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Diagnostic morphology: biophysical indicators for
iron-driven inflammatory diseases

Etheresia Pretorius*a and Douglas B. Kell*b

Most non-communicable diseases involve inflammatory changes in one or more vascular systems, and there

is considerable evidence that unliganded iron plays major roles in this. Most studies concentrate on

biochemical changes, but there are important biophysical correlates. Here we summarize recent microscopy-

based observations to the effect that iron can have major effects on erythrocyte morphology, on erythrocyte

deformability and on both fibrinogen polymerization and the consequent structure of the fibrin clots formed,

each of which contributes significantly and negatively to such diseases. We highlight in particular type 2

diabetes mellitus, ischemic thrombotic stroke, systemic lupus erythematosus, hereditary hemochromatosis

and Alzheimer’s disease, while recognizing that many other diseases have co-morbidities (and similar causes).

Inflammatory biomarkers such as ferritin and fibrinogen are themselves inflammatory, creating a positive

feedback that exacerbates disease progression. The biophysical correlates we describe may provide novel,

inexpensive and useful biomarkers of the therapeutic benefits of successful treatments.

Insight, innovation, integration
The Biological Insight of this manuscript is that morphological changes in both erythrocytes and fibrin clot structures are a significant accompaniment to a
variety of diseases. The Technological Innovation is the use of advanced microscopy techniques (including atomic force microscopy) to measure these changes.
The Benefit of Integration comes from the facts that (i) these readouts are at a much higher physiological or phenotypic level than the biochemical markers
such as cytokines usually measured during inflammation, and (ii) by seeing their commonality across a range of inflammatory diseases we recognize this as
genuinely Integrative Biology.

Introduction

Vascular and inflammatory diseases represent one of the major
present medical burdens, and cardiovascular diseases (CVDs) are
the number one cause of death globally.1–6 In 2008, the number of
CVD deaths represented 30% of global deaths.1 CVDs are accom-
panied (and almost certainly partly caused) by various kinds of
oxidative stress, and specific research studies have shown that
oxidative stress is associated with the pathogenesis of diabetes,
obesity, cancer, ageing, inflammation, neurodegenerative disorders,
hypertension, apoptosis, cardiovascular diseases, heart failure, and
so on (e.g. ref. 7–22). As their name implies, the various vascular
diseases share a variety of properties, including raised levels of
biochemical markers such as C-reactive protein,23–25 fibrinogen26

and leukocyte count,27 as well as many small molecules char-
acteristic of exposure to ‘reactive oxygen species’.28,29 Also
raised are various cytokines such as tumor necrosis factor alpha
(TNFa) and interleukin-6 (IL-6) that might serve as early indicators
of vascular dysfunction,30–32 and (most pertinently here) the iron
storage protein ferritin.33–36 The enzyme heme oxygenase-1 (HO-1)
catalyzes the degradation of heme, and is the major source of free
iron released from heme metabolism.37–39 HO-1 may also be an
important marker of inflammation, as upregulation of HO-1
occurs in a variety of situations that involve red blood cell lyses
and release of heme; an example of this is in biomaterial–blood
interaction during mechanical circulatory support.40 HO-1 activity
is also increased systemically in inflammatory disorders like
diabetes mellitus,41 rheumatoid arthritis42 and also pulmonary
embolism.43 Markers like, e.g., HO-1 and cytokines, as well as
iron-related inflammatory markers like ferritin, are therefore
important from a biochemical standpoint. However, the scope
of the current manuscript is to focus on the biophysical proper-
ties of RBCs and fibrin.

Although erythrocytes or red blood cells (RBCs) do not contain
a nucleus or mitochondria,44,45 they are surprisingly complex
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and are probably the most studied cells in medical history.46 The
dynamics of RBCs represent one of the most important aspects
of the cardiovascular system47 and fundamental to this is
RBC hemorheology, aggregation capabilities, deformability and
viscosity.46,48–53 Bound up with this is the entire (intrinsic and
extrinsic) clotting cascade,54,55 ending with the thrombin-
catalysed formation of fibrin from fibrinogen.56 However, a
cell-based model of coagulation is also now thought to be a
more inclusive model to adopt when we study coagulation. This
model incorporates the vital role of cells in coagulation
processes,57 and is considered to correct deficiencies of the
older largely cell-free cascade models.58–62 Fig. 1 shows the
traditional intrinsic and extrinsic pathways (waterfall pathway),
as well as the cell-based pathway.

RBCs are not only heme-iron-carrying sacks that facilitate
the transport of respiratory gases, but they also play a variety of
other roles:
� RBCs play a fundamental role in hemostasis and homeo-

stasis, assuring our general well-being.63–65 Hemostasis and
thrombus formation are integrally related to blood rheology
and blood flow; furthermore,
� RBCs help in bringing platelets to the surface of an injured

vessel wall, by random collisions between themselves and platelets,
which allows platelets to move across flow streamlines in a
form of ‘‘enhanced diffusion’’.63

� RBCs have a role in binding inflammatory mediators to
surface receptors.66,67

� RBCs play a fundamental role in the inflammatory process
including having a changed deformability, rheology or sedi-
mentation rate.53,65,67–80

Central to cardiovascular health is the optimal functioning
of RBCs, and central to a variety of vascular and degenerative
diseases is the presence of poorly liganded iron81–83 some of
which comes from erythrocytes, and which leads to a variety of
morphological and phenotypic manifestations. Therefore in

this review, we will be taking an integrative approach that focuses
on the use of biophysical properties of RBCs and fibrin(ogen) as
diagnostic indicators of health. We shall be arguing that predictive,
diagnostic morphology using RBCs may give us additional pheno-
typic information regarding the disease states and progression and
that a ‘‘simple’’ finger prick might give us precise information
regarding the health status of the individual. This manuscript is
structured as shown in Fig. 2 (denoting the benefits84 of an
overview figure of this type). Overall, we see the role of poorly
liganded iron, largely released from ferritin, as having multiple
effects on the morphology of both fibrin and erythrocytes, all of
which contribute (negatively) to a variety of inflammatory
vascular diseases (discussed later in the manuscript).

Definitions and a brief overview

The following terms will be used in this review:
The hematocrit: is also known as packed cell volume (PCV) or

erythrocyte volume fraction (EVF). This is the volume of blood
that contains the RBCs when packed by centrifugation, and is
typically expressed as a fraction or % of blood. The hematocrit %
may give us important information regarding the inflammatory state
of an individual.79,85,86 A changed hematocrit (lower or higher values)
is significantly correlated with higher cardiovascular risk87–89 and
with inflammatory conditions like rheumatoid arthritis.89,90 Table 1
shows some inflammatory diseases and associated hematocrit
and hemoglobin levels.

Hemorheology: is the study of blood flow or flow properties of
blood in a vessel, with an emphasis on the behavior of RBCs as
they interact with each other and as quantifiable biophysical
patterns emerge from the interactions of the cells in the vascular
system.48,49 These rheological properties are influenced by patho-
physiological processes, thereby increasing the clinical relevance
of blood rheology information.103 The oxygen flow depends,104
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amongst other things, on the erythrocyte-to-blood volume ratio,
which is represented by the hematocrit.105,106 The flow proper-
ties of blood represent a major field on its own,107–109 and for
the scope of this paper, we will not discuss in much detail the

rheological properties and patterns, although they follow from
the various changes in cellular morphology and fibrin that we
describe, and we recognize that they play a prominent role in all
RBC properties discussed in the present paper.

Fig. 1 (A) Waterfall (traditional intrinsic and extrinsic pathways). (B) The cell-based coagulation pathway. The pictures are broadly based on ref. 58 and
were rendered by Dr Steve O’Hagan.
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Aggregation and sedimentation rate: aggregation110 can be
defined as the reversible clumping of RBCs under low shear
forces, while erythrocyte sedimentation rate (ESR) is based on
the extent to which RBCs sediment, typically in 1 hour, and is
expressed to the nearest mm in the first hour.111 Both aggrega-
tion and ESR are changed (typically increased) in disease, and
are therefore known to be an indicator of the presence of
disease (e.g. ref. 49 and 112–116). When inflammation is present,
RBCs tend to stick to each other more readily and the RBCs
form rows or stacks, where they fit into each other, due to their

discoid shape; this is known as rouleau formation (Fig. 3). Both
aggregation and ESR can influence rouleau formation,117 as
can the presence of serum proteins.118 The most important
plasma protein assisting in the creation of the rouleau is
fibrinogen.119,120 A healthy plasma fibrinogen level is 2 to
4 mg mL�1,121–123 while an increased fibrinogen level will cause
an increase in rouleau formation.50,51 Fibrinogen levels also
influence the ESR124 and (by virtue of their sticking to RBCs and
making them ‘heavier’) increases in fibrinogen will result in an
increased sedimentation rate.

Viscosity: closely linked to aggregation125 is blood viscosity.
RBC aggregation is considered to be the main determinant of
blood viscosity (at low shear rate),49,51 but fibrinogen contributes
significantly to plasma viscosity. The viscosity of a fluid represents
the friction between a moving fluid and a stationary wall.48,126

The friction between the endothelial layer and the cellular
components of blood will therefore be higher if there is an

Fig. 2 An overview figure summarizing the contents of this manuscript.

Table 1 Some disease types and their hematocrit and hemoglobin counts
(normal values of Hb: 413 g dl�1 for men; 412 g dl�1 for women; normal
range for hematocrit: males: 40.7–50.3%; females: 36.1–44.3%)

Disease Hematocrit

Coronary heart disease High hematocrit49

Diabetes High hematocrit91,92

Low hematocrit93

Hypertension High hematocrit94

Lupus erythematosus Low hematocrit95

Low Hb and low hematocrit96

Osteoarthritis Low hematocrit and low Hb97

Pre-diabetes High hematocrit98

Rheumatoid arthritis Low Hb99

Low Hb and hematocrit100

Stroke Low hematocrit101

Venous thrombosis in women
(recurring)

High hematocrit102

Fig. 3 Rouleau formation (black arrows) in RBCs as seen with light
microscopy (40� magnification); scale = 10 mm.
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increased blood viscosity. It is well known that hemostatic–
thrombotic mechanisms are influenced by hemodynamic factors127

and also that viscosity regulates how oxygen is transported to tissues
and organs, and cardiovascular risks are also well-correlated
with an increased viscosity.48,49,85,93,98,127–129

Deformability: RBC deformability is the ability to change
shape, but to return to the original shape, which in the case
of RBCs is a discoid shape. Deformability is an important
determinant of blood viscosity.46 This deformability is typically
needed when the cells squeeze through narrow blood vessels
and the RBC shape change occurs because of the blood flow
resistance in the vascular system.80 Therefore, deformability of
RBCs, while they remain viable, is an important mechanical
property of cells.46 A reduced deformability is known to be
present in conditions such as stroke;130,131 it is linked directly
to the RBC membrane properties including stiffness, rigidity
and elasticity.73,129,132–136 One of the important properties used
to look at membrane stiffness (not only restricted to RBCs) is
the Young’s modulus, which is a very particular measure of
stiffness and elasticity.137,138 This can be measured using
atomic force microscopy (AFM) technology, and is a measure
of the stiffness of an elastic material,139 and can generally be
defined as stress divided by the corresponding strain, with greater
values indicating increased stiffness or decreased deformability.140

The method involves measuring the force as a probe is pushed
(without membrane penetration) into the surface of and retracted
from the sample in question. As each force curve’s data can also be
stored individually, it is possible to obtain quantitative measure-
ments of the Young’s modulus by fitting the slope of any force–
distance curve of the image to an appropriate model.141–143 It is
therefore a very informative method that reflects the deform-
ability of RBCs.140

All of the above properties will reflect and be reflected in the
dynamics of RBC function and their capability to deform
naturally under shear forces. During inflammation, RBCs have
a changed shape (losing their biconcave shape) (see below), as
well as inadequate flow properties, and this is thought to have
major influences on the development of cardiovascular disease.47

As we shall see, in addition to causing the biochemical changes
alluded to above, inflammation also (and partly thereby) affects
the mechanical properties of the RBC, the intrinsic cellular
properties of the RBC membrane as well as the interactions of
the RBCs with fibrin.72,144–147 The next paragraphs will discuss the
role of RBCs and fibrinogen in inflammation.

Red blood cells and fibrin(ogen) in
inflammation

Inflammation is both a biological response and a pathologic
process consisting of a dynamic complex cascade of events;
central to this response is fibrin(ogen) and the interactions of
RBCs. We first look at the role of fibrin(ogen) in inflammation.
Fibrinogen, a high molecular weight (340 kDa) clottable protein of
human blood, plays a major role in hemostasis and thrombosis,148

by serving as a precursor of fibrin. Qualitative abnormalities of

fibrinogen, also termed acquired dysfibrinogenemia, have been
demonstrated in several disease states, mostly related to a
prothrombotic tendency.149 Increased fibrinogen levels are well-
known in the inflammatory response,86,87,150 and it is also well-
known that increased fibrinogen is associated with cardiovascular
events.151–155 Therefore, it follows that long before a thrombotic
event, fibrinogen levels are increased in the inflammatory
patient.152 Fibrin clot formation is part of the natural process
of wound healing and tissue repair, and normally this is completed
by removal of the clotted fibrin. Thus here we also have to look at
fibrinolysis, as it is also known that fibrinolysis is impaired
in inflammation and cardiovascular events.56,156–160 During a
thrombotic event, the increased levels of fibrinogen, as well as
other parameters (e.g. increased oxidative stress and iron levels –
discussed later), cause abnormal fibrin fiber formation, visible as a
denser coagulated mass or dense matted deposits (DMDs) (Fig. 4),
and the resulting coagulum causes blood cells to change shape and
to be trapped in the abnormal mesh.161 Therefore, the combination
of a proneness to form a tighter fibrin network and impaired
fibrinolysis is a feature of conditions like ischemic stroke,162

diabetes type II163,164 and numerous inflammatory diseases165–167

(see Table 2). This tighter clot is therefore due to a general
‘‘hypercoagulability’’ also known as a prothrombotic state, and an
increased fibrinogen level is associated with hypercoagulability.168

Almost all inflammatory conditions are characterized by a hyper-
coagulable state, and this state may result in thrombotic events
including thrombotic ischemic stroke.169 Hypercoagulability is also
present in diabetes type II, rheumatoid arthritis, heart conditions
and other inflammatory conditions.154,155,170–174 In other words,
changed fibrinogen (whether it is increased fibrinogen levels or
oxidative stress, etc.) is associated with hypercoagulability and
results in a changed clotting profile.175 See Table 3 for diseases
where increased fibrinogen and hypercoagulability are preva-
lent. There is evidence that fibrinogen synthesis in the liver is
stimulated by the inflammatory cytokine IL-6, and that it can thus
be lowered by an appropriate inhibitor.176,177 However, regardless
of the concentration of fibrinogen, the nature of the clot that
forms is particularly what matters, and Fig. 4 shows the terminal
part of the typical cascade that results in the formation of either
healthy or anomalous, diseased fibrin.

We have previously shown visually how fibrin, generated during
coagulation, is changed markedly in inflammatory conditions, e.g.
stroke185,186,191,251 (Table 3 and Fig. 5A and B). Here, instead of a
typical netted appearance seen in healthy individuals, the fibers form
DMDs, with the individual fibers having a very much smaller
diameter than that of normal fibrin fibers.250 Importantly, these
DMDs may be the cause of an enhanced prevalence of thrombotic
events.167 DMDs therefore reflect a hypercoagulability profile. Closely
linked to this hypercoagulability of fibrin is the involvement of
RBCs.147,180 When fibrin clots abnormally, RBCs are entrapped more
tightly inside the clot72 (see Fig. 5B – RBC from a diabetic patient
entrapped in fibrin). Previously, we have also found that fibrin fiber
diameter is statistically significantly changed during thrombotic
stroke where the fiber diameter becomes smaller and the fibers
become netted.250 Typically there are thick and thin fibers in a
healthy fibrin clot, with the thick fibers the prevailing fibers.250
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To understand how fibrin is packaged in health and disease,
we need to look at the structures of both fibrinogen and the
fibrin clot.56,181,197,198,252 Fibrinogen is a 340 kDa plasma

glycoprotein consisting of two sets of three polypeptides
(Aa, Bb and g) connected by 29 disulphide bonds253,254 that
assemble to form more than 20 distinct independently folded
domains.255 Thus, fibrinogen is a fibrous protein 45 nm in
length with globular regions at each end and in the middle,256

Fig. 4 Activation of blood coagulation under normal conditions and where abnormal fibrinogen is present. During normal coagulation, thrombin acts on
fibrinogen to form fibrin polymer fibers, and these fibers will dissociate easily under fibrinolytic conditions. When there is an increased fibrinogen level,
abnormal clotting takes place that forms a dense matted deposit, resistant to typical fibrinolysis. However, in the presence of anticoagulants, the fibrin
polymerized to again form a typical net, as seen in normal coagulation – anticoagulants, e.g. warfarin390 and aspirin,391 are known to decrease fibrinogen
levels. Adjusted from Lipinski and Pretorius.167

Table 2 Diseases where atypical fibrin fiber formation or an altered fibrin
structure is prevalent – references particularly refer to a changed fibrin fiber
structure as suggested by ultrastructure, scanning or transmission electron
microscopy or laser-scanning confocal microscopy or clot lysis time

Disease
Representative
references

Alzheimer’s disease 140, 178, 179

Antiphospholipid syndrome 180

Arterial and venous thromboembolic diseases 56

Chronic obstructive pulmonary disorder 181

Coronary heart disease 182, 183

Diabetes type II 147, 184–188

Hereditary hemochromatosis 145

Lupus erythematosus 146, 189

Rheumatoid diseases 190–192

Thromboembolic pulmonary hypertension-
associated dysfibrinogenemias

193

Thrombotic stroke and thrombotic disease 72, 76, 144,
159–161, 194–198

Table 3 Selected diseases where increased fibrinogen and hypercoagul-
ability are known to be present

Disease Representative references

Antiphospholipid syndrome 199–202

Alzheimer’s disease 172, 203

Atherosclerosis 204–206

Cancer 207–210

Chronic obstructive
pulmonary disorder

26, 86, 176, 177, 181, 211–230

Diabetes type II 93, 98, 152, 163, 231–233

Heart disease and
cardiovascular risk

234–236

Lupus erythematosus 189, 201, 237–240

Metabolic syndrome 156, 232, 241–243

Rheumatoid diseases 155, 244–246

Thrombotic stroke/thrombosis 76, 148, 159, 160, 162, 194,
195, 247–250
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and is composed of 2 Aa, 2 Bb, and 2 g-chains, arranged in a
dimer of bilateral symmetry.257 It has a central E-region and
D-regions, which are connected with the E-region by a coiled coil
segment, which is composed of the b- and g-chain C-termini, and
the a-chain C-termini fold back on the coiled coil and interact
with the E-region56 (see Fig. 6 – redrawn from ref. 56).

When a fibrin net is formed in a healthy individual, thrombin
catalyzes the hydrolytic removal of fibrinopeptides Aa and Bb from
fibrinogen, converting the molecule to fibrin, revealing binding
sites at its central domain that interact with complementary sites
at the end domains of other fibrin molecules.258 During the
conversion of fibrinogen to fibrin, the aC domains dissociate
from the central region, which allows them to interact inter-
molecularly, and this adds protofibrils to a fiber. The aC domain
interactions appear to be for the enhancement of lateral aggre-
gation during fibrin polymerization.256

These noncovalent interactions cause fibrin monomers
to assemble in a half-staggered manner into two-stranded
protofibrils.259 Upon growing to sufficient length, the protofibrils
aggregate laterally to form fibers that branch into a three-
dimensional network.260 After activation with thrombin, a pair
of binding sites comprising Gly-Pro-Arg is exposed in the

central nodule and combines with its complementary binding
site a in the outer nodule of other molecules.260 The Aa group
of Aa Gly-1 is juxtaposed between g Asp-364 and g Asp-330, and
the guanidino group of Aa Arg-3 between the carboxyl group of
g Asp-364 and g Gln-329 in the a site.260 Half molecule-
staggered, double-stranded protofibrils are thus formed. Upon
support of two adjacent D domains on the same strand, D–D
self-association takes place involving Arg-275, Tyr-280, and Ser-300 of
the g-chain on the surface of the abutting two D domains. There-
after, carboxy-terminal regions of the Aa-chains are released and
interact with those of other protofibrils leading to the formation of
thick fibrin bundles and networks,260 typically seen when a healthy
fibrin fiber net forms259 (Fig. 5C) versus fibrin nets in thrombotic
stroke (Fig. 5D). Yang and coworkers in 2000 mentioned that
whether mature fibers are thick or thin depends on the relative
contributions of different kinds of protofibril additions/interactions
during fibrin assembly proteolyzed by thrombin.261

In the conversion from fibrinogen to fibrin there is therefore
a series of large-scale conformational changes, and we have
noted that the conversion of fibrinogen into the fibrin meshwork
is changed significantly during stroke250 and other inflammatory
conditions (e.g. diabetes185) where altered fibrin and fibrinogen
are present (see Table 2). This changed packaging was also noted
in thrombotic diseases, where there are abnormal plasma levels
of gA/g0 fibrinogen.253 Elevated levels have been associated with
coronary artery disease262 and stroke.263 Also, the aC region is
the origin of low modulus (1–10 MPa range), high extensibility,
and strain stiffening in fibrin fibers.254 Nitration of fibrinogen
(caused by the initial reaction of the hydroxyl radical with nitric
oxide81,82) is a prothrombotic risk factor.264,265

Pathophysiological fibrin(ogen) not only causes abnormal
clotting and hypercoagulability, but also affects RBC rheology;
therefore, it is appropriate to return to RBCs, and look at what
happens to the RBCs during inflammation, specifically under the
influence of this altered fibrinogen profile. Various epidemiological
studies have shown the associations between inflammation
and blood rheology, viscosity, haematocrit, and RBC aggregation
and inflammation.49,52,85,266–268 For a quick overview see Fig. 7,
which shows the interactions between RBCs, inflammation, a
prothrombotic state, and increased plasma fibrinogen levels,
all causing pathorheology.

Under normal physiological conditions, RBCs are able to
pass through narrow capillaries only as single cells rather than
as aggregates.50 The protein fibrinogen is an important deter-
minant of RBC aggregation, with an almost linear relationship
between aggregate size and plasma fibrinogen concentration.85

Fibrinogen molecules adhere readily to the membrane surface
of RBCs,269 encouraging erythrocyte aggregation.48,270,271

Therefore, it is not surprising that an increase in aggregation
(under the control of increased fibrinogen levels in the plasma)
is a well-known clinical manifestation in acute circulatory failure
as well as acute coronary syndromes and stroke.75,85,103,131,272–275

Due to fibrinogen attachment to the RBC membrane, not only
aggregation is influenced, but also RBC viscosity. This increased
viscosity will ultimately cause the RBCs to struggle to pass
through narrow capillaries.85 This increased viscosity is seen in

Fig. 5 (A) RBC of a healthy individual where the cells keep a discoid shape
when whole blood is coagulated with the addition of thrombin; (B) RBC of a
diabetic patient where the RBC is entrapped in atypical fibrin fibers; (C) healthy
fibrin network; (D) fibrin network in thrombotic stroke. Scale = 1 mm.

Fig. 6 Schematic representation of fibrinogen, redrawn from ref. 56.
Fibrinogen consists of 2 Aa, 2 Bb, and 2 g-chains, with a central E-region
and D-regions, which are connected with the E-region by a coiled coil
segment, which is composed of the b- and g-chain C-termini, and the
a-chain C-termini fold back on the coiled coil and interact with the E-region.
Fibrinopeptides A (red) and B (blue) are released by the action of thrombin,
and this initiates polymerization of the fibrin protofibrils.
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several clinical states.49,51,98,127,128,133,276,277 It is thus appropriate
to say that both RBC aggregation and fibrinogen interactions
lead to a changed viscosity, and that this also plays an important
role in optimal RBC functioning. It is therefore not surprising
that increased blood viscosity and an increased fibrin con-
centration correlate with, and are strong predictors of, cardio-
vascular diseases and are important factors in the development
of atherosclerosis.85,276,278

From the above paragraphs, it is clear that aggregation and
viscosity are closely associated with (and indeed significantly
due to) a changed fibrinogen profile, and that these parameters
will ultimately influence flow dynamics.279 Flow dynamics or
rheology is closely associated with RBC shape and deformability,
and during inflammation, we see reduced RBC deformability.80

The question that now arises is what might be the cause of
the changed fibrin(ogen) cross-linking, noted in the above para-
graphs. One of the major culprits, albeit not the only one, is
the presence of iron and its role in the production of hydroxyl
radicals (HR).252,280–282 We have recently hypothesized that
fibrinogen, as well as plasma proteins (in healthy individuals),
can be converted into an insoluble, fibrin-like polymer by a
non-enzymatic action of HR, following the addition of physio-
logical levels of ferric iron.161 Electrostatic interactions of iron with
fibrinogen and fibrin are also likely responsible, and would be
expected to inhibit Arg-Glu binding, for instance. Similar phenom-
ena are seen in diseases of ‘natural’ iron overload such as
hereditary hemochromatosis.145,283–289 In inflammation, poorly
liganded iron levels, and particularly serum ferritin levels,
where the ferritin molecules have lost most of their iron en
route from tissues, are increased in patients with diabetes

type II, stroke, Alzheimer’s disease, Parkinson’s disease and
many other inflammatory conditions.34,81,82,171,290–296

We have also recently shown that iron chelating and/or
hydroxyl trapping agents are able to reverse the formation of
this aberrant fibrin clot with its resultant excessive trapping of
RBCs, even in the presence of iron overload.140,145 The possibility
of the reversal of the changed fibrin clotting is consistent with
the view that the aberrant fibrin morphology resulting in trapped
RBCs in the presence of increased iron (particularly serum
ferritin) is caused, at least in part, by unliganded (‘free’) iron,
whether derived directly via raised ferritin levels or otherwise,
and that lowering it or affecting the consequences of its action
may be of therapeutic benefit.

We can summarize the information from the previous
paragraphs as follows:

In inflammatory conditions we see
� increased iron levels and, particularly, increased serum

ferritin levels
� enhanced RBC aggregation and blood viscosity
� hypercoagulability, implying a changed fibrin(ogen) profile
� trapping of RBCs in abnormally clotted fibrin.
The trapping of RBCs during a prothrombotic state, associated

with increased iron levels in diabetes, is illustrated in Fig. 8.
RBCs undergo a shape change during inflammation (which may

be due to increased iron levels),147,297 associated with a change in
the hematocrit, aggregation and viscosity of RBCs and an abnormal
clotting profile. It is known that RBCs are characterized by a
shape change in many disease states.46,73,266,298–300 Therefore,
the next paragraphs will look more closely at RBC deformability
properties and how and why they may change during the

Fig. 7 Pathorheology due to inflammation, and how feedback causes an ‘‘inflammatory loop’’. Inflammation causes a prothrombotic state, which is
associated with increased fibrinogen levels. Increased fibrinogen levels perpetuated inflammation. These processes cause pathorheology that involves
major changes in RBCs (erythrocytes) – represented in the blue ellipse.
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inflammatory process. Understanding the mechanics of RBC
deformability under different pathophysiological conditions
will lead to a better understanding of disease.

The bases of RBC shape and how and
why it changes

Baskurt and Meiselman reviewed the role of RBC deformability
in two comprehensive articles; they point out that RBCs are
highly deformable, and that this physical property contributes
significantly to aid blood flow, both under bulk flow conditions
and in the microcirculation.85,301 They also argued that the
ability of RBCs to undergo reversible aggregation is an impor-
tant determinant of viscosity, because the size of RBC aggre-
gates is inversely proportional to the magnitude of shear forces;
the aggregates are dispersed with increasing shear forces, then
reform under low-flow or static conditions.85 Recently, Dupire
and co-workers showed that when RBCs ‘flip’ during flow, their
orientation is determined by the shear rate. Under normal
conditions, the cells have a ‘‘rolling’’ motion, and this motion
permits the cells to avoid energetically costly deformations; it is
a true signature of the cytoskeleton elasticity.299 The authors
also showed that the biconcave cell shape is highly stable under
moderate shear stresses. However, changes in the properties
and associations of membrane skeletal proteins, the ratio of
RBC membrane surface area to cell volume, cell morphology,
and cytoplasmic viscosity all govern RBC deformability. It is
therefore not surprising that RBC deformability is significantly
altered by various pathophysiological conditions, and the

alterations in RBC deformability in turn influence patho-
physiology.302 Although the deformation of the RBC membrane
is highly complex, it has three fundamental deformation
modes – area expansion, shear, and bend of the membrane134 –
and this extraordinary combination of membrane properties
allows the RBC to undergo extensive deformation without cell
fragmentation.136 We can therefore assume that when we have a
changed RBC deformability, this will result in a changed erythro-
cyte physiology that can have a major adverse impact on blood
flow. This will ultimately impact the homeostasis and hemostasis
of the individual. However, to understand deformability, we need
to look at the RBC membrane structure, and RBC’s deformability
may be a useful mechanical parameter for predicting the
prognosis and for monitoring of patients.303

The membrane structure of RBCs consists of three layers:134

� an external carbohydrate-rich layer;
� the phospholipid bilayer of 4–5 nm thickness, embedded

with transmembrane proteins;
� a 2-D triangular mesh-like spectrin–actin cytoskeleton

network anchored to the phospholipid bilayer and ankyrin
proteins. (Spectrin is a cytoskeletal protein that forms a hexa-
gonal network that lines the intracellular side of the plasma
membrane and interacts with short actin filaments that act as
junctional complexes.)

The overlying asymmetric phospholipid bilayer membrane
is supported by the underlying spectrin–actin cytoskeletal
complex and it forms a simple hexagonal geometric matrix.
Spectrins are flexible rods 0.2 microns in length with actin-
binding sites at each end.304 Spectrins are assembled from a
and b subunits, each comprised primarily of multiple copies of

Fig. 8 Trapping of RBCs in aberrant fibrin in diabetes due to increased serum ferritin and/or iron. Adjusted from Lipinski and Pretorius.392
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a 106-amino acid repeat. Spectrin a and b subunits are
assembled antiparallel and side-to-side into heterodimers,
which in turn are associated head-to-head to form tetramers.304

The principal proteins at the spectrin–actin junction are pro-
tein 4.1, adducin, tropomyosin, tropomodulin, and dematin.
Spectrin is coupled to the inner surface of the RBC membrane
primarily through association with ankyrin and the transmem-
brane proteins band 3 and 4.1.305,306 Band 3 is an abundant
RBC integral membrane protein which has a membrane-
spanning domain that catalyzes anion exchange and a cyto-
plasmic domain that binds proteins and thereby regulates the
structure and function of the RBCs.80

Ankyrin proteins are adaptor proteins that mediate the
attachment of the spectrin mesh to the integral membrane
proteins, while band 3 is a transport protein responsible for
mediating the exchange of chloride for bicarbonate across the
membrane,307 and it is thus a carrier-mediated transport
protein. Band 4.1 (also known as Beatty’s protein) is an important
structural element of the membrane skeleton and it regulates
mechanical stability and deformability by stabilizing the spectrin–
actin interactions by interacting with the spectrin and actin
filaments to form the bulk of the membrane skeleton.308 The
interaction of ankyrin and spectrin yields the major anchor
between the membrane skeleton and the lipid bilayer and its
optimal intact architecture is critical for RBC deformability and
stability.309 Ankyrins therefore organize and stabilize protein net-
works in collaboration with other proteins including cytoskeletal
proteins, cell adhesion molecules and large structural proteins.310

Cytoskeletal proteins such as b-spectrin contribute to the stability
of the ankyrin protein network.310

Reduced deformability of RBCs is also an important feature
in inflammation, also mediated by band 3, as well as by nitric
oxide and ROS.80 ROS can lead to protein degradation in RBCs
and in particular degradation of membrane proteins such as
band 3 and spectrin,311 and in inflammation, a higher RBC band
3:a-spectrin ratio was associated with decreased RBC deform-
ability. Importantly, RBC deformability was found to depend on
the band 3 phosphorylation state.312 The plasma membrane
together with its cytoskeletal support is therefore responsible for
the maintenance of the shape and stability of the RBC and also
for allowing extensive deformations when needed.184,305,313,314

Modifications of the lipid composition and the asymmetry
of the bilayer have also been shown to affect the overall shape
of the RBC and also the cell’s deformability, impact on parti-
cularly the erythrocyte membrane integrity, when encountering
shear stresses.315 Changes in the shape, mechanical character-
istics or the integrity of RBCs have severe implications for the
functionality of the cell, as can be seen in several dysfunctional
states of the RBC, whether environmentally induced or due to
hereditary defects or diseased states.184,313,316

Membrane roughness is another measure of interest. More
specifically, it has been suggested that the cell-membrane
skeleton integrity measured as surface roughness is well corre-
lated with the functional status of the cell317 with a decrease of
the membrane roughness seen in cells from diseased or ageing
individuals.306,313,316,318–325

Roughness is simply measured by Rrms, which is defined as
follows:

Rrms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
i

zi � zmð Þ2

ðN � 1Þ

vuut

N is the total number of data points, zi is the height of the ith
point and zm is the mean height, as measured by atomic force
microscopy (AFM).306

What do we know about red blood cells in specific
inflammatory diseases?

As mentioned in the previous paragraphs, fibrin and RBC
deformability play important roles in hypercoagulability.
One of the reasons for this may be due to unliganded iron,
particularly that derived from serum ferritin. We have shown
previously that in the presence of increased iron levels (parti-
cularly coupled to serum ferritin levels), RBCs lose their typical
spherical shape. This was also seen in a number of inflammatory
conditions like diabetes type II, stroke72,144,147 and Alzheimer’s
disease.140 The following sections discuss these changes in selected
inflammatory conditions. This said, we are aware of a plethora of
other diseases and cardiovascular risk factors that might influence
RBCs, including type 1 diabetes, cigarette smoking, arterial hyper-
tension, familial history of atherosclerosis, and even iron depletion
(including iron deregulation in various types of anemia-related
conditions). It is also well known that various drugs at appropriate
concentrations can effect alterations in the structure of RBC
membranes.300,326,327 However, in the next sections, we will be
focusing specifically on RBCs in inflammatory conditions,
without drug-mediated interactions, and in the presence of
increased iron. The conditions that will be discussed in the
following paragraphs are type 2 diabetes, ischemic thrombotic
stroke, Alzheimer’s disease, systemic lupus erythematosus and
hereditary hemochromatosis.

Type 2 diabetes mellitus

Diabetes mellitus is one of the most debilitating conditions that
our society suffers from, and is regarded as a cardiovascular risk
factor, as well as a cardiovascular disease, due to its ability to
progress to a stage of cardiovascular co-morbidity.328 Further-
more, diabetes is associated with oxidative stress and particu-
larly the RBCs are vulnerable to this oxidative stress.328 We also
know that diabetes is associated with elevated serum ferritin
levels.171,293,329–332 We also know that increased iron levels
cause oxidative stress.81,82,295,333,334 RBCs are one of the cell
types that are particularly vulnerable to oxidative stress found
in this condition,232 and oxidative stress is known to cause
eryptosis.335 Eryptosis is a form of suicidal cell death, similar to
apoptosis, and is characterized by cell shrinkage, cell membrane
blebbing, and cell membrane phospholipid scrambling. RBCs
remain in a hyperglycemic environment throughout their life-
span, and this affects their flow properties through alteration
of deformation at the individual cell level, as well as aggregation
at a collective level.336 Recently, we have shown that RBCs
in diabetes have a changed shape as well as a decreased
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membrane roughness.147,167,184 Atomic force microscopy (AFM)
was used to study membrane roughness, and scanning electron
microscopy (SEM) was used to study RBC shape at high magnifica-
tions. RBCs in diabetes have a decreased membrane roughness, as
well as an elongated shape. Measurements of surface roughness
indicated alterations in the first order surface of the cell, relating to
the cells’ macro parameters. The roughness of the second order
surface was also decreased, indicating alterations in the cytoskeletal
matrix and the connections between band 3 and 4 proteins and the
matrix. A decrease in roughness measurements in the third order
surface indicates superficial protein structure rearrangement. The
cytoskeletal proteins of RBCs from diabetic patients are heavily
glycosylated and spectrin is oxidatively damaged;73 also several
lipids (free cholesterol, sphingomyelin and phosphatidylcholine)
on the outer surface of the phospholipid bilayer are significantly
decreased.337,338 This directly correlates with the ultrastructural
roughness results seen by the AFM of the second and third order
respectively.184 Previous studies suggest that RBC rheology is
altered in diabetes type II,85,266 and the results from the roughness
and shape change support this.

Ischemic thrombotic stroke

Thrombotic stroke is one of the major cardiovascular diseases
and it is also closely associated with oxidative stress10,334 as well
as an increase in fibrinogen levels and therefore hypercoagul-
ability.247 It is also known that iron plays an important role in
the pathogenesis of cardiovascular diseases,291,339 including
stroke.340–344 During ischemic stroke, erythrocytes undergo
oxidative and proteolytic changes resulting in a changed cellular
rheology and inflammatory processes. RBC changes have also
been noted in thrombotic stroke and this includes sedimentation
rate changes,112,115 changes of erythrocyte aggregation,274 a raised
blood viscosity,345 and an impaired plasticity of the RBCs.69,131 We
have previously reported that in thrombo-embolic ischemic stroke
patients, 92% of erythrocytes present in smears are abnormal as
viewed by a SEM.72,76,144 We also noted that in stroke, RBCs
change shape and form close interactions with the abnormal
fibrin fibers typically associated with the diseased clot.72 In blood
smears of each of more than 60 stroke patients viewed by an SEM,
RBCs have a changed form showing membrane pseudopodia-like
extensions and some produce elongated membrane extensions
that might be associated and form interactions with the fibrin
fibers during pathological clot formation.

Alzheimer’s disease

Alzheimer’s disease (AD) is a devastating neurodegenerative
dementing illness, also closely associated with oxidative
stress.346–348 Although the disease is typically seen as primarily
affecting the brain, there is increasing evidence that vascular
components, including RBCs and fibrinogen, play a fundamental
role in the progression of the condition.349–351 It is well-known
that iron also plays a fundamental role in the progression of the
disease.81,82,290,291,296,329,352–358

Increased RBC sedimentation and/or their aggregation have
been observed in degenerative diseases such as atherosclerosis
and inflammation, which are known to be associated with

AD.115,359 It is thought that the abnormalities in RBCs and
their flow contribute to AD by obstructing oxygen delivery to the
brain.70,360,361 It is well-known that an oxygen deficit causes
hypoxia and that this may lead to chronic inflammation.362,363

Mohanty and co-workers in 2010 noted that 15% of RBCs in AD
patients were elongated, and that there were alterations in the
RBC membrane architecture.364 There are also known inter-
actions between RBCs and beta-amyloid and between fibrin
and beta-amyloid365,366 in AD patients and that these inter-
actions may accelerate neurovascular damage.367 We have
recently shown that AD individuals with increased iron levels
possess a changed RBC morphology. This was shown with light
microscopy, SEM, AFM and confocal microscopy.140 We have
also shown that this subgroup of AD patients have a decreased
RBC membrane elasticity, measured using force–distance
curves, and that the axial ratios and shape of the RBCs differed
markedly from those of healthy individuals. A changed RBC
membrane deformability may therefore play an important role
in AD pathology.

Systemic lupus erythematosus

Multisystem autoimmune rheumatic diseases of which systemic
lupus erythematosus (SLE) forms a part are heterogeneous rare
disorders associated with substantial morbidity and mortality,368

and patients present a high prevalence of thrombotic and
arteriosclerotic disease239 as well as chronic inflammation.369,370

SLE is also associated with an increase in serum ferritin
levels.289,371–374 Despite decades of extensive work on the under-
standing of the etiopathogenesis of SLE, few biomarkers have
been validated and widely accepted for this disease.375,376

Patients with SLE have enhanced RBC aggregation,377 micro-
particle formation,378 and a change in rheology.240,379,380 Very
little is known about the deformability of RBCs in this condition;
however, we have recently shown that lupoid erythrocytes are
fused and clumped.146 This was suggested to be associated
with distinct inflammatory ultrastructural changes found in the
condition, which include platelet blebbing, generation of
platelet-derived microparticles146,190 and the spontaneous
formation of massive fibrin networks. It was concluded345 that
the concerted actions of platelets and RBCs, as well as white
blood cells caught in the inflammatory fibrin network, predis-
pose to pro-thrombotic states in patients with SLE.

Hereditary hemochromatosis

Hereditary hemochromatosis (HH) is now probably the most
well-known genetic iron overload disease.109,381–383 RBC mem-
branes in HH display an aggregation and enlargement of
intramembrane particles in comparison with structures seen
in membranes from healthy donors.384 It is also known that the
mean values of hemoglobin (Hb) in HH are raised.385,386

Recently we have shown that in genetically typed HH individuals
with increased iron levels, as well as in individuals without the
iron overload mutations but with hyperferritinemia, RBCs have
a changed ultrastructure.145 In iron overload conditions, the
sufferers are more prone to thrombotic diseases, mainly due to
the presence of unliganded iron, and thereby the increased
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oxidative stress.387,388 Very striking differences were observed, in
that the erythrocytes from HH and HF individuals were distorted
and had a much greater axial ratio compared to that accompanying
the discoid appearance seen in the normal samples.145

Concluding remarks

In inflammatory conditions, we see a number of changes in the
biophysical properties of red blood cells, including in their
hematocrit, aggregation, sedimentation rate and deformability.
Closely associated with this is an increased or changed fibrin
profile associated with hypercoagulability. The literature also
suggests that inflammation is associated with increased serum
ferritin levels. In diabetes, AD, HH as well as stroke and SLE, all
of these are involved and interlinked with each other. However,
what seems to be clear is that iron and in particular serum
ferritin levels seem to underlie or correlate with all the rest of
the parameters, in that when high serum ferritin levels are
present in inflammatory conditions we find hypercoagulability
and fibrin changes, as well as increased RBC aggregation and
sedimentation. We have also shown that unliganded iron
changes RBC shape. All of the above suggests strongly that
morphological techniques may play a fundamental, and com-
paratively inexpensive, phenotypic role389 in providing a quick
overview of the general health of an individual. However, very
few studies focus on the use of predictive RBC morphology
under inflammatory conditions. RBCs are extremely adaptive
cells due to their capability to deform quickly under shear forces.
Predictive RBC morphology may therefore give us important
insights regarding the health status of an individual, and may
be used together with traditional biomarkers in inflammatory
conditions. The efficacy of treatment regimes on the integrity,
shape, elasticity and roughness (and therefore the general health
status) of RBCs may be tracked using predictive morphology, as
the health status of RBCs is crucial to the overall wellness of
individuals with inflammatory conditions.
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16 A. Skoumalová and J. Hort, Blood markers of oxidative
stress in Alzheimer’s disease, J. Cell. Mol. Med., 2012, 16,
2291–2300.

17 N. A. Strobel, R. G. Fassett, S. A. Marsh and J. S. Coombes,
Oxidative stress biomarkers as predictors of cardiovascular
disease, Int. J. Cardiol., 2011, 147, 191–201.

18 R. M. Touyz, Reactive oxygen species, vascular oxidative
stress, and redox signaling in hypertension: what is the
clinical significance?, Hypertension, 2004, 44, 248–252.

19 G. Vitale, S. Salvioli and C. Franceschi, Oxidative stress and
the ageing endocrine system, Nat. Rev. Endocrinol., 2013, 9,
228–240.

20 C. Webb and D. Twedt, Oxidative stress and liver disease,
Vet. Clin. North Am. Small Anim. Pract., 2008, 38, 125–135.

21 Y. H. Wei and H. C. Lee, Oxidative stress, mitochondrial
DNA mutation, and impairment of antioxidant enzymes in
aging, Exp. Biol. Med., 2002, 227, 671–682.

22 X. Zhu, B. Su, X. Wang, M. A. Smith and G. Perry, Causes of
oxidative stress in Alzheimer disease, Cell. Mol. Life Sci.,
2007, 64, 2202–2210.

23 H. Koyama and Y. Nishizawa, AGEs/RAGE in CKD: irrever-
sible metabolic memory road toward CVD?, Eur. J. Clin.
Invest., 2010, 40, 623–635.

24 M. S. Karbiner, L. Sierra, C. Minahk, M. C. Fonio,
M. P. Bruno and S. Jerez, The role of oxidative stress in
alterations of hematological parameters and inflammatory
markers induced by early hypercholesterolemia, Life Sci.,
2013, 93, 503–508.

25 J. Zacho, A. Tybjaerg-Hansen, J. S. Jensen, P. Grande,
H. Sillesen and B. G. Nordestgaard, Genetically elevated
C-reactive protein and ischemic vascular disease, N. Engl.
J. Med., 2008, 359, 1897–1908.

26 M. Thomsen, T. S. Ingebrigtsen, J. L. Marott, M. Dahl,
P. Lange, J. Vestbo and B. G. Nordestgaard, Inflammatory
Biomarkers and Exacerbations in Chronic Obstructive
Pulmonary Disease, JAMA, J. Am. Med. Assoc., 2013, 309,
2353–2361.

27 K. Mochizuki, R. Miyauchi, Y. Misaki, N. Kasezawa,
K. Tohyama and T. Goda, Associations between leukocyte
counts and cardiovascular disease risk factors in appar-
ently healthy Japanese men, J. Nutr. Sci. Vitaminol., 2012,
58, 181–186.

28 B. Uttara, A. V. Singh, P. Zamboni and R. T. Mahajan,
Oxidative stress and neurodegenerative diseases: a review
of upstream and downstream antioxidant therapeutic
options, Curr. Neuropharmacol., 2009, 7, 65–74.

29 B. Halliwell and J. M. C. Gutteridge, Free Radicals Biol.
Med., Oxford University Press, Oxford, 4th edn, 2006.

30 M. Cortez-Cooper, E. Meaders, J. Stallings, S. Haddow,
B. Kraj, G. Sloan, K. K. McCully and J. G. Cannon, Soluble
TNF and IL-6 receptors: indicators of vascular health in
women without cardiovascular disease, Vasc. Med., 2013,
18, 282–289.

31 I. Jialal, B. A. Huet, H. Kaur, A. Chien and S. Devaraj,
Increased toll-like receptor activity in patients with metabolic
syndrome, Diabetes Care, 2012, 35, 900–904.

32 B. T. Baune, M. Rothermundt, K. H. Ladwig, C. Meisinger
and K. Berger, Systemic inflammation (Interleukin 6)
predicts all-cause mortality in men: results from a 9-year
follow-up of the MEMO Study, Age, 2011, 33, 209–217.

33 P. Syrovatka, P. Kraml, J. Potockova, L. Fialova, M. Vejrazka,
J. Crkovska and M. Andel, Relationship between increased
body iron stores, oxidative stress and insulin resistance in
healthy men, Ann. Nutr. Metab., 2009, 54, 268–274.

34 W. Wang, M. A. Knovich, L. G. Coffman, F. M. Torti and
S. V. Torti, Serum ferritin: Past, present and future,
Biochim. Biophys. Acta, 2010, 1800, 760–769.

35 J. G. Wilson, J. H. Lindquist, S. C. Grambow, E. D. Crook
and J. F. Maher, Potential role of increased iron stores in
diabetes, Am. J. Med. Sci., 2003, 325, 332–339.

36 M. Zegrean, Association of body iron stores with develop-
ment of cardiovascular disease in the adult population: a
systematic review of the literature, Can. J. Cardiovasc.
Nurs., 2009, 19, 26–32.

37 A. Wilks and G. Heinzl, Heme oxygenation and the
widening paradigm of heme degradation, Arch. Biochem.
Biophys., 2014, 544, 87–95.

38 Z. A. Khan, Y. P. Barbin, M. Cukiernik, P. C. Adams and
S. Chakrabarti, Heme-oxygenase-mediated iron accumula-
tion in the liver, Can. J. Physiol. Pharmacol., 2004, 82,
448–456.

39 M. E. Conrad and J. N. Umbreit, Iron absorption and
transport-an update, Am. J. Hematol., 2000, 64, 287–298.

40 V. G. Nielsen, E. C. Pearson and M. C. Smith, Increased
carbon monoxide production by hemeoxygenase-1 caused
by device-mediated hemolysis: thrombotic phantom menace?,
Artif. Organs, 2013, 37, 1008–1014.

41 W. Bao, F. Song, X. Li, S. Rong, W. Yang, M. Zhang, P. Yao,
L. Hao, N. Yang, F. B. Hu and L. Liu, Plasma heme
oxygenase-1 concentration is elevated in individuals with
type 2 diabetes mellitus, PLoS One, 2010, 5, e12371.

42 A. Takahashi, M. Mori, T. Naruto, S. Nakajima,
T. Miyamae, T. Imagawa and S. Yokota, The role of heme
oxygenase-1 in systemic-onset juvenile idiopathic arthritis,
Mod. Rheumatol., 2009, 19, 302–308.

43 D. T. Redford, J. L. Thompson, J. C. McCulloch and
V. G. Nielsen, Left atrial myxoma presenting as pulmonary
embolism: potential role of heme oxygenase-1, Blood
Coagulation Fibrinolysis, 2014, epub ahead of print.

44 E. Daugas, C. Cande and G. Kroemer, Erythrocytes: death
of a mummy, Cell Death Differ., 2001, 8, 1131–1133.

45 A. Lupescu, R. Bissinger, K. Jilani and F. Lang, Triggering
of suicidal erythrocyte death by celecoxib, Toxins, 2013, 5,
1543–1554.

46 G. Minetti, S. Egee, D. Morsdorf, P. Steffen, A. Makhro,
C. Achilli, A. Ciana, J. Wang, G. Bouyer, I. Bernhardt,
C. Wagner, S. Thomas, A. Bogdanova and L. Kaestner, Red cell
investigations: art and artefacts, Blood Rev., 2013, 27, 91–101.

47 T. D. AlMomani, S. C. Vigmostad, V. K. Chivukula,
L. Al-zube, O. Smadi and S. BaniHani, Red blood cell flow
in the cardiovascular system: a fluid dynamics perspective,
Crit. Rev. Biomed. Eng., 2012, 40, 427–440.

Integrative Biology Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
14

. D
ow

nl
oa

de
d 

on
 1

2/
19

/2
02

5 
10

:0
9:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4ib00025k


This journal is©The Royal Society of Chemistry 2014 Integr. Biol., 2014, 6, 486--510 | 499

48 Y. I. Cho and D. J. Cho, Hemorheology and microvascular
disorders, Korean Circ. J., 2011, 41, 287–295.

49 J. Danesh, R. Collins, R. Peto and G. D. Lowe, Haematocrit,
viscosity, erythrocyte sedimentation rate: meta-analyses of
prospective studies of coronary heart disease, Eur. Heart J.,
2000, 21, 515–520.

50 J. Tripette, T. Alexy, M. D. Hardy-Dessources, D. Mougenel,
E. Beltan, T. Chalabi, R. Chout, M. Etienne-Julan, O. Hue,
H. J. Meiselman and P. Connes, Red blood cell aggre-
gation, aggregate strength and oxygen transport potential
of blood are abnormal in both homozygous sickle cell
anemia and sickle-hemoglobin C disease, Haematologica,
2009, 94, 1060–1065.

51 M. W. Rampling, H. J. Meiselman, B. Neu and O. K. Baskurt,
Influence of cell-specific factors on red blood cell aggre-
gation, Biorheology, 2004, 41, 91–112.

52 G. Reggiori, G. Occhipinti, A. De Gasperi, J. L. Vincent and
M. Piagnerelli, Early alterations of red blood cell rheology in
critically ill patients, Crit. Care Med., 2009, 37, 3041–3046.

53 S. K. Ballas and N. Mohandas, Sickle red cell microrheology
and sickle blood rheology, Microcirculation, 2004, 11, 209–225.

54 B. C. Lechtenberg, S. M. Freund and J. A. Huntington, An
ensemble view of thrombin allostery, Biol. Chem., 2012,
393, 889–898.

55 A. S. Wolberg and A. E. Mast, Tissue factor and factor
VIIa–hemostasis and beyond, Thromb. Res., 2012,
129(suppl 2), S1–S4.

56 A. Undas and R. A. S. Ariëns, Fibrin clot structure and
function: a role in the pathophysiology of arterial and
venous thromboembolic diseases, Arterioscler., Thromb.,
Vasc. Biol., 2011, 31, e88–e99.

57 R. A. Campbell, K. A. Overmyer, C. H. Selzman,
B. C. Sheridan and A. S. Wolberg, Contributions of extra-
vascular and intravascular cells to fibrin network formation,
structure, and stability, Blood, 2009, 114, 4886–4896.

58 S. A. Smith, The cell-based model of coagulation, J. Vet.
Emerg. Crit. Care, 2009, 19, 3–10.

59 A. K. Vine, Recent advances in haemostasis and thrombo-
sis, Retina, 2009, 29, 1–7.

60 V. G. Nielsen, Beyond cell based models of coagulation:
analyses of coagulation with clot ‘‘lifespan’’ resistance-
time relationships, Thromb. Res., 2008, 122, 145–152.

61 G. Romney and M. Glick, An updated concept of coagula-
tion with clinical implications, J. Am. Dent. Assoc., 2009,
140, 567–574.

62 H. R. Roberts, M. Hoffman and D. M. Monroe, A cell-based
model of thrombin generation, Semin. Thromb. Hemostasis,
2006, 32(suppl 1), 32–38.

63 E. F. Grabowski, K. Yam and M. Gerace, Evaluation of
hemostasis in flowing blood, Am. J. Hematol., 2012,
87(suppl 1), S51–S55.

64 P. G. Gallagher, Disorders of red cell volume regulation,
Curr. Opin. Hematol., 2013, 20, 201–207.

65 J. P. Lopes de Almeida, S. Oliveira and C. Saldanha,
Erythrocyte as a biological sensor, Clin. Hemorheol. Micro-
circ., 2012, 51, 1–20.

66 M. J. Telen, Red blood cell surface adhesion molecules:
their possible roles in normal human physiology and
disease, Semin. Hematol., 2000, 37, 130–142.

67 P. S. Walmet, J. R. Eckman and T. M. Wick, Inflammatory
mediators promote strong sickle cell adherence to
endothelium under venular flow conditions, Am.
J. Hematol., 2003, 73, 215–224.

68 M. Montagnana, G. Cervellin, T. Meschi and G. Lippi, The
role of red blood cell distribution width in cardiovascular
and thrombotic disorders, Clin. Chem. Lab. Med., 2012, 50,
635–641.

69 P. Kowal, Hemorheology in cerebral ischemia, Neurol.
Neurochir. Pol., 1996, 30(suppl 2), 7–11.

70 J. G. Mohanty, D. M. Eckley, J. D. Williamson, L. J. Launer
and J. M. Rifkind, Do red blood cell-beta-amyloid inter-
actions alter oxygen delivery in Alzheimer’s disease?,
Adv. Exp. Med. Biol., 2008, 614, 29–35.

71 E. Nagy, J. W. Eaton, V. Jeney, M. P. Soares, Z. Varga,
Z. Galajda, J. Szentmiklosi, G. Mehes, T. Csonka, A. Smith,
G. M. Vercellotti, G. Balla and J. Balla, Red cells, hemo-
globin, heme, iron, and atherogenesis, Arterioscler.
Thromb. Vasc. Biol., 2010, 30, 1347–1353.

72 E. Pretorius and B. Lipinski, Thromboembolic ischemic
stroke changes red blood cell morphology, Cardiovasc.
Pathol., 2013, 22, 241–242.

73 S. Shin, Y. Ku, N. Babu and M. Singh, Erythrocyte deform-
ability and its variation in diabetes mellitus, Indian J. Exp.
Biol., 2007, 45, 121–128.

74 M. N. Starodubtseva, T. G. Kuznetsova, N. I. Yegorenkov
and S. N. Cherenkevich, Structural and mechanical char-
acteristics of erythrocyte membranes in patients with type
2 diabetes mellitus, Bull. Exp. Biol. Med., 2008, 145, 99–103.

75 A. Steinvil, S. Berliner, I. Shapira, O. Rogowski, D. Justo,
J. George, A. Halkin, G. Keren, A. Finkelstein, S. Banai and
Y. Arbel, Time to rheology in acute myocardial infarction:
inflammation and erythrocyte aggregation as a conse-
quence and not necessarily as precursors of the disease,
Clin. Res. Cardiol., 2010, 99, 651–656.

76 A. C. Swanepoel and E. Pretorius, Scanning electron micro-
scopy analysis of erythrocytes in thromboembolic ischemic
stroke, Int. J. Lab. Hematol., 2012, 34, 185–191.

77 G. Erikssen, K. Liestol, J. V. Bjornholt, H. Stormorken,
E. Thaulow and J. Erikssen, Erythrocyte sedimentation
rate: a possible marker of atherosclerosis and a strong
predictor of coronary heart disease mortality, Eur. Heart J.,
2000, 21, 1614–1620.

78 S. Gangopadhyay, V. K. Vijayan and S. K. Bansal, Lipids of
erythrocyte membranes of COPD patients: a quantitative
and qualitative study, COPD, 2012, 9, 322–331.

79 M. Madjid and O. Fatemi, Components of the complete
blood count as risk predictors for coronary heart disease:
in-depth review and update, Tex. Heart Inst. J., 2013, 40,
17–29.

80 M. Straat, R. van Bruggen, D. de Korte and N. P. Juffermans,
Red blood cell clearance in inflammation, Transfus. Med.
Hemother., 2012, 39, 353–361.

Review Article Integrative Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
14

. D
ow

nl
oa

de
d 

on
 1

2/
19

/2
02

5 
10

:0
9:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4ib00025k


500 | Integr. Biol., 2014, 6, 486--510 This journal is©The Royal Society of Chemistry 2014

81 D. B. Kell, Iron behaving badly: inappropriate iron chela-
tion as a major contributor to the aetiology of vascular and
other progressive inflammatory and degenerative diseases,
BMC Med. Genomics, 2009, 2, 2.

82 D. B. Kell, Towards a unifying, systems biology under-
standing of large-scale cellular death and destruction
caused by poorly liganded iron: Parkinson’s, Huntington’s,
Alzheimer’s, prions, bactericides, chemical toxicology and
others as examples, Arch. Toxicol., 2010, 84, 825–889.

83 C. Funke, S. A. Schneider, D. Berg and D. B. Kell, Genetics
and iron in the systems biology of Parkinson’s disease and
some related disorders, Neurochem. Int., 2013, 62, 637–652.

84 B. Wong, Points of view: the overview figure, Nat. Methods,
2011, 8, 365.

85 O. K. Baskurt and H. J. Meiselman, Erythrocyte aggrega-
tion: basic aspects and clinical importance, Clin. Hemor-
heol. Microcirc., 2013, 53, 23–37.

86 D. G. Yanbaeva, M. A. Dentener, E. C. Creutzberg,
G. Wesseling and E. F. Wouters, Systemic effects of smok-
ing, Chest, 2007, 131, 1557–1566.

87 C. G. Spencer, D. C. Felmeden, A. D. Blann and G. Y. Lip,
Haemorheological, platelet and endothelial indices in
relation to global measures of cardiovascular risk in hyper-
tensive patients: a substudy of the Anglo-Scandinavian
Cardiac Outcomes Trial, J. Intern. Med., 2007, 261, 82–90.

88 D. R. Gagnon, T. J. Zhang, F. N. Brand and W. B. Kannel,
Hematocrit and the risk of cardiovascular disease–the
Framingham study: a 34-year follow-up, Am. Heart J.,
1994, 127, 674–682.

89 P. T. Skretteberg, J. Bodegård, S. E. Kjeldsen, G. Erikssen,
E. Thaulow, L. Sandvik and J. E. Erikssen, Interaction
between inflammation and blood viscosity predicts
cardiovascular mortality, Scand. Cardiovasc. J., 2010, 44,
107–112.

90 B. S. Bull, W. C. Levy, J. C. Westengard, M. Farr,
P. F. Smith, J. F. Apperley, P. A. Bacon and J. Stuart,
Ranking of laboratory tests by consensus analysis, Lancet,
1986, 2, 377–380.

91 L. J. Tamariz, J. H. Young, J. S. Pankow, H. C. Yeh,
M. I. Schmidt, B. Astor and F. L. Brancati, Blood viscosity
and hematocrit as risk factors for type 2 diabetes mellitus:
the atherosclerosis risk in communities (ARIC) study, Am.
J. Epidemiol., 2008, 168, 1153–1160.

92 S. G. Wannamethee, I. J. Perry and A. G. Shaper, Hemato-
crit and risk of NIDDM, Diabetes, 1996, 45, 576–579.

93 C. Irace, F. Scarinci, V. Scorcia, D. Bruzzichessi,
R. Fiorentino, G. Randazzo, G. Scorcia and A. Gnasso,
Association among low whole blood viscosity, haematocrit,
haemoglobin and diabetic retinopathy in subjects with
type 2 diabetes, Br. J. Ophthalmol., 2011, 95, 94–98.

94 L. Paul, P. Jeemon, J. Hewitt, L. McCallum, P. Higgins,
M. Walters, J. McClure, J. Dawson, P. Meredith, G. C. Jones,
S. Muir, A. F. Dominiczak, G. Lowe, G. T. McInnes and
S. Padmanabhan, Hematocrit predicts long-term mortality
in a nonlinear and sex-specific manner in hypertensive
adults, Hypertension, 2012, 60, 631–638.

95 G. Moroni, S. Quaglini, B. Gallelli, G. Banfi, P. Messa and
C. Ponticelli, Progressive improvement of patient and renal
survival and reduction of morbidity over time in patients
with lupus nephritis (LN) followed for 20 years, Lupus,
2013, 22, 810–818.

96 B. Satirapoj, J. Wongchinsri, N. Youngprang,
B. Laonapaporn, T. Chitrada, S. Lapkittichareonchai and
J. Patumanon, Predictors of renal involvement in patients
with systemic lupus erythematosus, Asian Pac. J. Allergy
Immunol., 2007, 25, 17–25.

97 A. Lanas, J. L. Goldstein, F. K. Chan, C. M. Wilcox,
D. A. Peura, C. Li, G. H. Sands and J. M. Scheiman, Risk
factors associated with a decrease 4/= 2 g/dL in haemo-
globin and/or 4/= 10% haematocrit in osteoarthritis
patients taking celecoxib or a nonselective NSAID plus a
PPI in a large randomised controlled trial (CONDOR),
Aliment. Pharmacol. Ther., 2012, 36, 485–492.

98 C. Irace, C. Carallo, F. Scavelli, M. S. De Franceschi,
T. Esposito and A. Gnasso, Blood viscosity in subjects with
normoglycemia and prediabetes, Diabetes care, 2014, 37,
488–492, DOI: 10.2337/dc13-1374.

99 D. E. Furst, H. Chang, J. D. Greenberg, V. K. Ranganath,
G. Reed, Z. E. Ozturk and J. M. Kremer, Prevalence of low
hemoglobin levels and associations with other disease
parameters in rheumatoid arthritis patients: evidence
from the CORRONA registry, Clin. Exp. Rheumatol., 2009,
27, 560–566.
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