and transfusion recipient outcomes. Transfusion.
2013;54(3pt2):942–55. https://doi.org/10.1111/trf.12468.
36. Thiele I, Swainston N, Fleming RMT, Hoppe A, Sahoo S, Aurich MK,
Haraldsdottir H, Mo ML, Rolfsson O, Stobbe MD, Thorleifsson SG, Agren R,
Bölling C, Bordel S, Chavali AK, Dobson P, Dunn WB, Endler L, Hala D,
Hucka M, Hull D, Jameson D, Jamshidi N, Jonsson JJ, Juty N, Keating S,
Nookaew I, Le Novère N, Malys N, Mazein A, Papin JA, Price ND, Sr Selkov E,
Sigurdsson MI, Simeonidis E, Sonnenschein N, Smallbone K, Sorokin A,
van Beek JHGM, Weichart D, Goryanin I, Nielsen J, Westerhoff HV, Kell DB,
Mendes P, Palsson BØ. A community-driven global reconstruction of
human metabolism. Nat Biotechnol. 2013;31(5):419–25.
37. Duarte NC, Becker SA, Jamshidi N, Thiele I, Mo ML, Vo TD, Srivas R,
Palsson BØ. Global reconstruction of the human metabolic network
based on genomic and bibliomic data. Proc Natl Acad Sci USA.
2007;104(6):1777–82.
38. Thiele I, Palsson BØ. A protocol for generating a high-quality
genome-scale metabolic reconstruction. Nat Protoc. 2010;5(1):93–121.
39. Bordbar A, Johansson PI, Paglia G, Harrison SJ, Wichuk K, Magnusdottir M,
Valgeirsdottir S, Gybel-Brask M, Ostrowski SR, Palsson S, Rolfsson O,
Sigurjónsson OE, Hansen MB, Gudmundsson S, Palsson BO. Identified
metabolic signature for assessing red blood cell unit quality is associated
with endothelial damage markers and clinical outcomes. Transfusion.
2016;56(4):852–62.
40. Sparrow RL. Time to revisit red blood cell additive solutions and storage
conditions: a role for “omics” analyses. Blood Transfus. 2012;10 Suppl 2:7–11.
41. Yurkovich JT, Palsson BO. Quantitative -omic data empowers bottom-up
systems biology. Curr Opin Biotechnol. 2018;51:130–6.
42. Strauss D, de Verdier CD. Preservation of red blood cells with purines and
nucleosides. III, synthesis of adenine, guanine, and hypoxanthine
nucleotides. Folia Haematol Int Mag Klin Morphol Blutforsch. 1980;107(3):
434–53.
43. Lockwood WB, Hudgens RW, Szymanski IO, Teno RA, Gray AD. Effects of
rejuvenation and frozen storage on 42-day-old AS-3 RBCs. Transfusion.
2003;43(11):1527–32.
44. D’Alessandro A, Nemkov T, Kelher M, Bernadette West F, Schwindt RK,
Banerjee A, Moore EE, Silliman CC, Hansen KC. Routine storage of red
blood cell (RBC) units in additive solution-3: a comprehensive
investigation of the RBC metabolome. Transfusion. 2014;55(6):1155–68.
45. D’Alessandro A, Nemkov T, Hansen KC, Szczepiorkowski ZM, Dumont LJ.
Red blood cell storage in additive solution-7 preserves energy and redox
metabolism: a metabolomics approach. Transfusion. 2015;55(12):2955–66.
46. Lewis NE, Nagarajan H, Palsson BO. Constraining the metabolic
genotype-phenotype relationship using a phylogeny of in silico methods.
Nat Rev Microbiol. 2012;10(4):291–305.
47. Bordbar A, Yurkovich JT, Paglia G, Rolfsson O, Sigurjónsson ÓE, Palsson
BO. Elucidating dynamic metabolic physiology through network
integration of quantitative time-course metabolomics. Sci Rep. 2017;7:
46249.

Yurkovich et al. BMC Systems Biology (2018) 12:31

48. Reisz JA, Wither MJ, Dzieciatkowska M, Nemkov T, Issaian A, Yoshida T,
Dunham AJ, Hill RC, Hansen KC, DAlessandro A. Oxidative modifications
of glyceraldehyde 3-phosphate dehydrogenase regulate metabolic
reprogramming of stored red blood cells. Blood. 2016;128(12):32–42.
49. D’Alessandro A, Nemkov T, Yoshida T, Bordbar A, Palsson BO, Hansen KC.
Citrate metabolism in red blood cells stored in additive solution-3.
Transfusion. 2016;57(2):325–36.
50. Nemkov T, Sun K, Reisz JA, Yoshida T, Dunham A, Wen EY, Wen AQ,
Roach RC, Hansen KC, Xia Y, D’Alessandro A. Metabolism of citrate and
other carboxylic acids in erythrocytes as a function of oxygen saturation
and refrigerated storage. Front Med. 2017;4:175.
51. Rolfsson Ó, Sigurjonsson ÓE, Magnusdottir M, Johannsson F, Paglia G,
Gudmundsson S, Bordbar A, Palsson S, Brynjólfsson S, Gudmundsson S,
Palsson B. Metabolomics comparison of red cells stored in four additive
solutions reveals differences in citrate anticoagulant permeability and
metabolism. Vox Sang. 2017;112(4):326–35.
52. D’Alessandro A, D’Amici GM, Vaglio S, Zolla L. Time-course investigation
of SAGM-stored leukocyte-filtered red bood cell concentrates: from
metabolism to proteomics. Haematologica. 2011;97(1):107–15.
53. Högman CF, Hedlund K, Sahleström Y. Red cell preservation in
protein-poor media. III, protection against in vitro hemolysis. Vox Sang.
1981;41(5–6):274–81.
54. Heaton A, Miripol J, Aster R, Hartman P, Dehart D, Rzad L, Grapka B,
Davisson W, Buchholz DH. Use of adsol preservation solution for
prolonged storage of low viscosity AS-1 red blood cells. Br J Haematol.
1984;57(3):467–78.
55. Simon TL, Marcus CS, Myhre B, Nelson EJ. Effects of AS-3
nutrient-additive solution on 42 and 49 days of storage of red cells.
Transfusion. 1987;27(2):178–82.
56. Walker WH, Netz M, Gänshirt KH. 49 day storage of erythrocyte
concentrates in blood bags with the PAGGS-mannitol solution. Beitr
Infusionsther. 1990;26:55–9.
57. Dawson RB, Levine Z, Zuck T, Hershey RT, Myers C. Blood preservation
XXVII, fructose and mannose maintain ATP and 2,3-DPG. Transfusion.
1978;18(3):347–52.
58. Sharma V, Ichikawa M, Freeze HH. Mannose metabolism: more than
meets the eye. Biochem Biophys Res Commun. 2014;453(2):220–8.
59. Ha V, Jayalath VH, Cozma AI, Mirrahimi A, de Souza RJ, Sievenpiper JL.
Fructose-containing sugars, blood pressure, and cardiometabolic risk: a
critical review. Curr Hypertens Rep. 2013;15(4):281–97.
60. Semchyshyn HM. FructationIn vivo: Detrimental and protective effects of
fructose. BioMed Research International. 2013;2013:1–9. https://doi.org/
10.1155/2013/343914.
61. Beutler E, Duron O. Studies on blood preservation. the relative capacities
of hexoses, hexitols, and ethanol to maintain red cell ATP levels during
storage. Transfusion. 1966;6(6):537–42.
62. Dawson RB, Hershey RT, Myers CS, Zuck TF. Blood preservation. XXVIII,
galactose and maltose maintain red blood cell 2,3-DPG and ATP.
Transfusion. 1980;20(1):110–3.
63. Rolfsson Ó, Johannsson F, Magnusdottir M, Paglia G, Sigurjonsson ÓE,
Bordbar A, Palsson S, Brynjólfsson S, Gudmundsson S, Palsson B.
Mannose and fructose metabolism in red blood cells during cold storage
in SAGM. Transfusion. 2017;57(11):2665–76.
64. Concha II, Velásquez FV, Martínez JM, Angulo C, Droppelmann A,
Reyes AM, Slebe JC, Vera JC, Golde DW. Human erythrocytes express
GLUT5 and transport fructose. Blood. 1997;89(11):4190–5.
65. Paglia G, Sigurjónsson ÓE, Bordbar A, Rolfsson Ó, Magnusdottir M,
Palsson S, Wichuk K, Gudmundsson S, Palsson BO. Metabolic fate of
adenine in red blood cells during storage in SAGM solution. Transfusion.
2016;56(10):2538–47.
66. Yurkovich JT, Zielinski DC, Yang L, Paglia G, Rolfsson O, Sigurjonsson OE,
Broddrick JT, Bordbar A, Wichuk K, Brynjolfsson S, Palsson S,
Gudmundsson S, Palsson BO. Quantitative time-course metabolomics in
human red blood cells reveal the temperature dependence of human
metabolic networks. J Biol Chem. 2017. https://doi.org/10.1074/jbc.M117.
804914.
67. Wallas CH. Sodium and potassium changes in blood bank stored human
erythrocytes. Transfusion. 1979;19(2):210–5.
68. Högman CF, Meryman HT. Storage parameters affecting red blood cell
survival and function after transfusion. Transfus Med Rev. 1999;13(4):
275–96.

Page 9 of 9

69. Antonelou MH, Kriebardis AG, Papassideri IS. Aging and death signalling
in mature red cells: from basic science to transfusion practice. Blood
Transfus. 2010;8(Suppl 3):39–47.
70. Flatt JF, Bawazir WM, Bruce LJ. The involvement of cation leaks in the
storage lesion of red blood cells. Front Physiol. 2014;5:214.
71. Paglia G, D’Alessandro A, Rolfsson Ó, Sigurjónsson ÓE, Bordbar A,
Palsson S, Nemkov T, Hansen K. C, Gudmundsson S, Palsson BO.
Biomarkers defining the metabolic age of red blood cells during cold
storage. Blood. 2016;128(13):e43–50.
72. Casali E, Berni P, Spisni A, Baricchi R, Pertinhez TA. Hypoxanthine: a new
paradigm to interpret the origin of transfusion toxicity. Blood Transfus.
2015;14(6):555–6.
73. Nemkov T, Sun K, Yoshida T, Reisz JA, Hansen KC, Francis R, Roach RC,
Xia Y, de Wolski K, Spitalnik S, Hod EA, D’Alessandro A. Hypoxia
modulates the purine salvage pathway and decreases cell and
supernatant levels of hypoxanthine, a predictor of 24h in vivo survival of
stored mouse and human red blood cells. In: AABB Annual Meeting. San
Diego; 2017. p. 14–03.
74. Nemkov T, Sun K, Reisz JA, Song A, Yoshida T, Dunham A, Wither MJ,
Francis RO, Roach RC, Dzieciatkowska M, Rogers SC, Doctor A, Kriebardis A,
Antonelou M, Papassideri I, Young C, Thomas T, Hansen KC, Spitalnik SL,
Xia Y, Zimring JC, Hod EA, D’Alessandro A. Hypoxia modulates the
purine salvage pathway and decreases red blood cell and supernatant
levels of hypoxanthine during refrigerated storage. Haematologica.
20172017–178608. https://doi.org/10.3324/haematol.2017.178608.
75. Yurkovich J. T, Yang L, Palsson BO. Biomarkers are used to predict
quantitative metabolite concentration profiles in human red blood cells.
PLoS Comput Biol. 2017;13(3):1005424.
76. Yurkovich JT, Yang L, Palsson BO. Utilizing biomarkers to forecast
quantitative metabolite concentration profiles in human red blood cells.
In: 1st IEEE Conference on Control Technology and Applications. Kohala
Coast; 2017.
77. Bayer SB, Hampton MB, Winterbourn CC. Accumulation of oxidized
peroxiredoxin 2 in red blood cells and its prevention. Transfusion.
2015;55(8):1909–18. https://doi.org/10.1111/trf.13039.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

