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Cardiovascular Signaling Malfunction Induced by Stored Blood

Transfusion
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RBCs are essential for oxygen transport; their changes in content
and structure are fundamental component of several pathological
conditions and consequences (e.g. anemia, spherocytosis, elliptocytosis,
erythrocyte parasitic diseases, etc). RBCs are currently stored in blood
banks up to 42 days at 4°C. During storage, cells undergo progressive
biochemical changes, modifying RBC dynamics when transfused. Blood
is transfused to treat insufficient oxygen carrying capacity. Whereas
oxygen transport capacity is invariably restored, by increasing the
number of circulating cells, stored blood transfusions do not achieve
its intended goal. Blood storage produces biochemical changes that
affect cell molecular structure and mechanical properties that affect the
interaction between RBCs and the vasculature.

The only practical treatment for massive hemorrhage and acute
anemia is blood transfusion. Approximately 14 million blood units
are transfused annually in the U.S [1]. Blood safety has been improved
during the past 20 years, significantly reducing the risk of infection
and the immune response to transfusion [2]. Paradoxically, blood
transfusion has been shown to provide no benefit in some patients,
and has been associated with increased morbidity and mortality [3,4].
Several studies have indicated that the transfusion of stored blood for
more than 14 days decreased microcirculatory oxygen delivery [5],
increased tissue hypoxia [6], and affected outcome [5,7]. A recent
systematic review and metaanalysis that evaluated the efficacy of stored
blood transfusion (including 272,596 patients) revealed that, in 42 of
45 studies, the risk of transfusion outweighed the benefit by increasing
mortality by 70% [8]. In addition, several studies have shown that
survival rate decreases with mean blood storage duration, and that
storage duration is a strong predictor and risk factor of multiple-organ
failure [5,8]. Retrospective studies of adverse outcomes to transfusion
of stored blood showed a linear relationship between mortality and
storage blood age [9]. Given that these studies clearly raise a concern
regarding several problems associated with transfusion of stored
blood. Thus, a mechanistic and systematic analysis of the biochemical,
structural, and functional changes in erythrocytes after ex vivo ageing
(storage) is essential to improve transfusion medicine.

During blood storage, the molecular components of erythrocytes
undergo progressive biochemical alterations. These alterations affect
erythrocytes constitutive properties and change their structure and
function [10-13]. These changes are called “blood storage lesions”,
and comprise cell shape, deformability, viscosity, membrane oxidation
(resulting in lipid, carbohydrates and proteins degradation), changes in
oxygen affinity, adhesion molecules, and microvesicles formation [10].
Blood storage lesions affect transfused cells circulatory mechanics,
hydrodynamics and their function. We and others have independently
analyzed some of the storage induced changes, and have identified that
the cell deformability is the most significant factor, that affects blood
flow, oxygenation and overall circulatory function [14,15]. Previously,
changes in deformability were associated with the ability of cells to pass
through microcirculatory beds, and cell lifespan.

Studies have shown that RBCs participate in blood flow regulation
through chemical signaling and contribute to blood viscosity through
their individual motion, which is affected by changed in deformability

[8,11,12,14-16]. Mechanical change in the RBC affects its release of
ATP, which acts as a signaling molecule in the blood plasma, and
triggers the release of nitric oxide (NO) from endothelial cells and
produces vasodilation. This idea indicates that RBCs are not just inert
bags of Hb, but rather are paracrine signaling the vessel wall. From
the hemorheological macroscopic view, blood viscosity determines
endothelial mechanotransduction and it is affected by hematocrit,
plasma viscosity, cell aggregation, and cell deformability.

There is a lack of studies analyzing the interaction of blood with
the vasculature due to limited quantitative methods to analyze blood
flow in vivo; in addition to studies linking macro-scale shear viscosity,
microvascular blood flow, cell hydrodynamics, ATP release, NO
production by the endothelium and changes in vascular tone. These
topics have to be treated pair-wise, although, they are linked and have
not been fully explored, to obtain a multiscale view of RBCs, connecting
rheology with cell dynamics to vascular shear mechanotransduction.
Unraveling the links between ATP release from RBCs and shear
mediated NO production with cellular-scale mechanical responses
may provide insight into cardiovascular pathologies and therapeutics.
Both NO and ATP are a well-established vasodilators, involved in many
cardiovascular diseases, and are linked by RBC deformability. It is not
surprising that he complications associated with transfusion of stored
blood are due to hemodynamic disturbances caused by the structural
and signaling changes, affecting the exchange of signals between the
flowing blood cells and the blood vessels.

The central theme for future work needs to create a hierarchical
analysis to establish the link between hemodynamic alterations that
created changes in cellular dynamic with chemical and mechanical
signaling between the flowing RBCs and the blood vessels. Approaches
should include experimental and computational techniques, to
quantitatively understand the effects of molecular structural changes
during blood storage on RBC mechanically induced structural
remodeling using multiscale framework. The hypothesis that changes
during storage in the RBC structure are responsible for impairing
membrane and cell mechanics has to be examined, including the
effects on cell dynamic in shear flow (cells tumbling (an end-over-end
rigid body rotation) and tank-treading (rotation of the cell membrane
around the center of mass)). So they result in macroscopic rheological
changes that affect the whole cardiovascular system (Figure 1).
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Figure 1: Multi-scale links between RBCs dynamics, shear viscosity, ATP
release, and shear stress endothelial NO generation.

The transitions from tumbling, to tank-treading, to stretching are physically
determined by the stress exerted by the flow; transitions are determined
by spectrin-actin network remodeling; Shear mediated ATP is release from
RBCs through transmembrane channels; Shear mediated NO generation; In
vivo analysis using intra-vital microscopy.
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