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Preface 
 

The editor has incorporated scientific contributions from a diverse group of leading 
researchers in the field of hematology and related blood cell research. This book aims 
to provide an overview of current knowledge pertaining to our understanding of 
hematology. The main subject areas will include blood cell morphology and function, 
the pathophysiology and genetics of hematological disorders and malignancies, blood 
testing and typing, and the processes governing hematopoiesis. Blood cell physiology, 
biochemistry and blood flow are covered in this book.  

This text is designed for hematologists, pathologists and laboratory staff in training and 
in practice. Topics include platelets, whole blood RNA analysis, C-reactive protein, 
pluripotent stem cells, proliferation and differentiation of hematopoietic cells, 
homocysteine in red blood cells metabolism: pharmacological approaches, measurement 
techniques for red blood cells deformability, spontaneous alternation behaviour in 
human neutrophils, microfluidics technology for cell separation, effects of far infrared 
radiation on living body, laboratory reference intervals in Africa, RBC-ATP biochemistry 
and modelling, dynamics of RBC and antigens, transfusion principles, haematological 
and biochemical studies in tigers and ascites syndrome in broiler chickens.  

The work presented in this book will be of benefit to medical students and to 
researchers of hematology and blood flow in the microcirculation. This book is written 
primarily for those who have some knowledge of chemistry, biochemistry and general 
hematology. The authors of each section bring a strong clinical emphasis to the book.  

I am greatly indebted to many individuals who helped in the preparation of this book. 
Those whom I wish especially to thank for their help with this edition include Drs. Dan 
Goldman and Khoa Nguyen. I am also indebted to Dr. Jiandi Wan, who gave permission 
to use the referenced figure in the chapter contributed by the editor. I also would like to 
thank all those who took the time to email me offering helpful criticisms and 
suggestions. This includes Ms. Sandra Bakic, publishing process manager at InTech.  

 

Dr. Terry E. Moschandreou 
University of Western Ontario, Middlesex College, 

London, Ontario,  
Canada 
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Chapter 1 

Platelets 

Gökhan Cüce and Tahsin Murad Aktan 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/50969 

1. Introduction 

General information about platelets, origin of plateletes and granule contents of platelets 
were summarized. 

2. Platelets 

These cell fragments are morphologically small scale but functionally vital under life 
threatening conditions (1). They originate from megakaryocytes located mainly in the bone 
marrow, found in circulating blood and stored in spleen (2). Platelets don’t contain a nuclei 
and during their inactive state they have a discoid morphology with a diameter of 2-4 
micrometer (3, 4). But whenever they are active they can change their morphology very 
rapidly to an irregular branched spread form (5). Currently platelets are being used at wide 
spread clinic treatments from cosmetic needs to supporting insufficient heart (6, 7). 

2.1. Development of Platelets 

It is not exactly explained how platelets originate from megakaryocytes. There are several 
models to explain formation of platelets.  

Megakaryocytes seem to locate as triple form. With their VEGF secretion capacity they hold 
vessel endothelial cells close to themselves (8). The most scientifically accepted three models 
are mentioned as,  

1. Simply blebbing from the cell membrane of megakaryocytes (1).  
2. In megakaryocytes there are special cell fields defined as “Demarcation Membrane 

System” where granules of platelets condense and fragments break away (9). 
3. The most popular theory seems to be “Proplatelet Formation”. Here megakaryocytes 

have long thin branch like extensions at the blood circulating site of blood vessels of 
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bone marrow and on these branches there are uprising small bodies where by the help 
of blood shear force platelets enter directly to circulating blood stream. It was suggested 
that the concept of platelet like bodies arise from pseudopods of Megakaryocytes, the 
forming platelets were named as “proplatelet” (10). 

 
 

 
 

Figure 1. Megakaryocyte branches with Platelet Buds (PB) are seen. Proplatelets are released as 
Dumbell shaped bodies. This image is referenced from Hartwig and Italiano 2003 (Thanks for the 
kind permission of John Wiley and Sons to use this image) (11) .  

Kinetics of platelets; they have a life span as 7-10 days and in 1 liter human blood it is 
estimated that there are 150-400X109 platelets so for a balanced number they are formed 
15X109 -40X109 daily. Megakaryocytes located in the bone marrow sinusoids form a barrier 
to other bone marrow cells, it forms a physical barrier preventing direct contact to blood 
circulation. But there are canallicular openings in megakaryocyte membrane which permits 
cell migration to other cells to enter blood stream; this is named as “Emperipolesis” (8). 
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These small cell fragments have complex properties; 2 cytoplasmic regions can be seen in 
platelets  

1. Hyalomere: The light blue homogeneous region of the peripheral cytoplasm is called 
Hyalomere. Hyalomere includes cytoplasmic filaments and circumferential microtubule 
bundle under the cell membrane. These elements of the cytoskeleton provide the 
movement and the protection of the platelets’ shapes. 

2. Granulomere (Chromomere): This is the central region and tight area. It is ranging in 
color from blue to purple-staining. Granulomere includes small Golgi complex, smooth 
endoplasmic reticulum, lysosome, scattered granules surrounded by a membrane and a 
variety of mitochondria (4).  

Platelets have a simple appearance but carry very complex functional properties. By 
dividing this simple cell fragment to four regions helps for a better understanding of the 
functions of platelets. 

1. Peripheral Zone: 
This region is composed from unit membrane with open canalicular system. Three parts 
are defined as; 

a. Exterior outer layer:  
This is a glycocalix membrane with 10-20 nm thickness and thicker than the other blood 
cells, rich from glycoproteins that are mainly receptors for cell-cell and cell-vessel 
interactions(1, 8). 

b. Platelet Unit Membrane: 
Platelet unit membrane has some similarities and appearance with other unit 
membranes of cells, it is composed from bilipid layer rich of phospholipids (12), it can 
distribute molecules according to phsico-chemical properties for passing the membrane. 
The membrane has anionic and cationic pumps. Platelet unit membrane is an important 
catalyst for liquid phase coagulation. 

c. Submembrane Zone: 
Just located under the unit membrane a layer composed of microflament network. This 
network is anatomically and functionally related to membrane glycoproteins and 
cytoplasmic filament system. 

2. Sol-Jel Zone:  
This is cytoplasm corresponding part of the cellular fragment, platelet. It is in soluble or 
gel phase according to changes of polymerization of the filaments; actin and 
microtubules(1).  
Just under the submembrane zone there are microtubules forming a peripheral ring 
which helps platelet to maintain its discoid shape in inactive form. When activated, 
the microtubules surround the organelles and with the contribution of other filaments 
(13), the organelles are tightly contracted. During silent form only 30-40 % of actin 
filaments are polymerized, when platelets are activated the polymerized amount 
increases(1). 
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3. Organel Zone: 
This is the zone where granule’s, peroxisome’s, lysosome’s and mitochondria’s are 
localized. There are enzymes, adenine nucleotids, calcium, serotonin and many other 
proteins in this region (1). 

4. Membrane Zone 
There is a distinguishing feature of platelets that their plasma membrane contains wide 
spread invaginations that forms a network inside platelet. Finally with pore openings 
the inner network is directly in contact with outer zone. This system is named as “open 
canallicular system” (OCS) and with this system an extensive amount of surface area 
stays as potential in silent state. With this system also platelet gains a large area for 
molecular trafficking. A second canal system is composed from endoplasmic reticulum 
networks and named as “Dense Tubular System” (DTS). Here in DTS many enzymes 
and calcium ions that are important for activation are located. DTS is not directly 
connected to outer membrane (1, 14) but has close connections with OCS. These two 
systems actively exchange molecules (1). 
The granulles have diameters ranging between 200 to 500 nm and they are found as 
spherical or oval structures (15). There are 3 types of granules in platelets, Alfa 
Granules, Dense granules, lysosomes. Alpha granules are most prominent in terms of 
material content and majority. These granules include inflammatory molecules, 
cytokines, cell-activating molecules, proteins, Growth Factors, adhesion molecules, 
integrins and other proteins These granules are filled by megakaryocytes (3). 

3. Alpha granules 

It is widely accepted that these granules come from the budding of trans golgi apparatus 
organel of megakaryocytes (16, 17). 

These are 200-400 nm diameter granules widespread in the cytoplasm (16) which gives the 
granular appearance in Romanoski stained smear preparations, each platelet contains 
around 50-80 of these granules. The content of granules is very diverse; a brief list is given in 
table 1 (14, 18, 19, 20, 21). 

When platelets are activated these alpha granules fuse with each other, OCS and plasma 
membrane. The secretion of alpha granules is mediated by some proteins (such as SNARE) 
and membrane lipids (19).  

The secretions effect platelet and cells in the environment (such as endothelial, leukocytes) 
for migration, adhesion and proliferation(14). 

A rare syndrome named as Gray Thrombocyte Syndrome (GTS) is both involved with the 
quantity and quality of platelets which cases susceptibility for bleeding. In GTS the proteins 
synthesized by megakaryocytes are abnormal and don’t enter platelets as they do in normal 
individuals and additionally the endocytotic mechanisms don’t work properly. As a result 
the secretions spread to bone marrow and a fibrosis forms (miyelofibrozis)(22, 23). 
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Thrombospondin 
 P-selectin 
 platelet factor 4  
 beta thromboglobulinler 
Factors  V, XI, XIII  fibrinogen 
 von Willebrand factor 
fibronectin 
 vitronectin  
high molecular weight complexes kininogen  
chemokines 
 mitogenic growth factors (platelet-derived growth factor) 
 vascular endothelial growth factor  
TGF-beta 

Table 1. Some main components of alpha granules.  

4. Dense granules 

These are smaller granules with 150 nm diameter (24), because of the calcium and 
phosphate content there image seems dense under electron microscopic (EM) observation 
(21, 25). Each platelet contains 3-8 of these granules (14). The components of dense granules 
are briefly given in Table 2 (10, 14, 19, 20).  

 
Ca 
 Mg 
 P 
 pyrophosphate Nucleotides ATP, GTP, ADP, GDP 
 Membrane proteins 
 CD63 (granulophysin) 
 LAMP 2 
 Serotonin 
 GPIb, GPIIb/IIIa 
 P-Selectin 
Histamine 
 Epinephrine 

Table 2. Some main components of dense granules. 

In activated platelet these granules fuse with plasma membrane and expel their ingredients 
to their environment which causes other platelets to aggregate and a local vasoconstriction 
(especially by serotonin) in the involved vessels. Also the ADP content is a very important 
participant for homeostasis (14). 

The importance of the components of dense granules for homeostasis is recognized when 
the diseases of the deficiency of dense granules was defined as Hermansky-Pudlak 
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Syndrome (26, 27, 28) and Chediak Higashi Syndrome.  In both syndromes stoppage of 
bleeding is defective based on the impairment in dense granules (14). 

5. Lysosomes 

They have a diameter of 200-250 nm which places them to middle size granule (14). They 
can’t be distinguished from alpha granules under EM observation because of the similarities 
in dense electron appearance. By the content of acid phosphates and arylsulphates 
cytochemical staining techniques can effectively distinguish lysosomes from alpha granules. 
In an activated platelet they expel their contents to environment as the other two granules 
by membrane fusing mechanisms. The difference for lysosomes to be involved in activation 
is that they need a more potent stimulus. The role of lysosomal components in homeostasis 
is not well understood as the other granules contribution. They are involved in thrombus 
formation and extracellular matrix remodeling (8).  

It seems that lysosomes in platelets don’t have any distinguished features, they share the 
common features with other cells lysosomes (29). 

The components of dense granules are briefly given in Table 3 (8, 18, 30, 31, 32). 

 
Figure 2. M: Mitochondria, αG: alfa-granules, DG: dense granules, Gly: glycogen particles and OCS: 
open canalicular system. The morphology can be seen in equatorial section of a human platelet. This 
image is referenced from Zufferey 2011 (Thanks for the kind permission of John Wiley and Sons to use 
this image)(33). 
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PF3  
Acid phosphatase  
Glucose-6 phosphatase  
Arabinosidase  
N-Acetyl-galactosominidase 
 ATP = adenosine triphosphate 
 TGF 
 CD63 
 Cathepsin 
 lysosomal membrane proteins (LAMP-1, LAMP-2) 
acid hydrolases 
 cathepsins 

 
Table 3. Some main components of platelet lysosomes  

6. Autologous platelet rich plasma (PRP) 

The application of growth factors in medical practice is one of the areas where basic clinical 
research has focused its attention but there are many problems associated with their local 
administration. For example, recombinant human growth factors are not cost effective, they 
have limited shelf life, and ineffectively delivered to target cells and in addition, to get 
efficient therapy, large doses are needed. The use of autologous platelets concentrates for 
tissue regeneration and wound healing has now become an alternative easy and cheap way 
to obtain high concentrations of these growth factors (34).  

The autologous blood collected from a patient just before surgery can be prepared as 
platelet concentrates, platelet-rich plasma (PRP) and platelet gel for the treatment the patient 
specifically needs (35). These forms are prepared by gradient density centrifugation 
techniques to obtain high (x5) concentration of platelets (36). This autologous concentration 
includes a large amount of growth factors, especially PRP is an easy and inexpensive 
technique to accelerate the wound healing (37).  

This quite new field is open for research, there are a lot of techniques still under 
development stage such as platelet gels can be obtained by adding thrombin to autologous 
platelet-rich plasma. The initiation of fibrin polymerization and the release of platelets 
factors and cytokines can be achieved by the specific activators such as thrombin, glass, 
freeze-thaw cycle to platelet-rich plasma depending on what is required during the surgery 
(35). 

In spite of the distinct features of platelet-rich plasma (PRP) and its use by different fields of 
medicine, no adverse reactions were documented until now(38, 39, 40, 41). 
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Chapter 2 

Rediscovering Red Blood Cells:  
Revealing Their Dynamic Antigens  
Store and Its Role in Health and Disease 

Mahmoud Rafea and Serhiy Souchelnytskyi 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48593 

1. Introduction 
The only identifiable function of Red Blood Cells (RBC) is the delivery of Oxygen. In 
mammals, RBC is a unique cell because: 

 It does not have cellular organelles like any other cells in the body. 
 It has a very especial protein: Hemoglobin which plays the role of carrying Oxygen to 

tissues and carries back carbon dioxide to lungs. 
 It has a very especial cell membrane which carries a number of blood groups antigens’ 

systems. Their functions include transporting other proteins and molecules into and out 
of the cell, maintaining cell structure, attaching to other cells and molecules, and 
participating in chemical reactions [1]. Those systems are genetically controlled with 
blood groups determining genes. 

The work described in this chapter is based on the function carried out by the cell membrane 
antigens which are transporting other proteins and molecules into and out of the cell. The 
question is what are those proteins that are transported? In fact, this question identifies the 
knowledge gap about RBC role in health and disease. In the next section, some hypotheses 
will be inducted and deduced through analysis of available background knowledge. The 
experiments that can proof those hypotheses are described in section 3. This is followed by 
describing a theory about the role of RBC in health and disease based on the proved 
hypotheses and how we can benefit from this theory in diagnosing and treating of patients. 

2. Knowledge analysis and hypotheses induction 

Basically, when an antigen is introduced into a body, the immune system (IS) does either 
one of two reactions: immune tolerance (IT) or immune response (IR). IT-reaction is never 
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absolute [2]. It is usually accompanied by a weak IR. In normal IR, one cannot identify if 
there is a degree of IT, because there is no defined laboratory method/test that can measure 
the degree of IT. Meanwhile, by logical implication, some degree of IT should exist with the 
normal IR. This entails that there is an equivalence relation between IT and IR.  

Hypothesis I: There is no absolute immune tolerance, if and only if there is no absolute immune 
response 

In central IT, immature self-reactive T lymphocytes recognize antigens in the thymus and 
undergo negative selection (deletion) [3]. Consequently, in normal IR against a particular 
antigen, measuring the concentration of this antigen in the thymus can be correlated to the 
degree of the accompanied IT. The transport mechanism of antigens to the thymus is a 
critical issue because of the remarkable capacity of IS which can recognize any antigen [4]. 
In [5], authors claim that Dendritic Cells (DCs) have several functions, not only, in innate 
and adaptive immunity, but also there is increasing evidence that DCs in situ induce 
antigen specific unresponsiveness or tolerance in central lymphoid organs and in the 
periphery. The evidence that DCs transport antigens to thymus in central tolerance is very 
weak while the evidence that DCs have role in peripheral tolerance is more acceptable 
based on the review article [6]. In conclusion RBC may be vehicles which transport self 
antigens to induce central IT. 

The role of RBC in transporting antigens has not been investigated before. If RBC are 
capable of antigen transport to induce IT, this will unveil important knowledge. For 
instance, in hemolytic disease of fetus and newborn (HDFN), maternal anti D alloantibody 
and feto-maternal ABO incompatibility are the two major causes of HDFN, Meanwhile, with 
the implementation of Rhesus D immunoprophylaxis, hemolytic disease due to ABO 
incompatibility and other alloantibodies have now emerged as major causes of this 
condition. [7]. 

In pregnancy, most of delivered infants are normal when there is no anti D alloantibody 
which means that there is an efficient mechanism that can handle the other incompatibilities. 
The mechanisms explained in literature explain why ABO incompatibilities, only, do not 
occur [8], [9] and [10], but these mechanisms do not explain why those incompatibilities 
occur. The mechanism may be based on trapping those antibodies in placenta through RBC 
catering of ABO and other incompatible blood groups antigens. Consequently, the 
occurrence of HDFN may be due to depletion of those antigens’ store from RBC. Also, if this 
RBC transport function is the mechanism a body tolerates his self antigens, this will explain 
how a pregnant woman is able to tolerate her fetus and placenta, assuming that they are 
part of self.  

Hypothesis II: RBC hide antigens to transport them to target organs. 

From these hypotheses I & II, if RBC play role in antigen transport, one can deduce that in any 
mammal, blood circulating antibodies against self and foreign, either antigens or tolergens, 
will react with hemolysate. 
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Hypothesis III: There is an injection function (one-to-one) between circulating antibodies and 
RBC's hemolysate antigens.  

To proof that RBC have role in immune reactions (IR and IT), one need to proof that there is 
an inverse correlation between antibodies concentration in plasma and antigens 
concentration in RBC. 

Hypothesis IV: In immune response, antibodies concentration in plasma against a particular 
antigen in hemolysate is higher than this antigen concentration in hemolysate. Meanwhile, in 
immune tolerance, antibodies concentration in plasma against a particular antigen in 
hemolysate is lower than this antigen concentration in hemolysate. 

It should be remarked that Humans expressing a defective form of the transcription factor 
AIRE (autoimmune regulator) develop multi-organ autoimmune disease (autoimmune 
polyendocrinopathy syndrome type 1) [11]. Liston et all [12] prove that this autoimmune 
syndrome is caused by failure of a specialized mechanism for deleting forbidden T cell 
clones, establishing a central role for this tolerance mechanism. 

3. Experiments 

The methodology applied will demonstrate the existence of particular self tolerogens and 
particular foreign antigens in RBC (Hypothesis I & II) and show that innumerable antigens 
exist in RBC which react with innumerable antibodies that exist in plasma. This partially 
proves that RBC play a role in immune reaction. To proof Hypothesis IV, it will be 
demonstrated that the concentration of foreign antigens in RBC varies by time in relation to 
IR known behavior. The experiments done are the following: 

1. RBC of pregnant females transport male spouse ABO blood group antigens 
2. RBC of pregnant females transport male spouse HLA antigens 
3. RBC transport self HLA antigens  
4. RBC transport self Tissue Specific Antigens (TSAs). 
5. RBC hemolysate antigens are precipitated by plasma obtained from the same individual 

and cross reacted with plasma from different individuals. 
6. RBC transport bacterial antigens. 
7. RBC antigens and plasma antibodies concentration vary with time. 

3.1. Materials for experiments 1, 2, and 3 

Couples that have children, pregnant females, and single females were selected from 
relatives and friends. The purpose of the experiments was explained to them. Not all the 
combinations could be found, after blood grouping. The combinations presented, in Table-1, 
were used to conduct the experiments. Blood samples were taken on heparin. Some of the 
blood samples were used to prepare RBC and plasma and the rest was used to prepare 
lymphocytes using the Ficoll hypaque technique [13].  
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RBC were washed several times using phosphate buffer saline (PBS). The male RBC were 
divided into two tubes. The first tube was divided into small aliquots that were frozen to 
rupture RBC. The second tube was used to prepare a 5% suspension. The female RBC were 
divided into small aliquots that were frozen to rupture RBC. Notice that we do not need 
female intact-RBC. 

Female ABO group Male ABO group 
O A 
O B 
O AB 
A O 
A B 
B A 

O (SINGLE) - 

Table 1. The ABO blood groups of couples used in the experiments 

3.2. RBC of pregnant females transport male spouse ABO antigens 

To test RBC transport of male spouse ABO antigens, a technique based on competitive 
inhibition of RBC agglutination was followed. If the hemolysate contains ABO specific 
antigens, then those antigens will compete with RBC and prevent their agglutination. Figure 
1 illustrates a schematic description of the experiment. 

Method  

The experiment was performed, for each couple, as follows:  

 In positive control tubes which represent also reference tubes for comparison with test 
tubes, serial dilutions (up to 1/128) of female spouse plasma were made using normal 
saline. A drop of a male spouse's hemolysate was added before adding his RBC’s 
suspension. 

 In test tubes, serial dilutions of the female spouse's plasma were made using normal 
saline. A drop of the female spouse's hemolysate was added before adding a drop of 
her male spouse's RBC suspension. 

Results 

Whenever there is ABO incompatibility and the male spouse is not ‘O’, agglutination was 
inhibited by the female spouse hemolysate and was not inhibited by male spouse 
hemolysate. In most cases, agglutination was inhibited in the first tube. However, 
agglutination was never observed in subsequent tubes. The single virgin female RBC do not 
contain any ABO antigens. 

3.3. RBC of pregnant females transport male spouse HLA antigens 

This experiment was performed using commercial HLA Typing Trays for the identification 
and definition of HLA Class I Antigens using the microlymphocytotoxicity assay [14]. It is 
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also based on competitive inhibition. Consequently, if typing wells that show positive 
reaction were inhibited in corresponding testing wells by adding hemolysate, this proves 
the existence of specific competing antigens. Figure 2 illustrate the experiment steps. 

 
Figure 1. Schematic drawing of ABO antigen transport experiment, the upper part shows how the 
reference positive control is conducted, while the lower part shows how the test is conducted. 

 
Figure 2. Re-typing of male spouse but using his female spouse hemolysate to compete with his 
lymphocytes 

Method 

First, each couple was HLA typed, and then the following was done: 

 A hemolysate from a third person was added to control wells. The positive control 
should give positive reaction. In this way, we excluded inherent errors or non-specific 
reaction. 

 Female spouse hemolysate (diluted 1/16) was added to typing wells 
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Prepare
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 Male spouse lymphocytes was added and followed by the complement and eosin dye 
as usual. 

 Wells that gave positive reaction in typing were examined by contrast microscope. 

Results 

It was observed that female spouse hemolysate inhibited the typing reaction while the third 
person hemolysate did not. This indicates the existence of male spouse HLA antigens in 
female spouse hemolysate. 

3.4. RBC transport self HLA antigens 

This experiment is similar to the previous one. The only difference is the use of the male’s 
own hemolysate instead of his female’s spouse hemolysate. It was observed that a male 
hemolysate inhibited the typing reaction of his lymphocytes indicating the existence of self 
HLA antigens. 

3.5. RBC transport Tissue Specific Antigens (TSAs) 

If RBC transport antigens to central organs of the immune system to induce tolerance, then 
RBC will definitely transport TSAs. Otherwise this transport function has nothing to do with 
tolerance. Consequently, the objective of this experiment was to demonstrate that antibodies 
against TSAs can be prepared through injecting RBC of white mice into rabbits. Figure 3 
illustrates the experiment. 

 
Figure 3. Preparing antibodies against white mice TSAs in rabbit 

Materials 

A number of white mice were slaughtered to collect their blood on sodium citrate and their 
organs (liver, kidney and spleen) were preserved on 10 % formalin. The separated RBC were 
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washed many times with sodium citrate and then diluted with 3% formol-saline to kill any 
bacterial contamination. An ordinary rabbit was selected to prepare the antibodies. 

Method: 

 A rabbit was injected subcutaneously with one ml of white mice RBC for four times on 
weekly intervals. 

 Blood was collected from ear-vein after 35 days from the first injection. 
 The serum was examined for antibodies against mice RBC using direct agglutination 

slide test. 
 The serum was examined for antibodies against TSAs of white mice (liver, kidney and 

spleen) using the sandwich technique in histo-pathology sections.  

Results: 

All sections showed florescence. Figure 4 illustrates some of the histopathology sections 
taken from a white mouse’s organs. 

 
Figure 4. Histopathology sections from a white mouse’s organs examined by florescent microscope 
showing florescence due to antigen-antibody reaction, A: kidney tissue, B: liver, and C: spleen.  

3.6. RBC hemolysate antigens are precipitated by plasma 

Ouchterlony immuno-precipitation test of normal serum against self and other normal 
hemolysate was conducted, Figure 5(a). We confirmed this finding by using Western Blot 
technique, and showed that serum from one individual recognized antigens in hemolysate 
from two normal persons, Figure 5(b). Further confirmation was obtained by using two-
dimensional gel electrophoresis (2-DE) of co-immunoprecipitated hemolysate antigens 
using self-serum, Figure 5(c). Notice that the number of the immune-precipitated antigens is 
numerous and many spots were enriched by immune-precipitation because those antigens 
were not detected in 2-DE gel of hemolysate, Figure 5(d). Antigenicity of the separated 
proteins was confirmed by immune-blotting proteins separated by 2-DE with the same self-
serum, Figure 5(e). This excluded co-precipitation of non-antigens, as they would not be 
detected in immune-blotting. 

3.7. RBC transport bacterial antigens 

As TB is a priority disease, trying to find Mycobacterium tuberculosis bacilli protein 
antigens (MTPAs) in TB-patient hemolysate was conducted through 2D electrophoresis, and 
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then identifying gel spots with mass spectrometry.  Fortunately, we discovered four MTPAs.  
This motivated us to do the experiments of the next section to identify more MTPAs in 
hemolysate of TB patients. 

Identifying MTPAs in TB patients hemolysate 

The goal is to find the set of antigens, in TB patients’ hemolysate, which is related to 
Mycobacterium tuberculosis bacilli. The approach taken follows the following steps 
Figure 6: 

1. The study resources are: 
 [A] Patients  
 [B] Mycobacterium tuberculosis (H37Rv) 

2. For each patient: 
 Collect blood sample on anticoagulant (step 1) 
 Separate RBC and wash many times with saline (step 2) 

3. Hemolysate [C] is prepared by rupturing RBC with low isotonic solution which is the 
binding buffer in affinity chromatography 

4. Prepare hyper immune serum for M. tuberculosis (step 3) 
5. Purify antibodies using Protein A Sepharose beads (step 4) 
6. The purified antibodies are then used to separate antigens from hemolysate (step 5) 
7. The disease related antigens are identified using in gel trypsin digestion and MALDI 

TOF mass spectrometry (step 6) 

 

 
Figure 5. Detection of innumerable antigens in Red Blood Cells. (a) Ouchterlony test showing serum of 
normal against hemolysate of self and others (b) Western Blot using two normal hemolysate propped 
with serum of one of them (c) Silver stain of 2-DE of immune-precipitated hemolysate antigens  
(d) Silver stain of 2D electrophoresis of hemolysate (e) Western Blot of  2-DE of hemolysate propped 
with serum. 

3.8. RBC antigens and plasma antibodies concentration vary with time 

The objective of this experiment is to investigate the dynamics of foreign antigens in RBC. In 
effect, antibodies are taken at one instance of time, while RBC are taken at different 
instances. 
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Figure 6. Flowchart depicting the resources and steps for identification of hemolysate antigens related 
to Mycobacterium tuberculosis (H37Rv) 

 
Figure 7. Precipitated Antigens separated using 2D electrophoresis Gel 

Materials 

 Bacteria: Escherichia coli O157:H7 strain1 was inoculated onto SMAC agar (Oxoid). 
Colonies were tested by E. coli O157 latex kit (Oxoid DR 620) and confirmed 
biochemically. A single colony of E. coli bacterial growth from the plate was inoculated 
into Brain heart infusion broth (Oxoid) and incubated overnight at 37 ˚C and adjusted 
to a concentration of approximately 1010 CFU. 

 Animals: 
1. A rabbit 
2. A baladi sheep between 8 to10 months. 

The rabbit and sheep were tested serologically, to be negative, for Escherichia coli O157:H7.  

Methods: 

The first experiment method was done as follows, Figure 8: 
1. Rabbits were vaccinated by Escherichia coli. Rabbits were injected subcutaneously with 

one ml on weekly basis for three weeks. 
2. Blood was collected from the ear-vein after 21 days from the first injection. 
                                                                 
1 This strain is kindly provided by the serology department, Animal Health Research Institute (AHRI), Giza, Egypt. 
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3. Rabbits sera were separated and examined for antibodies against E. coli O157 using 
direct bacteria slide agglutination test. 

4. A sheep was infected by oral administration of bacterial suspension. 
5. Red blood cells were prepared from anti-coagulated sheep blood collected at 0 time (i.e., 

before inoculation), 1st week, 2nd week, and 3rd week. The collected blood was 
centrifuged at 4 ˚C for 25 minutes at 1170 g. Plasma and Buffy coat from each sample 
were removed. RBC were washed twice in normal saline solution by centrifugation at 4 
˚C for 5 minutes at 2000 g, and then re-suspended in Tris/Saline buffer pH 7.5 and 
subjected to lyses by freezing. 

6. Nobel agar 1% in Tris/Saline was used as a supportive media for antigen-antibody 
precipitation, where the central well contained rabbit serum and peripheral wells 
contained sheep RBC hemolysate. 

Results 

The rabbit serum showed high titer (1/160) of antibodies against E. coli. Antigens of E. 
coli could be precipitated from sheep RBC of the 1st and 2nd week after infection, only, 
Figure 9.  

 
Figure 8. Preparing Antibodies against bacteria and preparing RBC carrying antigens of this bacteria. 
The purpose is to precipitate Bacteria antigens from RBC of infected animals using the prepared 
antibodies against those antigens. 

 

 
Figure 9. Illustrates the dynamics of RBC’s antigens 
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Central well: Rabbit antiserum 
Well 1: Sheep’s RBC before infection 
Well 2: Sheep’s RBC 1st week after infection 
Well 3: Sheep’s RBC 2nd week after infection 
Well 4: Sheep’s RBC 3rd week after infection 
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4. The role of RBC antigens transport in health and disease 

The RBC transport function maintains tolerance to self antigens. This function is exploited 
positively to protect a fetus from the immune system attack using the same mechanism of 
protecting the self. In effect, a fetus, which is an allograft, is considered part of self. 

In humans and animals, not all microorganisms are capable of causing disease. Some of 
those microorganisms are equipped with the machinery that can overcome biological 
barriers and can cause disease in animals but not in humans and vice versa [15]. The role of 
RBC antigens transport in inducing tolerance to self-antigens is a feature that can be 
considered as a security-hole, as invaders can exploit this process to escape from the 
response of the immune system by disguising themselves as self. Tumors and parasites are 
negative examples.  

Notice that this mechanism of tolerance induction does not contradict with all what we 
know about tolerance. Further, it explains the documented properties of tolerance. For 
instance, some of the properties that can be explained are: 

 Artificially induced tolerance is of finite duration because antigen stores get depleted. 
 Tolerance to self antigens is a process that continues throughout life but begins during 

fetal development because RBC are transporting self antigens all the time. 

Notice that the discovered function of RBC fills a gap in the understanding of tolerance. Part 
of this gap can be expressed in the following questions: 

1. Why soluble antigens administered intravenously favor tolerance while particulate 
antigens injected into the skin favor immunity. 

2. Why ingested large doses of soluble proteins induce systemic T lymphocyte tolerance, 
whereas the components of vaccines such as the Sabin polio vaccine induce an effective 
local immune response. 

3. Why tolerance is easier to induce in prenatal rather than postnatal life. 

Answer of Question 1 and 2: RBC can easily absorb soluble antigens through pinocytosis 
while a particulate antigen needs receptor sites on RBC in order to be absorbed, which is the 
RBC membrane antigens function. Notice that the probability that the immune system will 
react to some processed antigens still exists. That is why the dose of antigens plays an 
important role. As far as there are enough stores of antigens in RBC, they are effectively 
tolerated. 

Answer of Question 3: If antigens are introduced to a fetus while the immune system is still 
incapable of respond, there is a good chance for those antigens to be processed by the 
Antigen-Presenting-Cells (APC) and then absorbed by RBC. When mature lymphocytes 
production starts, later in life, antigen stores of RBC are used to induce tolerance. This may 
explain why tolerance is easier to induce in prenatal life. 

Further, a pathogenesis mechanism of some autoimmune disease can be postulated. If RBC 
antigen-transport function is impaired for a particular self-antigen, for some reason, the 
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tolerance to that antigen will eventually vanish. Consequently, an autoimmune response 
will be provoked to that antigen and autoimmune disease is established. 

5. How this RBC antigens transport function can be exploited 

This observed RBC antigens transport function creates an antigens’ store. This store can be 
exploited in many directions. The proposed direction is to exploit functional proteomics 
approach [16] with the following three crucial aspects of the experimental design to produce 
products which are among diagnostic kits, vaccines or treatment components: 

1. The strategy used for the selection, purification and preparation of the antigens to be 
analyzed by mass spectrometry 

2. The type of mass spectrometer used and the type of data to be obtained from it 
3. The method used for the interpretation of the mass spectrometry data and the search 

engine used for the identification of the proteins in the different types of sequence data 
banks available  

The aim of this approach is to identify antigens which are relevant to a particular 
disorder. 

5.1. Direct approach for products development 

This approach is based on using a subset of antibodies which are specific against a subset of 
antigens of a particular disease to enable the use of those antibodies and those antigens in 
preparation of beneficial products.  

Diagnostic kits can be prepared for all infectious microorganism and all tumors. In such 
disorders, simple kits can be prepared using the following steps: 

1. Extract antigens from microorganism/tumor-cell-line cultures in coupling buffer 
2. Prepare hyper immune serum using extracted antigens 
3. Build an affinity column 
4. Antibodies purification: Use affinity column containing antigens to separate their 

related antibodies from hyper immune serum 
5. Adsorb purified antibodies to latex beads 

A more advanced kits based on selection of antigen-determinant sites (epitopes) can be 
prepared. The problem of such kits, which uses a particular antigen, is in its validation 
which will be more sophisticated. One can expect that this particular antigen may not exist 
in RBC antigens’ store of some population who are genetically different from the population 
used in preparation of the kit. 

Active vaccines against all infectious microorganism and all tumors can be prepared by 
using the purified antibodies prepared for diagnostic kits in identifying related antigens 
existing in RBC antigens’ store. The identified antigens can be prepared using the 
technology of recombinant proteins purification. 
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5.2. Bioinformatics approach for products development 

The proposed mathematical model and a data mining algorithm will not only help in 
identifying proteins (antigens) that can be used in diagnosis and  treatment of difficult 
disorders, but also will help in etiological diagnosis of idiopathic disorders and their 
treatment. This approach is based on building large databases of RBC antigens’ store for 
patients and normal individuals. Consequently, a patient sample is collected on 
anticoagulant. RBC and plasma are separated. The plasma IgG is separated and then used as 
ligand in immunoaffinity chromatography to separate hemolysate antigens. The collected 
antigens are identified by mass spectrometry. The database record consists of the diagnosis 
and the set of identified antigens. 

5.2.1. Mathematical model 

It consists of four main parts; definitions of symbols, model of diseases caused by 
microorganisms, tumors, or foreign proteins; model of autoimmune diseases which result as 
a consequence of missed tissue proteins from RBC antigens’ store; and model of diseases of 
unknown cause (Idiopathic). 

Definitions 

Let the assumption of this work be as the following: 
pi: protein amino acid sequence, where i = 1 .. n 
dj: health state, i.e., normal or disease name, where j = 1 .. m 
P = {p1, …, pn}, Set of all proteins of RBC antigens’ store 
D = {d1, …, dm}, Set of all diseases 
Pp: patient proteins where Pp  P where p is the patient ID 
Op: (pi , dj), ordered pair of patient presented  by protein sequence (i) and health state (j). 

a. Model of Diseases caused by microorganisms, tumors, or foreign proteins 

Pdj = ∩ {Pp}dj 

Where Pdj is the set which contains all common proteins associated with dj. 

Pnormal = ∪ {Pp}normal  

Where Pnormal is the set which contains proteins associated with normal. 

P'normal such that  p in Pnormal if the number of occurrence of p  Pnormal is less than 5% of the 
total number of p in Pnormal then remove p from Pnormal. 

P'dj = Pdj – P'normal 

Where P'dj is the set which contains proteins that can be used as biomarker or vaccines, 
Figure 10. 
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Figure 10. Venn diagram depicting set of abnormal protein of disease X (P'dj) 

b. Model of Diseases caused as a result of missed tissue proteins 

Pudj = ∪{Pp}dj 

The result is the set which contains all proteins associated with dj 

P''dj = Pnormal - Pudj 

The result is the set which contains proteins that can be used to diagnose patients through 
detecting circulating auto-antibodies and to treat those patients through desensitizing them 
with the proteins that give positive reaction, Figure 11. 

 

 
Figure 11. Venn diagram depicting set of missed normal proteins of disease Y (P''dj) 

c. Model of Diseases of unknown cause (Idiopathic) 
 There are many diseases that are identified as idiopathic. 
 Those diseases can be caused due to existence of abnormal protein or absence of tissue 

proteins. 
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 Applying data mining methods (A and B) can help to identify new diseases and treat 
patients appropriately. 

5.2.2. Scenario of the system in clinical environment  

Patients’ blood samples will be collected on anticoagulant. RBC and plasma are then 
separated in different tubes. Plasma is used as a ligand in immune-affinity 
chromatography to separate hemolysate antigens that can bind to plasma antibodies. The 
separated antigens are identified by MS and stored in the database indexed by the patient 
disorder. 

In the same time, queries are done to verify the diagnosis and get a prognosis and a 
recommended treatment component. The following formulas describe the usage of this 
model in clinical practice. 

Let Dp' is the set of all discovered P'dj 
Let Dp'' is the set of all discovered P''dj 

Then ∀ P'dj ∈ Dp', if P'dj ⊂ P, then patient is diagnosed to have dj 

Else 

 P''dj ∈ Dp'', if P''dj   P, then patient is diagnosed to have dj 

6. Conclusions 

All the previous work in RBC proteomics neither has identified another function nor has 
mentioned the finding of: HLA, TSAs, or foreign proteins. The reasons are obvious. Firstly, 
it is not expected to find such proteins and consequently the method used for the 
interpretation of the mass spectrometry data, and the search engines used for the 
identification do not consider the right types of sequence data banks available. Secondly, the 
amount of most of the antigens which belong to the RBC antigens’ store is little. This makes 
those antigens invisible and hence easily missed.  

The work described is just a pilot study that throws some light on a new theory related to 
RBC. This theory is based on finding  antigens’ store consisting of self and non-self antigens. 
Although this theory can be related to immune tolerance by logical induction, the concrete 
evidence and mechanism need further research. Mainly, the logical induction is based on 
finding all kind of antigens in hemolysate, especially HLA antigens which are related to 
fetus. This existence of all kinds of antigens, definitely, plays some immunological role 
which may be immune tolerance. 

The initial experiment, which shows the existence of ABO antigens in hemolysate of 
pregnant females, explains the mechanism of how HDFN occurs. Meanwhile, the 
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experiment which shows that HLA antigens exist in their hemolysates proposes a new 
mechanism by which a pregnant woman is able to tolerate her fetus and placenta. Simply, it 
is the same mechanism a body tolerates his self antigens. 

The experiments which use hemolysate against self-serum: Ouchterlony immune-
precipitation test, Western Blot, and 2-DE of co-immunoprecipitated antigens 
demonstrated that RBC have an antigens’ store. Mass spectrometry of spots obtained 
from 2-DE gel demonstrated the finding of all kind of antigens, self and non-self, in 
hemolysate. This indicates that blood circulating antibodies in any individual will react 
with his RBC’s hemolysate antigens. In effect, there is no absolute immune response,  
too. 

This directed our attention to use hyper immune serum against Mycobacterium antigens. 
This will help to get rid of other proteins and do better separation; and hence better 
identification. Consequently, we could identify 11 proteins from 60 gel spots belonging to 
H37Rv strain. The rest of spots are proteins related to bacterial commensals. Consequently, 
purification of specific antibodies from hyper immune serum is recommended to get further 
better separation. 

In the experiment which investigates the dynamics of foreign antigens in RBC using sheep 
RBC which has been infected with E. coli, it was shown that the concentration of foreign 
antigens in RBC varies by time in relation to IR known behavior. This proves that RBC have 
role in immune reactions (IR and IT). 

Whatever the reason of this existence of antigens in hemolysate this existence can help in 
designing diagnostic kits for different types of diseases. Further, it will help in discovering, 
not only, new immunological disorders which are, now, categorized under idiopathic 
disease, but also, identifying the obscure cause of many immunological disorders, 
including cancer. The identification of the cause of a disorder will help in its treatment and 
prevention. 
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1. Introduction 

Red blood cells are responsible for oxygen transport from lung to tissues. Oxygen transport 
depends on reduced state of iron (Fe2+) in hemoglobin. To accomplish their delivery function 
erythrocytes must accommodate to the environment conditions as they change along the 
vascular branches. Both element oxygen (O2) and iron are able to quickly shift their 
oxidative state in response to different external/internal emerging stimuli. Moreover in 
erythrocyte nitric oxide (NO●) a vasodilalatory messenger is present. All these elements act 
in normal condition in well established mechanisms but they may generate alone or together 
high reactive species, named free radicals, that damage red blood cells as well as vascular 
endothelium. Free radicals may be generated from both oxygen and nitrogen and are known 
as reactive oxygen species (ROS) respectively nitrogen reactive species (RNS). However 
erythrocytes have intracellular enzyme/non enzyme defense system. When reactive species 
are quickly and intensely generated under external/internal stimuli the activity of 
antioxidant defense system is overwhelmed. Free radicals generation is triggered by normal, 
adaptive or pathological stimuli such as: superoxide detoxification, decreasing oxygen 
saturation in vascular branches, shear stress or atherosclerosis, ischemic attack and bacterial 
infections. 

One of the most potent oxidant agents in living cells is homocysteine (Hcy) a metabolic 
compound from methionine metabolism. The already mention metabolism requires vitamin 
B12, B6 and folic acid involvement. Every deficiency in vitamins supplies or enzymes activity 
triggers the onset of different diseases and erythrocyte is first affected in megaloblastic or 
Biermer anemia. A secondary consequence of vitamins deficiency is hyperhomocysteinemia. 
HyperHcy represents a high risk in cardiovascular diseases and not only. Nowadays is 
generally accepted that Hcy disturbs the normal endothelial function, promoting thrombosis 
and inhibiting fibrinolysis through many mechanisms which can possibly integrate and are 
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not mutually exclusive; oxidative processes, decreasing NO bioavailability and specific 
protein targeting. 

The already specified free radicals are not all “bad”. NO● can be regarded as a “good 
radical” but it is inactivated by many Hcy-dependent Mechanisms that finally impair its 
vasodilatatory function. Thus damaging Hcy effects expands to the environment where 
erythrocytes move and act. As a consequence directly and indirectly Hcy has a big impact 
on erythrocytes whose deformability in shear stress is crucial for circulatory function. Taken 
into account all these factors pharmacological approaches envisage lowering homocysteine 
levels by different ways such as: vitamins B supplementation, antioxidant drugs, 
hypotensive agent, antithrombotic drugs etc. Some of these patterns such is vitamins 
supplementation proved to have limited clinical benefits while others as nitrite/nitrate are 
still in debates. Because most pathological processes mentioned above involve oxidative 
pathway mechanism, pharmacological presentation will focus on drugs with antioxidant 
properties 

As a conclusion the effect of elevated homocysteine appears multifactorial affecting both the 
vascular wall structure, function as well as erythrocytes metabolism. 

2. Homocysteine and red blood cells  

2.1. Red blood cells oxidative-reducing balance 

Red blood cells are responsible for oxygen transport from lung to tissues. Their function 
depends on reduced state of iron (Fe2+) in hemoglobin (Hb). Both element oxygen and iron 
are able to quickly shift their oxidative state in response to different emerging stimuli. 
Literature shows in [1] that hemoglobin may undergo oxidative reaction in the process of 
releasing oxygen. In this process iron is oxidized to Fe3+ and reactive oxygen species are 
generated. The bigger the reactive species release is the higher normal deformability and 
flexibility of erythrocytes is disturbed. 

2.1.1. Reactive species generation 

In erythrocyte are found together oxygen (O2), nitrogen oxide (NO) and iron (Fe2+). All 
these elements act in normal condition in well established mechanisms but they may 
generate alone or together reactive species, named radicals, that damage red blood cells as 
well as vascular endothelium.  

A radical is a chemical species that possesses a single unpaired electron in outer orbitals, 
and is able to independently exist, known also as free radical. Radicals are highly reactive in 
extracting an electron from any neighbor molecule in order to complete theirs own orbitals. 
There are two main groups of free radicals: ROS or reactive species of oxygen, RNS or 
reactive nitrogen species. ROS and RNS can act together damaging cells and causing 
nitrosactive stress. Therefore, these two species are often collectively referred to as 
ROS/RNS.  
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Transitional metals (Fe belongs to this group) particularly behave. They have a single 
unpaired electrons in theirs outer orbitals, but they don’t behave as free radicals because 
within cells they are attached to proteins in most cases. However they are able to catalyze 
electron transfer in many processes and sometimes generate radicals. 

2.1.2. Reactive oxygen species 

Reactive species of oxygen refers to a group of highly reactive O2 metabolites, including 
superoxide anion (O2•-), hydrogen peroxide (H2O2), singlet oxygen (1O2), and hydroxyl 
radical (OH•), that can be formed within cells. Reactive oxygen species are constantly 
formed as byproducts in normal enzymatic reaction in all human cells through normal 
aerobic processes as mitochondrial oxidative phosphorylation or as necessary products in 
neutrophils in order to kill invading pathogens. The above mentioned phenomena are 
consuming oxygen processes. 

Erythrocytes must save oxygen for delivering it to the cells; as a consequence red blood cells 
lack mitochondrion the main oxygen consumer within cell. In this particular condition the 
source of ROS in erythrocyte may be the carried oxygen itself. 

In order to understand oxygen behavior an inside in its structure is needed. The ground 
state of oxygen is triplet oxygen meaning that the molecule has two unpaired electrons 
occupying two different molecular orbitals.  

 
Figure 1. The structure of oxygen molecule 

These electrons can’t travel both in the same orbital because they have parallel spin (they 
spin in the same direction). As a consequence molecular oxygen is paramagnetic and from 
this feature it was concluded that the structure in the right may be assigned to O2 (figure1). 
Although O2 is very reactive from thermodynamic standpoint its single electrons cannot 
react rapidly with already paired electrons in the covalent bond of organic molecules 
(abundant in living cells). As a consequence it is harmless to these molecules. Instead 
molecular oxygen can rapidly react with single unpaired electrons from transitory metals 
(e.g. Fe, Cu, Mn). One mole of properly chelated cooper could catalyze consumption of all of 
the oxygen in an average room within one second in [2]. 

In fact oxygen O2  is both kinetically stable thus not reactive and very reactive promoting 
fast reactions, depending the surrounding conditions. 

Within cells where transitional metals are bounded to proteins (in metal containing proteins 
or enzymes) oxidative attack of O2 tend to be slow, meaning that a first single electron is 
relatively difficult to add. As a consequence superoxid radical (O2

 ) will form very slow. 
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Figure 2. Superoxide radical generation 

Once an electron acquired additional electrons are easier added, further reactions quickly 
occur in [3] and reactive species of oxygen are generated. 

 
Figure 3. Reactive oxygen species generation 

Superoxide (O2
 ) is formed when molecular oxygen (O2) gains an additional electron, 

producing a molecule with only one unpaired electron (figure 2), generating a very reactive 
free radical. When accepts an electron, superoxide is reduced to hydrogen peroxide, which 
is not a radical. In the next one-electron reduction step hydrogen peroxide generates water 
and the hydroxyl radical (OH ) which is probably the most reactive free radical. A final 
electron acceptance (figure 3) reduces hydroxyl radical to water in [4]. 

Superoxide radical (O2
 ) is a reactive radical, however it cannot diffuse to far having 

limited lipid solubility. Instead it might react in the presence of ferric iron with de hydrogen 
peroxide generating the most potent hydroxyl radical through a non-enzymatic reaction 
known as Haber-Weiss reaction.  

The reaction takes place in two steps that involved ferric iron and superoxide as follows: 

O2
  + Fe3+ → O2 + Fe2+ 

Fe2+ + H2O2 → Fe3+ + OH − + OH• 

The general non-enzymatic reaction occurring in living cells is: 

O2
  + H2O2 → OH • + OH − + O2 

It appears that superoxide radical is also a source of hydroxyl radical in ferric iron presence. 

Hydrogen peroxide (H2O2) is not a free radical but still classified as a ROS because it 
generates the most powerful hydroxyl radical (OH •) in the presence of transitional metals 
(Fe2+, Cu+), the reaction above. Hydrogen peroxide (H2O2) is lipid soluble and as a 
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consequence it can diffuse through lipid membranes. No matter where it meets proteins 
(including hemoglobin) that contain transition metals Fe2+, Cu+, H2O2 generates OH• at the 
specific site where these metals are located thus damaging protein structure. 

Another reactive species (but not a radical) derived from molecular oxygen is singlet 
oxygen, designated as 1O2. Singlet oxygen (1O2), a highly excited state created when 
molecular oxygen absorbs sufficient energy to shift an unpaired electron to a higher orbital, 
can be formed from superoxide radical in [5]:  

2 O2
  + 2H +  H2O2 + 1O2  

Singlet oxygen is even more reactive than the hydroxyl radical, although it is not a radical. 

As a conclusion the most reactive radical is hydroxyl (OH •) which indiscriminately extracts 
electrons from any other molecules around it whereas superoxide (O2

) and hydrogen 
peroxide (H2O2) are more selective in their reactions with biological molecules [6]. 

All the above reactions and processes take place in all human cells including erythrocytes. As 
for the other cells the main source for free radicals is mitochondrion, in the particular case of 
red blood cells the main source for radicals is the carried oxygen. Molecular oxygen is carried 
in order to be delivered to tissues and as a consequence it is found, for a short period of time, 
free, thus unbound. In this state it might be prone to generate the above described radicals. 

Oxygen binds to hemoglobin at the ferrous iron. The ferrous state (Fe2+) of iron is a condition 
for hemoglobin normal function. However a small percent of Fe2+ is slowly converted by O2 
to ferric form (Fe3+) in resulting methemoglobin. An enzymatic system, methemoglobin 
reductase quickly restores Fe3+ to Fe2+ and reduces methemoglobin back to hemoglobin. 
Binding of oxygen to the iron in the hem is considered not to change the oxidation state of 
the metal. However oxygenated hem has some of the electronic characteristics of a Fe3+OO 
peroxide anion [3]. Misra and Fridovich demonstrate that the Fe3+O2- complex is able to 
generate superoxide radical in [7] during the normal molecular oxygen transport to tissues 
through the hemoglobin auto-oxidation. Thus hemoglobin auto-oxidation causes superoxide 
formation within erytrocyte. 

Other researchers show that hemoglobin may undergo oxidative reaction in the oxygen 
releasing process. Balagopalakrishna and coworkers demonstrate in [8] that at intermediate 
oxygen pressure, where hemoglobin partially releases molecular oxygen, the superoxide 
radical production increases. They show that superoxide radical is released in the 
hydrophobic hem pocket. The process in slow enough thus the formation of superoxide was 
followed for more than 15 min, and thus detected by low temperature electron 
paramagnetic resonance technique. 

Being a radical superoxide reacts fast with other radicals or alternatively it is efficiently 
scavenged through the specific superoxide dismutase (SOD) activity. 

When collides with other radicals O2
 gives birth to new reactive species as follows: 

- O2
 reacts with itself generating molecular oxygen (O2) and hydrogen peroxide (H2O2) 

a source for hydroxyl radical. 
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- O2
 reacts fast with NO• radical generating toxic peroxinitrite (ONOO−), a reactive 

nitrogen specie (RNS). At physiological pH, ONOO− rapidly protonates to 
peroxynitrous acid, ONOOH. This powerful oxidizing and nitrating agent can directly 
damage proteins and lipids.  

Thus, any system producing O2
 and NO• can cause biological damage, and erythrocytes 

make no exception in [6].  

Hydrogen peroxide is not a radical because it doesn’t have any unpaired electron. The 
limited reactivity of H2O2 allows it to cross membranes and to become widely dispersed. 
Even hydrogen peroxide is not a radical it can generates the short-lived but very active 
hydroxyl radicals via Harber-Weiss non-enzyme reaction in [9]. The hydroxyl radical 
(OH•), which is highly reactive, diffuses only a short distance before it reacts with whatever 
biomolecules it collides with. Recent study consider that the high and indiscriminate 
reactivity of the hydroxyl radical minimizes its ability to diffuse and makes it more 
damaging within cell or in the environment where it is generated in [10]. This consideration 
becomes more important when the oxidative events prevail within a specific cellular 
compartment. Hydroxyl radical are especially dangerous because it can initiate an 
autocatalytic radical chain reaction. Being so harmful cells carefully control hydroxyl radical 
by limiting the availability of both Fe2+ and H2O2 in [6]. 

The non-enzymatic decomposition of hydrogen peroxide described by Haber-Wiess and 
especially the mechanism through which hydroxyl radical (OH•) acts was highly debated. 

Some researchers consider that hydroxyl radical is responsible for damaging cellular 
component on behalf of a radical mechanism. Others consider that ferryl ion (Fe(IV)O2+), an 
oxidizing species where iron is in high oxidation state (Fe IV) in [11,12] is an active 
intermediate responsible for chain reaction propagation. Another group consider that 
conditions inside cell dictates whether metallo-oxo species or hydroxyl radical (OH•) is the 
main oxidant [in 13]. Some other like Prousek concluded in [14] that both oxidising species 
can be formed in living cells. 

As a general conclusion in erythrocytes ROS are produced both accidentally and 
physiologically in different enzyme-catalyzed reactions (figure4). 

 
Figure 4. ROS generation in erythrocyte. 
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2.1.3. Damaging effects of ROS 

ROS are considered “bad” radicals because can they indiscriminately interact with any 
biological molecule they meet causing DNA, lipids and protein damage. As a missing 
nucleus cell erythrocyte can undergoes the last two lesional processes but endothelium can 
undergoes all three mentioned injuries. Erythrocytes are particularly affected by oxidation 
of polyunsaturated fatty acids in membrane phospholipids which causes their peroxidation, 
degradation and fragmentation [15]. During lipid peroxidation other reactive species as 
peroxyl radicals are generated in a succession of chain reactions (fig.5). This reactive 
intermediates amplify the injury at the place were they are formed. 

 
Figure 5. Lipid peroxidation and radical and non-radical intermediates formation [taken from 15] 

Erythrocytes also undergo the amino acids and/or whole proteins oxidation. Protein 
oxidation leads to inactivation (if targeted proteins are enzymes), fragmentation, 
aggregation of fragments and/or increased susceptibility to proteolysis [15]. In addition if 
injured proteins belong to erythrocytes skeleton the deformability of erythrocytes is 
impaired [16]. ROS attack doesn’t limit to erythrocytes it also affect endothelium cells, which 
in turn influence erythrocyte metabolism. In nucleus containing endothelium cell beside 
lipids and proteins oxidation ROS cause DNA injuries. Free radicals can interact with DNA 
leading to strand breaks or structural changes such as adduct formation (figure 6) [15].  

 
Figure 6. Over simplifying scheme of ROS damaging activity in erythrocytes and in endothelium cells 
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2.1.4. ROS signaling 

Until recently reactive oxygen species were considered only oxidizing damaging factors. But it 
was demonstrated by in [15, 17] that ROS can be also “good” as they act as signaling 
molecules. In fact both authors show that ROS are neither “good” nor “bad”, temporal length 
and intensity of free radicals generation make the difference between physiological, adaptive 
or pathological effect. Thus oxidizing molecules is not the end “of the road” for reactive 
species alternatively they trigger cellular responses which depending on the intensity of ROS 
attack, prepare the cell to survive or on contrary trigger cell death (figure 7).  

 
Figure 7. Cells response under ROS attack (taken from 17) 

Being highly reactive ROS can intercept cell signaling pathways within successive steps in 
cascade events modulating the functions of many enzymes and transcription factors. 
Oxidative stress triggers cellular response by activating many signaling pathways. ROS can 
directly or indirectly modulate a) the function of different types of enzymes, b) the 
transcription factors activity and c) the activity of ion-channels.  

a. Enzymes modulated by ROS include both kinases and phosphatases. The big class of 
kinase includes both tyrosine kinase as Src, Ras, JAK2, Pyk2, PI3K, and the mitogen-
activated protein kinase (MAPK). The three best-characterized MAPK subfamilies are c-
Jun N-terminal kinase (JNK), p38 MAPK and extracellular signal-regulated kinase 
(ERK) [18]. All these MAPK pathways are structurally similar, but functionally distinct. 
Importantly, ERK, JNK and p38 MAPK have all been shown to be activated by 
oxidative stress [19]. ERK and JNK are important in recruiting c-Fos and c-Jun to the 
nucleus where they activate the transcription factor AP—1 (activator protein -1), 
whereas activation of p38 and inhibitory kappa kinases (IKK) is important in the 
transcriptional activation of NF-κB. Both of these factors are important in regulating the 
diverse genes, which play key roles in the pathogenesis of inflammation, and in 
regulation of cell cycle, proliferation, and apoptosis. ROS may inhibit tyrosine 
phosphatase activity further contributing to tyrosine kinase activation.  

b. ROS also influence gene and protein expression by activating transcription factors, such 
as the already mention NFkB and activator protein-1 (AP-1) and hypoxia-inducible 
factor-1 (HIF-1).  

c. ROS stimulate ion channels, such as plasma membrane Ca2+ and K+ channels, leading to 
changes in cation concentration. The cytosolic Ca2+ level can be increased by ROS in 
various cell types, including epithelium cell, through the mobilization of intracellular 
Ca2+stores and/or through the influx of extracellular Ca2+ [15]. The ROS-mediated increase 
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in Ca2+concentration contributes to the oxidative stress-mediated activation of PKC and to 
the transcriptional induction of the AP-1 proteins c-Fos and c-Jun [20] (figure 8). 

 
Figure 8. Major pathways activated by ROS generation (modified from 21).MAPK=mitogen-activated 
protein, JNK=c-Jun N-terminal kinases, ERK=extracellular signal-regulated kinases, NFκB=nuclear 
factor κB, AP-1=activator protein-1, HIF-1= hypoxia-inducible factor-1, PKC=protein kinase C  

More details about the cellular response in ROS and other radical and non-radicals species 
attack in oxidative events can be found in [15,17,19] 

2.1.5. Scavenging ROS 

Erythrocytes have an impressing antioxidant enzyme and non-enzyme system that deals 
with an important amount of free radicals. Superoxide dismutase and glutathione 
peroxidase are the most efficient antioxidant enzyme in red blood cells. 

Erythrocytes superoxide dismutase remove O2
 by catalyzing its dismutation, one O2

 
being reduced to H2O2 and another oxidized to O2 (figure 9).  

 
Figure 9. Superoxide dismutase activity 

The dismutation of superoxide O2
  by SOD is very efficient having the largest kcat/KM (an 

approximation of catalytic efficiency) of any known enzyme (~7 x 109 M−1s−1) [22]. SOD 
catalyst activity is limited only by the frequency of collision with superoxide. That means 
the reaction rate is limited only by the diffusion of superoxid radical. Diffusion limitation 
becomes canceled in radicals over production thus activating the process. 
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As seen in upper reaction (fig.9) superoxide dismutase must work with enzymes that 
remove H2O2.  

Glutathione peroxidase (GPx) removes H2O2 by coupling its reduction to water (figure10) 
with oxidation of reduced glutathione (GSH), a thiol-containing tripeptide (glu-cys-gly). The 
product, oxidized glutathione (GS-SG), consists of two GSH linked by a disulphide bridge, 
and can be converted back to GSH by glutathione reductase enzymes in [6].  

 
Figure 10. Glutathion peroxidase activity. 

Beside enzyme antioxidant systems erythrocytes uses antioxidants agents (fig.4). These 
agents are preferentially oxidized by reactive species to preserve more important 
biomolecules and can be reversibly reduced back. For example, GSH and ascorbate can 
scavenge O2

, OH•, and also ONOOH. Tocopherols are good scavengers of peroxyl radicals 
and help to protect membranes against lipid peroxidation by interrupting the propagation-
chain reaction (figure 5) in [6].  

2.1.6. Reactive nitrogen species 

Nitrogen compounds found in the body comes from exogenous sources as nitrites/nitrates 
or from endogen production of nitric oxide (NO). The group of nitrogen derivatives 
includes: 

- NO nitric oxide a natural free radical also named nitrogen monoxide is involved in 
vasodilatation in mammals 

- NO2
 nitrogen dioxide or nitrite. In organism is found in its corresponding salts nitrites( 

from nitrous acid HNO2)  
- NO3  nitrate (from nitric acid HNO3) also found in the body in corresponding salts 

 
Figure 11. Nitrogen derivatives 

Nitrogen derivatives convert into each other forward and backward continuously under 
shifting conditions within cells (figure11). 

Endogenous NO is synthesized by nitric oxide synthases (NOS) in the endothelial and 
other cells, where is involved in vascular physiology.  

Endothelial nitric oxide synthases (eNOS) synthesizes NO (figure 12) from L-arginine with 
1,5 consumption of 1.5 NADPH equivalents and two oxygen molecules per NO formed in 
[23]. The reaction requires the presence of Ca2+-Calmodulin and tetrahydrobiopterin (BH4) as 
cofactors in[24].  
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Figure 12. Nitric oxide generation 

Generated NO is a gaseous molecule with unpaired electrons and as a consequence a 
radical; it is lipophilic and diffuses rapidly through membranes. NO is a messenger in 
many physiological processes: endothelial relaxation of the smooth muscle, inhibition of 
platelet aggregation, neurotransmission and cytoxicity in [25]. NO pathology includes both 
low and high concentrations as follows: insufficient NO production is involved in 
hypertension, the activation of platelet aggregation and atherogenesis while high NO 
production generates septic shock, stroke, and carcinogenesis. 

NO released from endothelial cells diffuses through blood or to the underlining smooth 
muscle cells in the media where it triggers vasodilatation. In blood stream NO will affect 
platelets, leucocytes and erythrocytes. 

Recent studies show that:  

a. e-NOS can produce NO  not only in normal oxygenation (figure 12) but also decreased 
oxygenation gradient across vascular branches. In addition eNOS can sometimes be a 
source of ROS generating O2

 
b. endothelial cells are not the only ones able to generate NO, blood erythrocytes are 

expressing functional NOS 
c. Hemoglobin itself also “produces” NO from nitrite in order to modulate 

vasodilatation. 

a. It is only recently found that endothelial NOS may be a source of ROS generating O2
 

depending the availability of its substrates within cell (figure 13) [23].  

Endothelial nitric oxide synthetase activity is regulated by a combination of mechanisms 
that allow eNOS to modulate its activity under physio-pathological condition in [22]. eNOS 
contains 2 enzymatic domains, a flavin-containing reductase and a heme-containing 
oxygenase domain (Fe3+) connected by a regulatory calmodulin-binding domain. Binding of 
the Ca2+/calmodulin complex orients the other domains in such a position that NADPH-
derived electrons generated on the reductase domain flow to the oxygenase domain in [26]. 

The oxygenase domain of eNOS contains an iron ion (Fe3+) that binds oxygen on reduction 
Fe2+, and this complex finally causes the conversion of L-arginine to NO and L-citrulline. 
This sequence of events properly rules if the cofactor BH4 “provides the connection” 
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between the two domains. Deficiency of arginine or BH4 causes the reductase uncoupling 
from oxygenase. At the oxygenase domain intermediate Fe2+-O2 complex dissociates to form 
superoxide and the original Fe3+ group of the eNOS)[27]. Thus eNOS releases O2

  instead of 
NO (figure 9).  

 
Figure 13. Endothelial NOS differently behaves generating either NO or O2

 depending on the 
substrate availability. 

Oxygen deficiency is known to halt the L-arginine cycle if the oxygen levels fall below a 
threshold level of ca [O2] ~ 10 μM [28]. However, eNOS is not wholly inactivated in hypoxia, 
instead, in the presence of nitrite (figure 14), it shifts again and produces NO in [29].  

 
Figure 14. Endothelial NOS may generate NO in both normal and low oxygenation 

Stroes et al demonstrate in [30, 31] an intriguing activity for eNOS only, the simultaneous 
generation of both NO and superoxide, even in the presence of BH4 and L-arginine, under 
physiological conditions. The consequence is the production of peroxynitrite, a highly 
reactive molecule, by eNOS (figure 15). 

Thus eNOS is a source of free radical producing “good” or “bad” radicals upon inside cell 
condition. 

 
Figure 15. Peroxinitrite generation as a result of particularly eNOS activity 

Peroxynitrite anion (ONOO−) is a reactive species of increasingly recognized biological 
relevance that contributes to oxidative tissue damage. Recent research indicates in [32] that 
peroxynitrite is able to cross the erythrocyte membrane by two different mechanisms: in the 
anionic form through the anion exchange channel, and in the protonated form by passive 
diffusion. Entering the erythrocyte peroxynitrite causes nitration of intracellular 
hemoglobin, in a process that is enhanced in thiol-depleted erythrocytes. 
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To summarize NO can be produced by eNOS from either L-arginine in good oxygenation 
physiological state or from nitrite in hypoxia. In vitamins deficiency (low BH4 levels) eNOS 
produces superoxide radical. Recent studies demonstrate that endothelium cells 
surprisingly produce ROS under hypoxia. The primary site of reactive oxygen species 
production was demonstrated to be complex III in electron transport in mitochondria. The 
paradoxically increase in ROS production under low oxygenation is still not fully 
understood but it is considered that reactive oxygen species released during hypoxia act as 
signalling agents that trigger induction of erythropoietin, endothelial growth factor and 
glycolytic enzymes. Systemically, these responses enhance the delivery of O2 to cells and 
facilitate the production of glycolytic ATP instead of mitochondrion. Induction of these genes 
is mediated by “specialized” hypoxia inducible factor 1 (HIF-1) [33, 34]. As a conclusion in 
normal oxygenation NO is produced by eNOS. In hypoxia adaptive responses are onset; the 
release of NO from nitrite to sustain normal vascular function is one path. Alternatively when 
mitochondrion “senses” hypoxia it releases ROS as signaling molecules that activate diverse 
functional responses, including activation of gene expression that promote cell survival.  

b. Kleinbongard demonstrates in [35] that red blood cells express functional eNOS which is 
located in both the internal side of the plasma membrane and the cytoplasm with a higher 
expression in the membrane. The enzyme has a similar activity and regulatory mechanism as 
the endothelial-derived NOS. Besides its vasodilatation activity NO also regulates red blood 
cells deformability and inhibits platelet activation. In physiological condition where there is a 
normal supply of L-Arginine and subsequently a normal NO production, nitric oxide sustains 
red blood cells deformability. On contrary decreased NO levels reduces erythrocytes 
deformability preventing them to easily pass through microcirculation. The same effect was 
observed on platelet aggregation when decreased NO levels promote thrombosis.  

Ulker demonstrates in [36] that red blood cell-NOS is activated by mechanical factors and 
that export of NO from erythrocytes is enhanced by mechanical stress thus pointing 
erythrocyte contribution to the regulation of vascular tonus  

c. NO is a short life species as a consequence it quickly reacts with any encountered 
molecules or it is rapidly oxidized by hemoglobin in blood. In fact the general accepted 
theory is that Hb in the red blood cells is an extremely effective NO scavenger in [37]. 
Oxigenated-Hb reacts with NO which is rapidly converted into nitrate (figure 16). After 
reacting oxygenated hemoglobin is converted to methemoglobin (met-Hb). This reaction is 
considered to be limited only by the diffusion.  

 
Figure 16.  Oxyhemoglobin activity of scavenging the nitric oxide 

Lundberg shows in [38] that NO can be alternatively produced in hypoxic condition by 
deoxi-hemoglobin from nitrite. Inside erythrocyte Hb can interact with NO in many ways 
depending on its oxygen saturation, as follows: 
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- in oxygenated form, oxi-Hb acts as a scavenger removing NO as nitrate. 
- in deoxygenated form deoxi-Hb acts in two different ways: first it binds NO thus 

functioning as a transporter and second it reduces nitrite to generate NO (figure17) 
Recently several authors suggest in [39-41] that this behavior represents a mechanism 
for NO generation in regions of poor oxygenation where deoxy-Hb predominates  

 
Figure 17. Hemoglobin ”regulates” the NO use/consumption, from [38] 

Two recent theories try to explain the Hb involvement in nitric oxide use/consumption in 
vasorelaxation process in [42]. 

- Stamler and colleagues originally suggested in [43] a role for a thiol (SH) group in Hb as 
a carrier and releaser of NO. According to this theory, the binding (formation of S-
nitrosohemoglobin) and release of NO from Hb are allosterically regulated so that 
NO release occurs when Hb is deoxygenated. 

- Cosby, Crowford et all suggest in [44] that Hb is not a transporter of NO but rather an 
“enzyme” dealing with NO depending oxygen saturation as follows: when Hb is fully 
oxygenated, the primary reaction is oxidation of nitrite into biologically inert and 
supposed “pool” nitrate. As oxygen saturation falls along the vascular tree, Hb 
gradually turns into a "reductase" and starts to reduce nitrite into vasodilator NO 
(figure 18). The maximal nitrite reduction is observed when Hb is approximately 50% 
oxygenated (P50) in [45,46]. Concomitantly, vasodilation is initiated at the P50, ideally 
suited for the regulation of hypoxic vasodilation under varied physiologic and 
pathologic conditions (figure 19). 

 
Figure 18. Hemoglobin behavior depending on oxygen saturation. 

J.O.Lunderg concluded in [42] that: “in just one decade, Hb has gone from being merely a 
NO scavenger to NO carrier and now NO generator”. 
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Figure 19. Hemoglobin uses NO to generate nitrate a supposed “NO2

─/ NO pool” in full oxygenation 
and releases it with maximal activity at P50 oxygen saturation in hypoxia [modified from [38]. 

To summarize: when there is plenty of oxygen, NO is mainly produced by endothelial NOS 
or by erythrocyte own NOS. Thus nitric oxide radical maintains good erythrocytes 
deformability and probably oxy-Hb regulates the amount of NO by trapping its extra 
amount to form S-nitrosohemoglobin. When oxygen is scarce NO is synthesized in low 
amount (as a consequence of low eNOS activity where oxygen is cofactor). In this condition 
NO is saved through binding on deoxyHb which becomes a source of NO in vascular 
circulation, or deoxy-Hb “catalyses” the NO generation from nitrite. Behaving this way 
deoxy-Hb can maintain also red blood cell deformability in hypoxic condition. As a 
consequence hemoglobin may “regulates” membrane deformability along circulating 
branches through the way it uses/produces NO radical. [47] 

In addition two other supplementary mechanisms, endothelial xantinoxidase activity and 
blood pH dictate superoxid radical versus NO generation depending on the blood 
oxygenation/deoxigenation status in [48,49].  

2.2. Homocysteine metabolism 

Homocysteine is a metabolic compound formed in methionine and betaine metabolism. The 
already mention metabolisms require vitamin B12, B6 and folic acid involvement and the 
proper activity of two main enzymes cystathionine β-synthase (CBS) and 
methylenetetrahydrofolate reductase (MTHFR). Every deficiency in vitamins supplies or 
enzymes activity triggers the onset of different disease. Megaloblastic anemia or Biermer 
disease affect primarily the red blood cells. Secondary to the above mentioned illnesses 
hyperhomocysteinemia can also install. 
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Hyperhomocysteinemia is considered to be involved in many diseases from cardiovascular 
to neurological illnesses. It is generally agreed that two general mechanisms cause 
hyperhomocysteinemia: one is low vitamins (B12, B6, folic acid) supplies and second the 
main enzymes deficiencies (cystathionine ß-synthase deficiency and 
methylenetetrahydrofolate reductase deficiency). Hypehomocysteinemia is today 
considered a severe risk factor in vascular illnesses. Many approaches envisage lowering 
homocysteine levels by vitamin B or oral folic acid supplementation but many recent studies 
show that vitamins administration fail to give a real clinical benefit and suggest that B 
vitamins might instead increase some cardiovascular risks in [50,51]. However not all 
patients with cardiovascular events or neurodegenerative diseases are enzymes deficient or 
poor vitamins supplied. The majority of research works report hyperhomocysteinemia 
associated to many diseases but the question what triggers hyperhomocysteinemia is yet to 
answer. An interesting hypothesis suggests that in fact hyperhomocysteinemia is more a 
secondary effect that amplifies in its turn the initial injury [52]. Brattström and Wilcken in 
[52] consider that impaired renal function due to hypertension and atherosclerosis is an 
important cause of the elevated plasma homocysteine found in vascular disease patients. 
The reasons are as follows. Atherogenesis and elevation of blood pressure commonly 
develop silently over many years before the emergence of clinically evident vascular events. 
These processes also lead to nephrosclerosis and a degree of deterioration of renal function, 
and this is highly relevant to the plasma clearance of homocysteine. For these reasons, the 
presence of vascular disease itself may contribute to an elevation in circulating 
homocysteine by leading to a decline in renal function. This means that because of reduced 
renal function, patients with either occult or clinically evident cardiovascular disease may 
have elevated circulating homocysteine concentrations (figure 20). This could also explain 
the relation between plasma homocysteine and the severity of atherosclerosis.  

 
Figure 20. Proposed mechanisms for the causes of hyperhomocysteinemia (taken from [52] ) 
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2.3. Hyperhomocysteinemia a disturbing factor of the endothelial function 

Homocysteine refers to all species that contain and can release homocystein including 
homocystine (the dimer of homocysteine) and mixed cysteine-homocysteine disulfide or 
homocysteine bound on proteins. In fact the major form of homocysteine in circulation, 
around 70% is protein bounded. 

In early data normal levels of homocysteine were admitted to be around 15μM/L. It was 
found that homocysteine slightly increases with age in [53]. Levels of 15-30 μM/L 
corresponds to mild, 30-100 μM/L to moderate and more than 100 μM/L to severe 
hyperhomocysteinemia in [54].  

Nowadays it is considered that concentrations below 9 micro mol/L are an appropriate 
target level for therapy in [55]. 

Nowadays it is generally accepted that homocysteine promotes thrombosis with 
simultaneously vasodilatation inhibition. It is considered that homocysteine triggers its 
effects by three distinct mechanisms which can possibly integrate and are not mutually 
exclusive; oxidative processes, decreasing NO bioavailability and specific protein targeting 
(figure 21).  

 
Figure 21. Homocysteine adverse effects. (+/─ represent activation/inhibition processes) 

Even the precise path was not yet established, it seems that Hcys inhibits some “good” 
factors and activates same “bad” factors that finally influence the processes of thrombosis-
fibrinolysis and constriction–vasorelaxation and which are summarized in (figure 21) [56]. 

Amongst “good” factor can be included: NO, GPx, eNOS, protein C, tissue Plasminogen 
Activator (tPA), annexin II. Amongst “bad” factor can be included: ADMA, O2

 , H2O2 

Homocysteine directly and indirectly influences erythrocytes metabolism. It directly affects 
the erythrocyte antioxidant enzyme systems promoting free radical generation. Indirectly 
Hcy decreases NO bioavailability and modifies the environment where erythrocytes move 
and act. 
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2.3.1. Homocysteine pro-oxidative activity  

Homocysteine is involved in reducing–oxidative processes by reacting either with itself or 
with different compounds. In other words homocysteine can submit auto-oxidative as well 
as oxidative processes. 

Thiols (RSH) can auto-oxidize in the presence of transition metal catalysts and molecular 
oxygen, leading to the formation of reactive oxygen species (ROS). Hcy like all containing 
thiol group undergoes oxidation to disulfide (RS-SR) in O2 presence at normal pH. It was 
found that cooper catalyses Hcy (noted with general formula RSH) auto-oxidation, even in 
low homocysteine concentration, yielding hydrogen peroxide and thus promoting ROS 
generation in both extra and intracellular compartments through reaction proposed by 
Starkebaum in [57]: 

2 Homocysteine (RSH) + O2 → Homocystine (RS-SR) 

Homocystine (RS-SR) + superoxid (O2
) → H2O2 

Hydrogen peroxide generated by the copper catalysed auto-oxidation of homocysteine was 
involved in the mechanism of toxicity by the demonstration of the reduction in endothelial 
damage with the addition of catalase in [58]. 

Homocysteine was proved to generate superoxide radicals which promote vasoconstriction. 
Lang et al. demonstrates in [59] that the inhibitory effect of homocysteine on endothelium-
dependent relaxation is caused by an increase of the intracellular levels of O2

 in the 
endothelial cell and provide a possible mechanism for the endothelial dysfunction 
associated with hyperhomocysteinemia. 

Cysteine is also a thiol circulating aminoacid related to homocysteine and its concentration 
is 20 to 30 times higher than Hcys one. In fact Cys is the main circulatory thiol but there was 
found no correlation of Cys with free radicals generation. Instead a strong association of 
hyperhomocysteinemia with F2-isoprostane was found. F2-isoprostane is an indicator of in 
vivo lipid-peroxidation and its association with Hcy lead to the conclusion that this amino 
acid is involved in free radicals generation in [60] thus pointing Hcy as pro-oxidative agent. 

Hcy involvement in ROS generation was also indirectly proved in connection with 
antioxidant enzyme system modulation SOD and GPx.  

The activity of superoxide dismutase, an important antioxidant enzyme in vascular tissue, 
was measured along with homocysteine in homocystinuric patients and found to be 
positively associated with homocysteine levels. This strong relationship can be regarded as a 
protective antioxidant response to homocysteine-induced oxidative action and as indirect 
evidence that Hcy represents a source of free radicals in [61]. In our study we found an 
increased superoxide dismutase activity in red blood cells lysate in experimental induced 
hyperhocysteinemia in rats. We consider this increased response in enzyme activity as 
evidence for free radicals’ production in [62]. 
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Homocysteine may affect glutathione peroxidase activity, thus altering the 
microenvironment in the propagation of ROS in [63]. Our study on GPx activity, in installed 
hyperhomocysteinemia, was consistent with these reported data. GPx activity in red blood 
cells lysate significantly decreases as a consequence of experimental induced 
hypehocysteinemia in rats. We considered that increased amount of free radicals consume 
the GSH enzyme cofactor which subsequently trigger the enzyme activity decay in [62]. As a 
consequence GPx activity is lowered in hyperhomocysteinemia thus disturbing the 
detoxification process of H2O2 within cell. 

Upchurch in[63] demonstrates that homocysteine reduces mRNA levels of glutathione 
peroxidase, indicating that the expression of this enzyme is inhibited and/or down-
regulated. 

Even it was attributed to different causes such as: a decrease in enzyme activity, a down 
regulation from high homocysteine levels or an inappropriate gene expression of GPx, the 
decrease in GPx activity in Hcys presence is generally reported. 

Homocysteine-induced oxidative stress was proved to be generated within vascular cells in 
[64]. Our data show that in installed hyperhomocysteinemia the intracellular space is more 
affected than the extracellular, circulatory one. We found significant changes in antioxidant 
enzyme systems within erythrocyte (we worked on erythrocyte lysate) as compared with 
total antioxidant capacity (TAC) in plasma in [62]. 

As a conclusion hyperhomocysteinemia by promoting free radical generation affects both 
erythrocytes and endothelial cells as well in [65,66]. 

2.3.2. Homocysteine decreases NO bioavailability 

The second hypothesis considers that Hcy acts to prevent NO bioavailability. This process 
is considered to have, at least partially, the same oxidative basis. In living organisms, 
including in human, endothelial-derived nitric oxide performs the following function: 
regulates vessel tone by promoting vasodilatation, inhibits platelet activation, adhesion and 
aggregation, limits smooth muscle proliferation and modulates endothelial–leukocyte 
interactions in [56]. Homoysteine was proved to limits NO bioavailability thus promoting 
the contrary processes: vasoconstriction, thrombosis and fibrinolysis inhibition. 

There are proposed many patterns for homocysteine impairing NO bioavailability (figure 
22). 

A first process that limits NO bioavailability seems to be more a protecting mechanism 
than a harmful one. Homocysteine reacts with nitric oxide to form S-nitroso-homocysteine, 
which has some of the properties of nitric oxide. It markedly inhibits platelet aggregation, is 
a potent vasodilator and does not support hydrogen peroxide generation. This represents 
much more a protective mechanism against the adverse effects of homocysteine than a 
limiting process in NO bioavailability in [56].  
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However prolonged exposure to high homocysteine concentrations impairs nitric oxide 
production. Thus in hyperhomocysteinemia the limited bioavailability of nitric oxide could 
be due to S-nitrosothiol formation in [67]. 

 
Figure 22. Proposed mechanism through which Hcy inhibits some “good” factors and activates same 
“bad” factors thus influencing thrombosis-fibrinolysis respectively constriction–vasorelaxation 
processes. tPA, ADMA represents tissue plasminogen activator/respectively asymmetrical dimethyl 
arginine. 

A second process that limits NO bioavailability is nitric oxide trapping/degradation by 
other radical species. NO is trapped by superoxide to form peroxinitrite thus being 
inactivated. This mechanism was confirmed by many experimental data in [63, 68]. 

Nitric oxide can be alternatively degraded by hydrogen peroxide as a consequence of GPx 
activity inhibition through Hcy-dependent mechanism. Homocysteine seems to be the only 
amino acid amongst all circulating others capable to inhibit glutathione peroxidase activity 
in vitro. Cysteine is also capable of generating free radicals and is present in serum at 
concentrations four times higher than homocysteine but cysteine doesn’t prove inhibiting 
properties on GPx activity. Experimental data show that Hcy inhibits GPx activity and also 
suppresses the cellular GPx expression thus promoting the increase of hydrogen peroxide 
concentration in [64]. Hydrogen peroxide promotes in its turn free radicals generation and 
peroxinitrite production thus decreasing NO availability. 

A third mechanism that limits NO bioavailability is the decrease in NO synthesis through 
Hcy-dependent asymmetrical dimethylarginine (ADMA) generation. ADMA is produced by 
methylation of specific arginine residues of certain cellular proteins. Most of these proteins 
are found in the nucleus. When the proteins are degraded, ADMA and other isomers are 
released to the extracellular space where especially ADMA acts as potent endogenous 
inhibitors of NOS enzyme in [69]. 
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Methionine loading was proved to induce hyperhomocysteinemia. In methionine loading 
there is S-adenosylmethionine accumulation and as a consequence a high proteins 
methylation. Asymmetrical dimethylarginine (ADMA) the product of degradation from 
methylated proteins competitively inhibits NO-synthetase activity. Elevated ADMA levels 
found in hyperhomocysteinemia are supposed to inhibit NO synthesis thus decreasing the 
NO availability in [70].  

2.3.3. Homocysteine own action  

A third way that homocysteine acts is targeting specific proteins which are located within 
cell, on cell membrane or in the extracellular space.  

Two important intracellular proteins, already mentioned, targeted by Hcy are the 
antioxidant enzyme GPx which activity decreases and SOD which activity increases in 
homocysteine presence (fig22). Hcy alters other intracellular proteins disturbing the redox 
potential of endoplasmic reticulum and Golgi apparatus thus inhibiting the surface 
expression and secretion of proteins in [71,72].  

Hcy targets proteins located on both membrane surface and within cell. Jacobsen considers 
that circulatory oxidized form of Hcy enters the cell were it is converted back to reduced 
Hcy, in reducing environment within cell. Under reduced form Hcy impairs the binding of 
tissue plasminogen activator (tPA), a protein involved in the breakdown of blood clots, to 
annexin II in [71] by forming a disulfide bridge with Cys9 on annexin II. Thus Hcy limits the 
plasminogen conversion to plasmin. This results in a decreased fibrinolysis. The circulating 
reduced Hcy acts in the same manner with annexin II on the membrane from the vascular 
endothelium. Homocysteine was found to be the only circulating thiol that impairs the 
binding of tissue-plasminogen activator. 

The atherogenic factor lipoprotein (a) [Lp (a)] competitively inhibits the binding of 
plasminogen to fibrin. Fibrin is a cofactor for plasminogen activation to plasmin, an 
important enzyme that degrades fibrin clot. Homocysteine was found to interfere in this 
process. Hcy and lipoprotein (a) seems to act in the same direction: homocysteine promotes 
lipoprotein(a) binding to fibrin and lipoprotein(a) competitively inhibits the binding of 
plasminogen to fibrin. The final effect is the decrease of fibrinolysis. The combination of Lp 
(a) plus homocysteine is a possible mechanisms for the occurrence of thrombosis in 
hyperhomocysteinemia in [73]. 

Protein C is an example of circulating proteins whose activity is inhibited by Hcy. The 
protein C enzyme system appears to be one of the most important anticoagulant pathways 
in the blood. Its activation depends on the complex thrombomodulin-trombin. 
Thrombomodulin is an integral membrane protein expressed on the surface of endothelial 
cells where it serves as a receptor for thrombin. The complex thrombomodulin-trombin 
activates protein C thus raising its activity. Homocysteine inhibits the function of 
thrombomodulin. Both thrombomodulin and protein C contain disulfide-rich domains. 
Reduction of these disulfide bonds by homocysteine may disrupt important structures 
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within these domains, resulting in impaired function in [74]. The result is the promotion of 
thrombotic process. 

Hcy acts on both endothelial cells and smooth muscle where it generates contrasting effect. 
On endothelium it promotes injury and impairs DNA repair, in smooth muscle Hcy 
stimulates proliferation in [69]. Md S. Jamaluddin considers that Hcys promotes vascular 
injury through hypomethylation. When Hcys accumulates it uses adenosine, a normal 
constituent of all cells, to form S-adenosyl-homocysteine (SAH) a potent inhibitor of cellular 
methylation. By impairing methylation Hcy arrests cell growth, increases cellular SAH 
concentration in endothelial cells (EC) and decreased DNA synthesis thus decreasing 
cellular repair. This chain of events was not found in vascular smooth muscle cells in [75]. 

Erythrocytes are also affected by homocysteine-induced hypometilation. High 
intracellular SAH impairs the posttranslational methylation of membrane proteins. 
Reduction in membrane protein methylation was particularly observed for erythrocyte 
cytoskeletal component ankyrin, which is known to be involved in membrane stability 
and integrity. Because of hypomethylation, structural damages accumulate in erythrocyte 
membrane proteins, and are not adequately repaired thus affecting membrane physical 
properties. Erythrocyte deformability is a crucial properties for circulatory function in 
[76]. 

As a conclusion the effect of elevated homocysteine appears multifactorial affecting both the 
vascular wall structure and the blood coagulation system as well as erythrocytes 
metabolism in [77]. 

3. The pharmacological influences on the blood cell metabolism –
Antioxidant drugs in cardiovascular risk status and roll of red blood cell 
antioxidant defense capacity 

There are growing evidences on the role of adaptive mechanisms of erythrocyte in 
pathological processes: atherosclerosis, ischemic attack, bacterial infections, etc. All of this 
processes involve as main mechanism oxidative stress. Erythrocytes have an intracellular 
enzyme and non-enzyme defense system. In order to remove reactive species of oxygen, 
superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase act together. 
Glutathione (GSH) participates as a co-substrate for GPx in order to detoxify H2O2 generated 
by SOD enzyme. GSH is a critical tripeptide that oxidizes to glutathione disulphide (GS-SG) 
inactive form after reacting with oxygen radicals. GSH proves to be essential for reactive 
species detoxification as a consequence it is permanently restore in its reduced active form 
by glutathione reductase based on nicotinamide adenine dinucleotide phosphate-oxidase 
(NADPH) from Glucose-6-phosphate dehydrogenase (G6P-DH) catalysed reaction in 
pentose phosphate pathway. When reactive species of oxygen are quickly and intensely 
generated under external or internal stimulus the activity of SOD, GPx and GSH 
concentration are severely changed. 
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When erythrocytes are undergo shear stress in constricted vessels, they release ATP which 
causes the vessel walls to relax and dilate so as to promote normal blood flow [78]. 

Also, when their hemoglobin molecules are deoxygenated, erythrocytes release S-
nitrosothiols which acts to dilate vessels, thus directing more blood to areas of the body 
depleted of oxygen in [35]. 

Using L-arginine as substrate, erythrocytes can also synthesize nitric oxide enzymatically, 
just like endothelial cells. The nitric oxide synthase is activated when the erythrocytes are 
exposure to physiological levels of shear stress, thus, nitric oxide is synthesized, exported 
and it may contribute to the regulation of vascular tonus [79]. 

Another mechanism that involves the erythrocytes in relaxing vessel walls is the production 
of hydrogen sulfide. It works as a signaling gas. It is believed that the cardioprotective 
effects of garlic are due to erythrocytes converting its sulfur compounds into hydrogen 
sulfide. [80] 

The free radicals released by erythrocytes when they are lysed by pathogens break down the 
pathogen's cell wall and cell membrane, and so, they are killing them. This represents the 
involving of erythrocytes in the body's immune response in [81]. 

On the other hand, as response of injury after several stressors, including oxidative stress, 
energy depletion, as well as a wide variety of endogenous mediators and xenobiotics, the 
erythrocytes can initiate the self suicidal death (eryptosis). Eryptosis is characterized by cell 
shrinkage, membrane blebbing, activation of proteases, and phosphatidylserine exposure at 
the outer membrane leaflet. This can make the macrophages to recognized and engulf 
erythrocyte to be degraded. Eryptosis can be considered a mechanism of defective 
erythrocytes to escape hemolysis. Conversely, excessive eryptosis favors the development of 
anemia. Conditions with excessive eryptosis include iron deficiency, lead or mercury 
intoxication, sickle cell anemia, thalassemia, glucose 6- phosphate dehydrogenase 
deficiency, malaria, and infection with hemolysis-forming pathogens. Inhibitors of eryptosis 
include erythropoietin, nitric oxide, catecholamine and high concentrations of urea in [82, 
83] 

The red blood cell SOD activity has been found to be useful in evaluating the biochemical 
index of copper, zinc and manganese nutrition. The largest amount of SOD enzyme is 
found in liver and erythrocytes. There are two forms of SOD in human tissue. One form is 
present in cytosol and it is a protein containing two atoms each of copper and zinc. The 
other form is a much larger molecule containing four atoms of manganese and it is found 
in mitochondria and cytosol. Significant changes in cellular concentration of copper, 
manganese and zinc have the potential of altering the antioxidant activity of SOD. On the 
other hands, the correlation between of copper and zinc plasma level, the oxidase activity 
of ceruloplasmin in serum, and Cu,Zn-SOD activity in erythrocytes can be a way to 
investigate involvement of oxidative stress in pathological conditions, as atherosclerosis 
obliterans [84] 
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Another element involved in the function of necessary enzyme for cellular protection is 
selenium. Selenium functions primarily as an activator of enzymes necessary for cellular 
protection from oxidative damage and maintenance of normal redox potentials. A primary 
role of selenium in erythrocytes appears to be the activation of the enzyme glutathione 
peroxidase whereby glutathione (the critical tripeptide antioxidant/antitoxin for all cells) 
reacts with oxygen radicals. Importantly, selenium catalyzes glutathione reductase, an 
enzyme that maintains the glutathione in its reduced or active form [85]. 

Specify participation of erythrocyte enzymatic system as adaptive mechanism to different 
pathological processes and specify how nutritional deficiencies and oxidative drugs can 
interfere these systems introduces the chapter on pharmacology of erythrocyte antioxidant 
system. 

3.1. Antioxidant drugs in cardiovascular risk status and roll of red blood cell 
antioxidant defense capacity 

3.1.1. Probucol  

Probucol has modest lipid-lowering properties. It was used for the treatment of 
hypercholesterolemia until more tolerable and effective cholesterol-lowering treatments, 
such as the HMG Co-A reductase inhibitors, or "statins," became available. Probucol lowers 
the level of cholesterol in the bloodstream by increasing the rate of LDL catabolism. 
Additionally, probucol may inhibit cholesterol synthesis and delay cholesterol absorption in 
[86]. Another possible mechanism of action of probucol is inhibition of ABCA1-mediated 
cholesterol efflux without influencing scavenger receptor class B type I–mediated efflux 
(ABCA1 = ATP-binding cassette transporter - member 1 of human transporter sub-family 
ABCA, also known as the cholesterol efflux regulatory protein is a protein which in humans 
is encoded by the ABCA1 gene). The inhibition of ABCA1 translocation to the plasma 
membrane may in part explain the reported in vivo high-density lipoprotein–lowering 
action of probucol in [89]. 

Probucol is a powerful antioxidant which inhibits the oxidation of cholesterol in LDLs; this 
slows the formation of foam cells, which contribute to atherosclerotic plaques. 

The major mechanism by which probucol lowers LDL levels relates not to changes in the 
cellular mechanisms for LDL uptake or to changes in LDL production but rather to intrinsic 
changes in the structure and metabolism of the plasma LDL in [87]. It has been postulated 
that the oxidative modification of LDL might contribute to atherogenesis by facilitating lipid 
accumulation in macrophages (foam cells) and by inhibiting macrophage motility. LDL 
resists oxidative modification, however, when probucol is added to in vitro incubations or 
when the LDL itself is isolated from probucol-treated patients in [88]. Under the treatment 
with probucol xanthomatous lesions disappear which that suggest a facilitation of 
cholesterol transferred from tissues to the excretion or catabolic pathways. Compared with 
other hipolipemiants, probucol is a non hepatotoxic drug and induces a decrease of 
lithogenic index of bile. 
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In recent studies was shown that probucol protect against diabetes-associated and 
adriamycin-induced cardiomyopathy by enhancing the endogenous antioxidant system 
including glutathione peroxidase, catalase and superoxide dismutase [90]. 

3.1.2. The HMG Co-A reductase inhibitors, or "statins" 

Specific for hypercholesterolemia status is the high production of free oxygen radicals. 
These can impair the endothelial function because destroying of nitric oxide (NO) and 
secondary affecting its beneficial and protective effects on the vessel wall. Most of the other 
cholesterol-lowering therapies present, also, antioxidant effects. There are two way 
improving antioxidant defence system in hypercolesterolemiant patients: either increasing 
the activities of CuZn-SOD and GSH-Px or preventing the production of the superoxide 
radicals. 

Malone dialdehyde (MDA), more than cholesterol plasma level, is considered a marker of 
patients with increased risk of coronary heart disease, because MDA is a marker of lipid 
peroxidation. In individuals who smoke or who have diabetes are particularly prone to 
oxidative stress that can lead to the formation of oxidized LDL (oxLDL). Oxidatively 
modified LDL is considered to be highly atherogenic and can be considered a biochemical 
risk marker for coronary heart disease. Oxidative modification of LDL increases their ability 
to bind to the extracellular matrix, increasing its retention within the intima and 
accumulation of oxLDL in macrophages, so, it contributes to the formation of an 
atherosclerotic lesion. 

The oxLDL accumulation within macrophages promotes the chemotaxis of monocytes into 
the vessel wall and initiates the various pro-inflammatory effects by different scavenger 
receptor pathways: CD36 class B scavenger receptors from human macrophages (activates 
nuclear factor kB that regulates the expression of many pro-inflammatory genes), class A 
scavenger receptors (modify macrophage activation), lectin-like oxidized LDL receptor - 
LOX-1 (the expression of endothelial cell adhesion molecule). On the other hands, the 
accumulation of inflammatory cells can further increase the levels of oxidative stress. 
Oxidative stress inactivates nitric oxide (NO) and inhibits its synthesis by endothelial nitric 
oxide synthase (eNOS). On this way, the vasoprotectant effect of NO (anti-inflammatory, 
anti-platelets, antioxidant and vasodilator) is affected [92]. 

Statins inhibit 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase the rate-limiting 
enzyme in the mevalonate pathway through which cells synthesizes cholesterol. On this 
way, the "statins" increase the resistance of LDL to oxidation. Statins may also exert effects 
beyond cholesterol lowering. These “pleiotropic” vascular effects of statins are involved in 
restoring or improving endothelial function: by increasing the bioavailability of nitric oxide, 
promoting reendothelialization, reducing oxidative stress, and inhibiting inflammatory 
responses. 

Other effects of statins that explain their involving in preserving normal vascular function 
and blood flow are: inhibition of the uptake and generation of Ox-LDL, decreasing the 
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vascular and endothelial superoxide anion formation by inhibition of NADH oxidases via 
Rho-dependent mechanisms and preserving the relative levels of vitamin E, vitamin C and 
endogenous antioxidants (such as, ubiquinone and glutathione) in LDL particles. All these 
mechanisms explain a dual action of statins on oxidative stress, not only decreasing oxidants 
but also restoring antioxidants [92]. Statins reduce both extracellular LDL oxidation (by 
reducing substrate availability) and intracellular oxidative stress (by cholesterol-
independent effects on NO and, indirectly, by reducing Ox-LDL) [91]. 

Statins themselves may be able to reduce levels of superoxide radicals, an effect that can 
only partially be explained by a reduction in LDL cholesterol. Rosuvastatin has been 
reported to reduce markers of oxidative stress in ApoE (−/−) mice [93] while fluvastatin 
treatment has been shown to decrease superoxide radical generation and to reduce the 
susceptibility of LDL to oxidation in cholesterol-fed rabbits [95, 96]. 

Atorvastatin has been demonstrated to inhibit angiotensin II-induced superoxide formation 
by NADPH oxidase in isolated rat vascular smooth muscle cells [96] and in rats in vivo [97]. 
In addition, statins have been shown to reduce NADPH-dependent superoxide formation 
by a monocyte-derived cell line in culture [98]. 

Another beneficial effect of statins is potentiation the synthesis of tetrahydrobiopterin, 
which may prevent the uncoupling of eNOS and shift the balance away from NOS-
generated superoxide production to the generation of NO [99]. Statins may also be influence 
the endogenous antioxidants other than NO. Atorvastatin has been shown to increase 
paraoxonase activity and reduce the enhanced cellular uptake of oxLDL of monocytes 
differentiating into macrophages [100]. Long-term treatment with HMG-CoA reductase 
inhibitors (statins) appears to upregulate the expression and the activity of the vascular 
endothelial NO synthase (eNOS) pathway and increases nitric oxide availability, resulting in 
not only a downregulation of oxidative enzymes but also a direct scavenging of superoxide 
anion. As oxygen radical production is increased in various clinical settings such as 
hypercholesterolaemia, diabetes and hypertension, this statin-induced eNOS upregulation 
may play a foremost role in the vascular protective effects of these drugs. [119]. Moreover, 
sustained nitroglycerin (NTG) treatment is associated with an increased bioavailability of 
superoxide anion, likely playing a major role in the development of nitrate tolerance. The 
triggering events leading to this redox imbalance remain controversial as several cellular 
enzyme systems have been shown to be impaired by sustained in vivo exposure to NTG, 
including membrane bound oxidases in [121] endothelial NOS in [122] and arginine 
transporters [123]. 

Other effects than hipocholesterolemic of statins was described. Lovastatin or simvastatin 
has been shown to have anti-inflammatory properties. They reduce monocyte adhesion to 
endothelial cells, cytokine expression and MCP-1 production [101-103]. By limiting the 
influx of inflammatory cells statins may reduce the release of superoxide radicals and the 
oxidative modification of LDL. On this way statins increases the resistance of LDL to 
oxidation. Macrophage growth stimulated by oxLDL can also be inhibited by statins [92] 



 
Homocysteine in Red Blood Cells Metabolism – Pharmacological Approaches 57 

3.1.3. Fenofibrate 

Very few data concerning the fibrates are available. In hypercholesterolemic patients, it has 
been shown that bezafibrate is more active than pravastatin in reducing the susceptibility of 
LDL oxidation [104]. Moreover, in diabetics, De Leeuw and Van Gaal have found that 
fenofibrate, but not pravastatin or simvastatin, can reduce the oxidizibility of LDL and of 
VLDL [105]. 

3.1.4. Beta-adrenergic blockers 

Beta adrenergic blocking agents have also been shown to have beneficial effect on 
atherosclerosis. Several mechanisms of action have been suggested including an antioxidant 
action. All β-blockers have in vitro antioxidant activity which appears to be related to their 
degree of lipophilicity. In patients with CHD, Croft and coworkers showed that, while the 
lag time in patients with CHD is not significantly different from controls, in patients with 
CHD who are taking β-blockers, the lag time is higher than that observed in patients who 
are not taking β-blockers in [106]. When LDL are oxidized in vitro by copper or by 
macrophages, carvedilol, the most lipophilic β -blocker appears more potent than pindolol, 
labetolol, atenolol and propranolol and this is confirmed in vivo [107]. 

3.1.5. Angiotensin-converting enzyme (ACE) inhibitors 

ACE inhibitors have been shown to have a beneficial effect in atherosclerosis. They reduce 
the progression of the disease in animals. These beneficial effects of ACE inhibitors have 
been related to an antioxidant activity against LDL oxidation that has been demonstrated. In 
vitro, the lag time was found to be clearly increased by the presence of captopril at 
concentrations close to those that can be achieved therapeutically with large doses. A similar 
effect is observed with N-acetylcysteine which contains like captopril, a sulfhydryl group. 
Quinapril, which lacks the sulfhydryl group, had no antioxidant activity [108]. In vivo, 
Aviram and coworkers have shown that the propensity of LDL to oxidation is increased in 
patients with hypertension and is positively correlated with the blood pressure. Giving 
captopril or enalapril for 3 weeks decreases the oxidizibility of LDL. That suggests that the 
sulfhydryl group, which is absent in enalapril, does not have any influence on the resistance 
of LDL oxidation [109]. Actually, the same group gave data suggesting that the antioxidant 
activity might be related to the decreased production of angiotensin-II (A-II) as A-II appears 
to increase the LDL oxidation by macrophages [110]. 

3.1.6. Calcium channel blocker 

All calcium channel blocker are potent antioxidants in vitro and this property is probably 
related to their interaction with the lipid bilayer of the membranes. Lacidipine has the 
highest degree of interaction with the membrane Lacidipine inhibits the LDL oxidation 
produced by several oxidants. [111]. 
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3.1.7. Metabolic medication - Trimetazidine 

Trimetazidine (TMZ) is the first in a new class of metabolic agents, available for clinical use. 
In conditions of hypoxia or induced ischemia, TMZ maintains homeostasis and cellular 
functions by selectively inhibiting 3-ketoacyl-CoA-thiolase [112]. As a consequence, fatty 
acid b-oxidation is reduced and glucose oxidation is stimulated, resulting in decreased 
cellular acidosis and higher ATP production [113, 114]. In humans, TMZ has been shown to 
increase the ischaemic threshold and to relieve angina pectoris in patients with coronary 
artery disease. These benefits have been observed without any change in heart rate, blood 
pressure, and rate-pressure product at rest, during submaximal and peak exercise in 
[115,116]. There is also demonstration that TMZ has antioxidant properties. During acute 
and chronic ischemia, TMZ reduces the loss of intracellular K+ induced by oxygen free 
radicals and also the membrane content of peroxidated lipids [117]. In vivo, pre-treatment 
with TMZ (40–60 mg per day for 7 days) significantly decreases membrane 
malondialdehyde (MDA) content of red blood cells incubated with superoxide dismutase 
inhibitor diethyldithiocarbamate [118]. In humans, plasma levels of MDA were decreased 
after pre-treatment with TMZ during coronary artery bypass surgery [118]. 

4. Instead of conclusion 

Mechanism of action of homocysteine is far from being elucidated. The big number of 
studies on this subject was gathered a lot of evidences about the role of Hcy as a major 
cardiovascular risk factor. All studied diseases: nephropathies, neurodegenerative 
illnesses, osteoporosis, atherosclerosis seems to be tributary to this homocysteine effect. It 
is widely accepted that involvement of homocysteine in the pathogenesis of these diseases 
activates prooxidative mechanisms. Therefore, the initiation of therapy of drug with 
antioxidant properties in such pathologies is justified. Moreover, there is clinical evidence 
to support this point of view. Thus, although the clinicians question the value of 
trimetazidine in the treatment of myocardial ischemia or degenerative deafness. [124-128] 
there are the clinical trials and basic research that support the benefits of this antioxidant 
metabolic medication. Scientific arguments exist regarding the use of atorvastatin [129, 
130] or nimodipine [131] therapy for antiischemic effects and prevention of vascular 
events. 
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1. Introduction 
In a short span of few years, the possibility that the human body contains cells that can 
repair and regenerate damaged and diseased tissue has become a reality. Adult stem cells 
have been isolated from numerous adult tissues, umbilical cord, and other non-embryonic 
sources, and have demonstrated a surprising ability for transformation into other tissue and 
cell types and for the repair of damaged tissues. 

 
(Image: Hematopoiesis_ (human) _diagram.png by A. Rad) 

Figure 1. Hematopoiesis in Bone Marrow 
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In the 1950s, researchers discovered that the bone marrow contains stem cells i.e. 
hematopoietic stem cells (HSC) with the ability to self-renew and give rise to cell types in the 
blood and immune system (Figure1). Multipotent HSCs reside at the apex of hematopoietic 
hierarchy and they are connected to mature cells by a complex roadmap of progenitor 
intermediates. The HSC differentiate into two different kinds of progenitors viz. Common 
Myeloid Progenitors (CMP) and Common Lymphoid Progenitors (CLP), which further 
differentiate to various blood cells including platelets, granulocytes, lymphocytes and 
macrophages. As a result, bone marrow transplantation became the standard method of care 
for most hematopoietic malignancies whereby the HSCs were able to repopulate bone 
marrow after any kind of hematopoietic failure. A recent review by Doulatov et al [1] 
describes the knowledge gathered over the years on Hematopoiesis.  

Besides HSC, another stem cell population, the mesenchymal stem cells (MSC) was 
identified in the bone marrow about 40 years ago [2]. MSCs comprise of the adherent stem 
cell population with immune-modulatory properties. Besides bone marrow, MSCs can also 
be extracted from virtually all post-natal as well as extra-embryonic tissues such as amniotic 
membrane, placenta and umbilical cord. They can differentiate along multiple lineages and 
exhibit significant expansion capability in vitro. Co-transplantation with MSCs improves 
engraftment of HSCs after autologous intra-bone marrow transplantation [3]. MSCs are also 
considered useful as vehicles for emerging cell and gene therapies in the field of tissue 
engineering [4]. Recently it has been postulated that MSC provide the conducive 
microenvironment for HSCs and thus maintain the stemness and proliferation of HSCs and 
support HSC transplantation [3].  

2. Trans-differentiation of bone marrow stem cells 

Blood is one of the most highly regenerative tissues in our body with almost one trillion 
cells arising daily. Over the last decade several investigators have demonstrated that BM 
stem cells not only contribute to development of blood cells but also to the regeneration of 
various organs and tissues [5, 6]. MSC isolated from various sources can differentiate into 
diverse cell types, showing a unique ability to cross lineage borders (i.e. are able to 
differentiate towards ectoderm-, mesoderm- and endoderm-derived cell types) and do not 
express the major histocompatibility complex (MHC) class II Human Leukocyte Antigen 
(HLA-DR) antigens. This, together with their in vitro proliferative potential and their 
immunoregulatory properties, renders them extremely promising for regenerative medicine 
applications in several diseases [7]. 

These observations were mainly explained by the hypothesis that the BM stem cells are 
‘plastic’ and thus could dedifferentiate into various cell types of non-hematopoietic organs 
and tissues [8]. The possibility that HSC/MSC are plastic and able to trans-differentiate 
raised hope that HSC/MSC isolated from BM, mobilized into the peripheral blood (mPB) or 
cord blood (CB) could become a universal source of stem cells for tissue/ organ repair. This 
was supported by several demonstrations of the remarkable regenerative potential of HSC 
in animal models, for example after heart infarct [5], stroke [9], spinal cord injury [10], and 
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liver damage [11] and of MSC in skeletal regeneration [12], cardiac regeneration [13], 
diabetes [14] and osteogeneis imperfect [15]. The potential of adult stem cells also resulted in 
slow growth of research and funding restrictions on ES cells during President Bush regime 
in USA – based on the argument that destroying embryos to derive human ES cell lines was 
not essential, when better alternatives including adult stem cells are available for 
regenerative medicine (http://en.wikipedia.org/wiki/Stem_cell_controversy). However the 
excitement over plasticity of HSC reduced when their role in repair of damaged organs 
became controversial [16, 17].  

Several alternative mechanisms were proposed to explain the trans-differentiation of bone 
marrow stem cells [18] including (i) epigenetic changes i.e. factors present in the 
environment of damaged organs may induce epigenetic changes in the genes that regulate 
pluripotency of HSCs (ii) cell fusion during which infused HSCs may fuse with cells in 
damaged tissues and form heterokaryons which express markers of both donor and 
recipient cells (iii) paracrine effect i.e. HSCs are source of different trophic and angiopoietic 
factors that may promote tissue/organ repair (iv) microvesicles- dependent transfer of 
molecules like receptors, proteins and mRNA between HSC and damaged cells and (iv) 
presence of pluripotent stem cell population in the bone marrow in addition to HSC & 
MSC that may contribute to regeneration. Presence of other stem cells in the BM may also 
explain the loss of contribution of BM cells to organ regeneration with the use of highly 
purified population of HSC [16]. Of these various possibilities (i) and (ii) are extremely rare 
and most likely the fact that BM houses heterogeneous and perhaps pluripotent stem cells 
may explain transdifferentiation potential of bone marrow. It has been demonstrated that 
there are heterogeneous stem cell populations in adult bone marrow compartment. Under 
appropriate experimental conditions, a certain type of bone marrow stem cells appears to 
differentiate (or transdifferentiate) into a variety of non-haemopoietic cells of ectodermal, 
mesodermal and endodermal origins (such as myocytes, neural cells and hepatocytes) 
[67].Various investigators have reported pluripotent stem cells in the bone marrow by using 
varied approaches to demonstrate their presence and are listed in Table 1. 

The potential relationship of the BM-derived pluripotent stem cells reported by various 
investigators and compiled in Table1 is not clear. It is possible that these are overlapping 
populations of cells identified by slightly different isolation/ expansion strategies and likely 
that all of these versatile BM-derived Oct-4+ non-hematopoietic stem cells, which were 
given different names, are in fact very closely related to the same type of BM-residing 
Pluripotent Stem Cells (PSC). This overlap was elegantly described earlier by Ratajczak and 
his group [25] that various investigators are looking from different "keyholes" at the same 
population of stem cells that are hiding in a "darkroom" of the bone marrow environment. 
They further suggested that a ‘founder cell’ may exist in the bone marrow which is 
responsible for multi-lineage differentiation. Table 2 is a compilation of various markers 
reported on these differently described PSCs in the bone marrow responsible for their 
mobility (CXCR4), pluripotency (Oct-4, Nanog, Rex, Tert), non-hematopoietic lineage 
(CD45), immune status (MHC-1) and their developmental migration similarity to PGCs 
(SSEA1).  
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Stem Cell Functional attributes (in brief) 

MAPCs 
Multipotent 
Adult 
Progenitor 
Cells 

Described first by Verfailles and her group [19] 
Extracted from bone marrow in mouse, rat and human 
Plastic in nature and give rise to multiple cell types 
Single MAPC in early mouse embryo can contribute to all body tissues 
Ability to transdifferentiate 
Do not form teratomas 
SSEA-1+, CD13+, Flk-1low, Thy-1low, CD34–, CD44–, CD45–, CD117(c-kit)–, 
MHC I–, MHC II–m SSEA1+, OCT-4+ 
Can reconstitute bone marrow and also give rise to HSCs 
Many characteristics like ES cells 
MAPCs maintain telomere length  
Pluripotent properties even after 50 doublings 

MIAMI 
Marrow 
Isolated Adult 
Lineage 
Inducible Cells 

Bone marrow derived adult stem cells isolated in humans aged 3- 72 years [20] 
Pluripotent by nature 
Capable of differentiating into cells from all three germ layers 
Positive for OCT-4, REX-1 and telomerase 
>50 population doublings with no sign of senescence 
Express markers typically associated with embryonic stem cells 

RS cells 
Recycling Stem 
Cells 

Are a sub-population of cells present amongst the MSCs [21] 
Small in size 
Proliferate rapidly 
CD45- 

MACS 
Multipotent 
Adult 
Progenitor 
Cells 

Express pluripotent-state-specific transcription factors (OCT-4, Nanog and 
Rex1[22] 
Cloned from human liver, heart, and BM-isolated mononuclear cells  
High telomerase activity  
Wide range of differentiation potential. 

MPCs 
Mesodermal 
Progenitor 
Stem Cells 

Detected in bone marrow and cord blood [23] 
Exist as a sub-population in MSC culture 
Fail to divide in culture thus quiescent 
Multi- to pluripotent by nature 
Express SSEA-4, OCT-4, Nanog by IF and RT-PCR 

VSELs 
Very Small 
Embryonic-like 
Stem Cells 

Homogenous population of rare (~0.01% of BM mononuclear cells) Sca-1+ Lin– 
CD45- cells identified in murine BM [24] 
Express SSEA-1, OCT- 4, Nanog and Rex-1 & Rif-1 telomerase protein  
Small size (~3.5 μm in diameter) 
Large nucleus surrounded by a narrow rim of cytoplasm 
Open-type chromatin (euchromatin)  
Differentiate into three lineages 
Do not form teratoma 
Quiescent population of cells 

Table 1. Pluripotent Stem Cells Reported in the Bone Marrow 
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Characteristics 
Markers 

MAPC MIAMI MACS RS VSEL 

Shape and size 
Form small 
colonies in 
culture 

Form small 
colonies in 
culture 

Small Small Small 

CXCR4 + + + + + 
CD 133 ND ND - - + 
Sca 1 ND ND ND ND + 
CD 45 - - - - - 
OCT-4 + + + ND + 
REX-1 ND + + ND + 
Nanog + + + + + 
TERT + + ND + + 
SSEA 1 + ND ND ND + 
MHC-1 - ND + ND - 
Quiescent by 
nature 

No data 
available 

No data 
available 

No data 
available 

No data 
available 

+ 

Teratoma 
formation 

Do not form 
teratoma 

Do not form 
teratoma 

Do not form 
teratoma 

Do not 
form 
teratoma 

Do not 
form 
teratoma 

ND-experiment not done; + positive; - negative 

Table 2. Compilation of Various Markers on BM Pluripotent Stem Cells 

Besides these pluripotent stem cells, BM also houses Tissue Committed Stem Cells (TCSCs) 
including Epithelial Progenitor Cells (EPCs). Available literature suggests that postnatal 
neovascularization does not rely on formation of new blood vessels from pre-existing ones 
(angiogenesis) rather on EPCs migrating from the BM to induce neovascularization. EPCs 
and HSCs share certain markers like Flk-1, Tic2, Sca-1, and CD34. As a result it has been 
suggested that they both may arise from a common precursor [26].  

Interestingly the trans-differentiation ability of adult BM cells into various TCSCs like 
hepatocytes, cardiomyocytes, vascular endothelial cells, neuronal cells etc. occurs only when 
there is a need i.e. into hepatocytes when damage is inflicted on the liver by radiation or 
chemical damage [27], into cardiomyocytes when myocardial infarction is induced [28], into 
endothelial cells on inducing ischemia [29] and into neural stem cells on inducing stroke 
[30]. In the same manner, the BM stem cells have also been shown to trans-differentiate into 
germ cells when gonadal function is compromised e.g. by treating with busulphan in female 
[31] and male [32] mice. Freshly prepared BM may also exhibit early tissue-specific markers 
but are up-regulated several folds when the function of organ is compromised [33].  

Pluripotent stem cells are expected to be more primitive to TCSCs based on their 
developmental hierarchy (totipotent - pluripotent - multipotent– unipotent stem cells). This 
is also supported by various observations shown below.  
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 Freshly isolated TCSC from the BM express tissue committed markers 
 PSCs in BM acquire these markers after many days in culture 
 TCSCs express c-Kit which is a more differentiated marker not expressed by PSCs. 

Thus we propose following developmental hierarchy of stem cells in bone marrow (Figure:2) 
as opposed to the existing notion that HSC sit at the apex of hematopoietic system [1]. 

 
Figure 2. Developmental hierarchy of stem cells in bone marrow 

The existing controversial literature that HSCs and MSCs can trans-differentiate into various 
lineages can be alternatively explained by the presence of these pluripotent stem cells. These 
PSCs interact closely with the MSCs by a process defined as emperipolesis [34]. The MSCs 
secrete SDF-1(Stromal Derived Factor-1) and other chemo-attractants thereby creating a 
homing environment for these pluripotent stem cells (express CXCR4). Thus isolated BM 
stem cells have always been contaminated with these PSCs which may have resulted in 
trans-differentiation and that HSCs/MSCs (being lineage restricted themselves) possibly do 
not account for the observed plasticity.  

3. Origin & deposition of hematopoietic and non-hematopoietic stem 
cells in bone marrow 

Early embryogenesis is the most active period for the developmental migration/trafficking 
of stem cells. With the beginning of gastrulation and organogenesis, stem cells migrate to 
places where they establish rudiments for new tissues and organs. At certain points, of 
development stem cells colonize tissue specific niches, where they reside as a population of 
self renewing cells supplying new cells that effectively replace senescent ones or those 
undergoing apoptosis. 
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In mammals the first primitive HSC are found in the yolk sac and first definitive HSC a few 
days later in the aorta-gonadmesonephros (AGM) region [35]. From the yolk sac and/or 
AGM region HSC migrate to the fetal liver (FL), which during the second trimester of 
gestation becomes the major mammalian hematopoietic organ. By the end of the second 
trimester of gestation, HSC leave the fetal liver and colonize BM tissue. Signals for the 
translocation of HSC from the fetal liver to BM are provided by the alpha chemokine – SDF-
1 that is secreted by osteoblasts lining the developing marrow cavities, marrow fibroblasts 
and endothelial cells. In response to SDF-1, HSC that expresses, SDF-1 receptor-a seven 
transmembrane-spanning G protein coupled CXCR4 receptor, leave the fetal liver and begin 
to home into BM where they finally establish adult haematopoiesis. 

It is very likely that at this point BM is also colonized by several other nonhematopoietic 
stem cells that may circulate during organogenesis and rapid foetal growth/expansion. In 
support of this stem cells for different tissues express CXCR4 on their surface and follow an 
SDF-1 gradient. Thus the SDF-1-CXCR4 axis alone or in combination with other 
chemoattractants plays a crucial role in the accumulation of non-hematopoietic stem cells in 
developing BM [36, 37]. These cells find a permissive environment to survive in BM, and 
may play an underappreciated role as a reserve pool of stem cells for organ/tissue 
regeneration during postnatal life. 

The presence of these various populations of stem cells in the BM (Table 1) is a result of the 
‘developmental migration’ of stem cells during ontogenesis and the presence of the 
permissive environment that attracts them to the BM tissue. HSC and other non-
hematopoietic stem cells are actively chemoattracted by factors secreted by BM stromal cells 
and osteoblasts (e.g. SDF-1), hepatocyte growth factor (HGF)) and colonize marrow by the 
end of the second and the beginning of the third trimester of gestation [24].  

It is assumed that these non-hematopoietic pluripotent stem cells are deposited in the BM 
during early embryogenesis and subsequently may be mobilized in stressed situations and 
circulate in the peripheral blood. Similarly due to the stress of delivery these cells may also 
be present in cord blood [18]. 

Interestingly various terminologies like MAPCs, MIAMI, RS cells etc. (Table 1) disappeared 
from the literature after initial publications and excitement except VSELs. Ratajczak and 
group have made tremendous contribution to the field of VSELs biology. At present various 
laboratories across the world are providing evidence to support the pluripotent property 
and potential of VSELs isolated from cord blood and bone marrow [38]. Possible reason 
being the method to isolate VSELs by flow cytometry described by Ratajczak and group 
could easily be replicated in various labs across the world.  

4. Very small embryonic like stem cells (VSELs) 

VSELs were identified by Ratajczak and group in 2006 by multi parameter sorting in adult 
murine BM. They express several morphological (e.g., relatively large nuclei containing 
euchromatin) and molecular (e.g. expression of SSEA-1, Oct4, Nanog, Rex1) markers 
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characteristic for embryonic stem cells (ESCs) [33]. The morphology of the cells was 
investigated using transmission electron microscopy which showed their distinctive 
morphology and size differentiating VSELs from HSC in particular in terms of size (3–6 μm vs. 
6–8 μm for HSC), chromatin structure and nucleus/cytoplasm ratio. Based on their small size, 
presence of PSC markers, distinct morphology (open-type chromatin, large nucleus, narrow rim 
of cytoplasm with multiple mitochondria) and ability to differentiate into all three germ layers, 
including mesoderm-derived cardiomyocytes, these cells were named very small embryonic-
like stem cells. The true expression of Oct-4 and Nanog in BM-derived VSELs (BM-VSELs) was 
recently confirmed by demonstrating transcriptionally active chromatin structures of Oct4 and 
Nanog promoters. A mechanism based on parent-of-origin-specific reprogramming of genomic 
imprinting that keeps VSELs quiescent in a dormant state in tissues has been described. VSELs 
highly express Gbx2, Fgf5, and Nodal, but express less Rex1/Zfp42 transcript as compared to 
ESC-D3s what suggests that VSELs are more differentiated than ICM-derived ESCs and share 
several markers with more differentiated EpiSCs. VSELs also highly express Dppa2, Dppa4, 
and Mvh, which characterize late migratory PGCs. The expression of germ line markers (Oct4 
and SSEA-1) and modulation of somatic imprints suggest a potential developmental similarity 
between VSELs and germ line-derived primordial germ cells (PGCs) [39, 40].  

Developmental Origin of VSELs: VSELs are epiblast-derived PSCs deposited early during 
embryonic development in developing organs as a potential reserve pool of precursors for 
TCSCs and thus this population has an important role in tissue rejuvenation and 
regeneration. VSELs originate from or are closely related to a population of proximal 
epiblast migratory Stem Cells (EpiSCs) that approximately at embryonic day (E)7.25 in mice, 
become specified to PGCs, and egress from the epiblast into extra-embryonic tissues (extra-
embryonic mesoderm) [41]. VSELs follow developmental route of HSCs colonizing together 
with HSCs first fetal liver and subsequently BM [37]. 

Thus PGCs, HSCs, and VSELs form all together a unique highly migratory population of 
interrelated Stem Cells (SCs) that could be envisioned to be a kind of ‘‘fourth highly 
migratory germ layer.’’ [37] 

Self-renewal and in vitro differentiation of VSELs: VSELs exist in various mouse organs [42], 
have been well-characterized and are capable of differentiating into all three lineages, 
supporting their true pluripotent character. Murine VSELs form embryoid body-like 
structures in co-cultures over C2C12 supportive cell line [24] and could become specified 
into HSCs after co-culture over OP-9 stroma cells. VSELs-derived HSCs harvested from 
these co-cultures reconstitute murine bone marrow after total body irradiation [43]. The 
Umbilical Cord Blood (UCB)-purified VSELs have also been reported to differentiate into 
neural cells [44] and after co-culture over OP-9 stroma cells were specified into HSCs similar 
to murine BM-derived VSELs [45]. Apart from umbilical cord blood and bone marrow, 
VSELs have also been reported in Wharton’s jelly and gonadal tissue [46- 51]. Their presence 
amongst the MSCs in the Wharton’s jelly is in agreement with observations made by other 
groups that MSCs contain a sub-population of more primitive stem cells [52] or even as 
postulated by Taichman and group [53] that VSELs are precursors of MSCs. Various studies 
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have also reported that VSELs are mobilized into peripheral blood in response to injury/ 
stress in animal models [27,54-56] as well as in humans [28-30,57] – thus suggesting a role in 
regeneration and homeostasis.  

5. Our studies on VSELs in cord blood and bone marrow 

We studied the VSELs in UCB and discarded fraction of BM [46]. Usually the ‘buffy coat’ 
obtained after Ficoll-Hypaque centrifugation is considered to be rich in stem cells and used 
for various studies over several decades. However, we reported that VSELs settle along 
with the RBCs rather than getting enriched in the ‘buffy coat (Figure:3). Similarly we 
found that the ‘discarded’ RBC pellet obtained during initial processing of bone marrow 
was also rich in VSELs. These results were explained on the basis of buoyancy. The adult 
stem cells have abundant cytoplasm, are relatively larger and thus observed in the buffy 
layer whereas the VSELs are the pluripotent stem cells, with high nucleo-cytoplasmic 
ratio, minimal cytoplasm and thus sink to the bottom of the tube along with the RBCs. 
These VSELs exhibited various pluripotent markers, like CD45-, CD133+ SSEA-4+. They also 
exhibit other primordial germ cell markers like Stella and Fragillis, thus supporting their 
origin from the epiblast stage embryo at the same time when PGCs migrate via the dorsal 
mesentry to the gonadal ridges to become a source of germ cells.  

 
Figure 3. Isolation and characterization of VSELs from Cord Blood: A-Separation of cord blood into 
four layers on Ficoll-Hypaque; B-Description of cells observed in each layer separated; C-
Immunolocalization studies on MNC (A) and VSEL (B) using polyclonal Oct-4 (40X); D-Markers 
characterized on VSELs using Quantitative PCR and immunofluorescence 

These studies have several implications e.g. the stem cell biologists should ask themselves 
what is getting banked in the cord blood banks. VSELs unknowingly get discarded and only 
adult stem cells (and progenitors) including HSCs and MSCs get banked. Similarly autologus 
stem cell therapy for various indications other than blood related diseases have resulted in 
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minimal improvement. This may be explained since fate restricted progenitors HSC and MSC 
may have limited trans-differentiation ability. The pluripotent VSELs have maximum 
‘plasticity’ and regenerative potential but are getting discarded unknowingly. This raises a 
valid question on the success of BM transplantation to treat blood related diseases. This 
success could be accounted for by the differentiation ability of progenitor cells into blood cells. 

While doing immunolocalization studies to detect OCT-4 positive cells, we found the VSELs 
express nuclear OCT-4 whereas a slightly bigger cell in the ‘buffy coat’ collected from both 
the cord blood and bone marrow exhibited cytoplasmic OCT-4 (Figure:4). These are possibly 
the most immediate progenitors ‘descendants’ from VSELs. We also conducted 
immunolocalization studies on umbilical cord tissue in the region of Wharton’s jelly which 
is rich in MSCs. Results show that the MSCs had cytoplasmic OCT-4 like HSCs and that 
there was a distinct subpopulation of small cells with nuclear OCT-4 and were the VSELs, 
based on their size (Figure:4). On a similar note, when we did immunolocalization of mouse 
bone marrow stem cells, we observed that the MSCs with typical fibroblast like morphology 
have cytoplasmic OCT-4 along with VSELs with nuclear OCT-4. The MSCs showed a very 
heterogeneous staining pattern. Only a sub population of MSCs were positive whereas other 
MSCs totally lacked cytoplasmic OCT-4. This possibly shows different differentiation state 
since as the cell gets more committed, cytoplasmic OCT-4 is no longer required. 

 
Figure 4. Immunolocalization of Oct-4 in umbillical cord tissue 

Thus we concluded that the bone marrow compartment comprises of pluripotent VSELs and 
their immediate descendants like HSCs and MSCs. Also that the most primitive stem cell in 
the bone marrow is a pluripotent VSEL as shown in Figure 2. Being the most primitive stem 
cell in the BM, we hypothesize that VSEL will show best engraftment post transplantation 
and also will be best vehicle for gene therapy.  

VSELs possibly undergo asymmetric cell division to self- renew and give rise to progenitors 
which further expand and differentiate to committed cell types. VSELs remain relatively 
quiescent throughout life, maintain long telomeres and are possibly the normal body stem 
cells which give rise to cancer stem cells (CSC) under certain unfavourable conditions. We 
propose that this transformation of a VSEL into CSC occurs due unidentified changes in the 
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microenvironment. Recently it has also been reported that VSELs resist radiotherapy (because 
of their quiescent nature) that destroys all actively dividing stem cell population in the bone 
marrow [43]. The somatic microenvironment is also compromised by the radiotherapy. Thus 
although the VSELs persist, they are unable to reconstitute the bone marrow. 

Existence of two stem cell populations in various adult body tissues is an interesting concept 
put forth by Li and Clevers [58]. They proposed that both quiescent (out of cell cycle and in 
a lower metabolic state) and active (in cell cycle and not able to retain DNA labels) stem cell 
subpopulations may coexist in several tissues like gut epithelium, hair follicle, bone marrow 
etc. We have generated data to show that similar two distinct populations of stem cells exist 
in mammalian gonads also. Interestingly similar stem cell biology persists in the mammalian 
gonads irrespective of sex and is possibly an evolutionarily conserved phenomenon as we 
have reported the same in mice, rabbits, sheep, monkey and humans [48, 50]. 

6. VSELs in mammalian testis 

We have reported for the first time the presence of a distinct population of VSELs with 
nuclear OCT-4 in adult mouse [48] and human [47] testis, located towards the basement 
membrane of the seminiferous tubules. Besides, we also detected a progenitor stem cell 
population with cytoplasmic OCT-4, which was slightly bigger and had abundant 
cytoplasm. These cells showed extensive proliferation with cytoplasmic bridges as cords. As 
these cells differentiated further, the cytoplasmic OCT-4 was gradually lost. Interestingly the 
VSELs were found resistant to busulphan treatment which otherwise destroyed the dividing 
progenitors, haploid cells and damaged the somatic niche. Thus, it is evident that like the 
earlier report on bone marrow VSELs, gonadal VSELs are also resistant to oncotherapy. 
VSELs possibly undergo asymmetric cell division to give rise to progenitors, which undergo 
clonal expansion and may further differentiate into sperm (Figure:5) 

7. VSELs in mammalian ovary 

A gentle scraping of the adult ovary surface (mouse, rabbit, sheep, monkey and human) 
with a sterile blade releases stem cells in a Petri dish [50]. On H & E staining, two distinct 
stem cell populations can be easily detected based on their size and differential OCT-4 
staining pattern. The smaller stem cell population are smaller than the RBCs and exhibit 
nuclear OCT-4 whereas the slightly bigger population exhibits cytoplasmic OCT-4. Like 
cords in the testis, in the ovary we observed the presence of germ cell nests with cytoplasmic 
continuity representing extensive proliferation of progenitor stem cells. These stem cells 
were present in peri- menopausal human ovary and also persisted in mouse ovary after 
busulphan treatment. Like in the testis, the functionality of ovarian stem cells is also affected 
by a compromised niche. 

Three weeks culture of peri-menopausal ovarian stem cells produces oocyte-like structures, 
embryo-like structures in vitro [50]. Thus the stem cells retain their functionality but are 
unable to differentiate because of a non-supportive niche.  
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Figure 5. Revised scheme for premeiotic development of germ cells in adult human testis 

8. Significance of somatic microenvironment ‘Niche’ on VSELs 
functionality 
A relatively quiescent VSEL and actively dividing progenitor model that possibly exists in 
ovary, testis, bone marrow, cord blood and Wharton’s jelly ensures that the ‘master stem 
cell’ undergoes very few rounds of DNA replication to prevent its genome from age-related 
changes and acquisition of errors during DNA replication. 

Table 3 highlights the importance of the somatic niche in controlling the stem cell fate. It is 
the same VSEL that exists in different body organs but the niche dictates its fate [46]. 
 

Sr.no Tissue VSEL with 
nuclear Oct-4 

Progenitor stem cells with cytoplasmic Oct-4 
(tissue-specific progenitor stem cells) 

1 Testis   Adark spermatogonia stem cells SSCs (Adark) 
2 Ovary  Ovarian germ stem cells (OGSCs) 
3 Bone marrow,  

Umbilical cord 
blood and tissue  

 Hematopoietic stem cells (HSC) 
Mesenchymal stem cells (MSC) 
 

Table 3. Details of Very Small Embryonic-Like Stem Cell–Derived Progenitors in Adult Human Tissues 

The possible reason why extensive plasticity of VSELs is evident in bone marrow and cord 
blood (so many different kind of TCSCs have been described) in contrast to testis or ovary 
may be because the bone marrow niche is more permissive as compared to a ‘gonadal’ niche 
which is more specialized and thus restricted in nature. 
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9. VSELs and cancer 

Several years of cancer research suggests that cancers begin with genetic changes that occur 
over a period of 15 to 20 years and in few cases a link to chronic inflammation has been 
proposed e.g. in case of ovarian cancers, Barrett’s esophagus etc. However, emerging literature 
suggests that quiescent VSELs distributed in various organs may be a cellular origin of cancer 
development. In 1855 Virchow proposed the embryonal rest hypothesis of tumor formation, 
based on histological similarities between tumors and embryonic tissues. This theory was later 
expanded by other pathologist including Julius Conheim, who suggested that tumors develop 
from residual embryonic remnants lost during developmental organogenesis [59] 

Recently identified VSELs in various adult body tissues display morphology and markers 
characteristics as the pluripotent embryonic stem cells. These cells could support Virchow’s 
concept of an embryonic origin of cancer. Possibly the somatic niche, which keeps the VSELs 
in a quiescent stage under normal circumstances, undergoes some changes which push the 
quiescent VSELs to an actively dividing state i.e. the tumor.  

Wang et al [60] recently reported that persisting embryonic cells in adult mice and humans at 
the squamo-columnar junction are possibly the source of Barrett's metaplasia and that it does 
not arise from mutant cells. They proposed that certain precancerous lesions, such as 
Barrett's, initiate not from genetic alterations but from competitive interactions between cell 
lineages driven by opportunity. Similarly, almost 90% of ovarian cancers arise from the ovary 
surface epithelium which is also the niche for ovarian stem cells. It is being proposed that 
ovarian niche gets compromised with age leading to menopause [61, 62] and also to cancer. It 
is essential to dissect out age related changes which lead to menopause and how they differ 
from those which lead to cancer. OCT-4, characteristic marker of VSELs is also a very good 
marker with high sensitivity and specificity for testicular germ cell tumors as well [63]. 

Cancer stem cells and VSELs with embryonic characteristics have a lot of similarities in 
terms of markers, telomere length, and resistance to radiotherapy; thus it may be proposed 
that VSELs transform into CSCs when certain not so well understood changes occur in the 
microenvironment. It is possible that inflammation may alter the niche where the VSELs 
reside. It is highly unlikely that a somatic cell which is relatively senescent and has short 
telomeres will dedifferentiate and acquire long telomeres to transform into a cancer stem 
cell. Keeping this in mind, because of a defect in stem cell in the bone marrow due to an 
altered niche – defective stem cell divisions occur and differentiation of such altered cells 
results in appearance of chromosomal defects in mononuclear cells picked by standard 
cytogenetic studies.  

Identification of VSELs in adult tissues also opens new areas of investigation to elucidate 
how these cells contribute to the development of poorly differentiated tumors. Studying the 
biology of normal stem cells may help us to better understand the biology of cancer, and 
explain its resistance to radio-chemotherapy, ability to an unlimited proliferation and 
establishment of distant metastases.  
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10. Conclusions 

The field of BMT also stands to greatly benefit once VSELs potential are realized. A review 
article by Takizawa et al [64] makes an interesting reading and that despite advances in the 
field, timely availability of HLA matched BM is still problematic for patients including those 
who require multiple transplantations. In this context, in vitro expansion of HSC is crucial 
but not yet achieved. It is still hoped that a single HSC may suffice to induce long-term 
multilineage engraftment. Notta et al [65] reported the possibility of CD49f as a specific 
marker to isolate HSC. In the chapter we are proposing that VSELs possibly give rise to HSC 
and may be better cell source to induce engraftment. Using cell surface markers to identify 
cell types always has associated issues since surface phenotype of a cell can change 
depending on the activation status of the precursor cells. Danova-Alt et al [66] recently 
concluded that UCB VSELs neither have embryonic nor adult stem cell-like phenotype, are 
not equivalent to mouse VSELs, have aneuploid karyotype and should not be regarded as a 
stem cell population. However, they have studied Lin-/CD45-/CD34+ cells and not Lin-
/CD45-/CD133+ cells, which are the VSELs as described by Ratacjzak and group [38]. Further 
it remains to be confirmed whether the aneuploidies they report are a technical artefact, 
since no cell lineage is expected to be aneuploid.  

VSELs could potentially be a real therapeutic alternative to the use of human ES cells since 
they do not form teratomas, are relatively quiescent and can be isolated from an autologous 
source. The fact that VSELs may differentiate in vitro into cells from all three germ layers 
makes these cells potential candidates in regenerative medicine. Finally, the mechanism by 
which VSELs could contribute to development of some malignancies could shed more light 
on origin of tumours. In conclusion it is of vital importance to evaluate if VSELs could be 
efficiently employed in the clinic. The work on VSELs is on the verge of development and in 
coming years will bring more answers to the potential of these cells. 

11. Key points of the Chapter 

 The trans-differentiation potential of the HSC or MSC from bone marrow is 
controversial and can be alternatively explained by the presence of pluripotent stem 
cells in the bone marrow. 

 MAPC, MIAMI, VSELs, RS are possibly the same pluripotent stem cells, described 
differently by various investigators. All of these terminologies have disappeared over 
time in published literature except VSELs that are being widely studied by various 
groups across the world. 

 VSELs are epiblast derived stem cells expressing pluripotent markers with high nucleo-
cytoplasmic ratio and transcriptionally active chromatin. They have been isolated from 
various murine organs as well as from human organs including gonadal tissues, cord 
blood, bone marrow and Wharton’s jelly. 

 VSELs (with nuclear OCT-4) possibly are the most primitive cell type in BM and 
umbilical cord and give rise to HSC and MSC (with cytoplasmic OCT-4).  
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 The quiescent nature of VSEL prevent it from tumor formation in vivo but an altered 
somatic niche may lead to transformation of VSEL to cancer stem cell – resulting in 
cancer. 
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1. Introduction 

C- reactive protein (CRP) was so named because it was first discovered as a substance in the 
serum of patients with acute inflammation that reacted with the C- (capsular) 
polysaccharide of pneumococcus [1]. 

Discovered by Tillett and Francis in 1930[2], it was initially thought that CRP might be a 
pathogenic secretion as it was elevated in people with a variety of illnesses including cancer 
[3], however, the discovery of hepatic synthesis demonstrated that it is a native protein 
[4][5][6][7]. 

CRP is phylogenetically a highly conserved plasma protein, with homolog in vertebrates 
and many invertebrates that participates in the systemic response to inflammation. Its 
plasma concentration increases during inflammatory states, a character that has long been 
employed for clinical purposes. CRP is a pattern recognition molecule, binding to specific 
molecular configurations that are typically exposed during cell death or found on the 
surfaces of pathogens. Its rapid increase in synthesis within hours after tissue injury or 
infection suggests that it contributes to host defense and that it is part of the innate immune 
response [8]. 

2. Molecular structure of CRP 

Entrez Gene summary for CRP the protein encoded by this gene belongs to the pentaxin 
family. It is involved in several host defense related functions based on its ability to 
recognize foreign pathogens and damaged cells of the host and to initiate their elimination 
by interacting with humoral and cellular effector systems in the blood. Consequently, the 
level of this protein in plasma increases greatly during acute phase response to tissue injury, 
infection, or other inflammatory stimuli[12]. It is induced by IL1/interleukin-1 and 
IL6//interleukin-6 
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UniProtKB/Swiss-Prot: CRP_HUMAN, P02741  
Size: 224 amino acids; 25039 Da  
Cofactor: Binds 2 calcium ions per subunit  
Subunit: Homopentamer. Pentaxin (or pentraxin) have a discoid arrangement of 5 non-
covalently bound subunits  
Subcellular location: Secreted  
Mass spectrometry: Mass=23028; Method=MALDI; Range=19-224; Source=Ref.15;  
Mass spectrometry: Mass=22930; Method=MALDI; Range=19-223; Source=Ref.15;  

Function: Displays several functions associated with host defense it promotes agglutination, 
bacterial capsular swelling, phagocytosis (CRP initiates the activation of the complement 
cascade and binds Fc gamma RI (CD64) and Fc gamma RIIA (CD32a) on phagocytes to 
activate phagocytic responses) and complement fixation through its calcium-dependent 
binding to phosphorylcholine. It can interact with DNA and histones and may scavenge 
nuclear material released from damaged circulating cells [13]. 

The CRP Entrez gene cytogenetic band located on the first chromosome: 1q21-q23  

Ensemble cytogenetic band: 1q23.2  
HGNC cytogenetic band: 1q21-q23. 

CRP is a 224-residue protein with a monomer molar mass of 25106 Da. The protein is an 
annular pentameric disc in shape [14][15].  

 
Figure 1. Pentameric structure of CRP viewed down the 5-fold symmetry axis. The effector face of the 
molecule is on the top, while the calcium- and PCh-binding sites are on the opposite ‘recognition’ face [1] 
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3. Methodology and clinical applications 
CRP is used mainly as a marker of inflammation. Apart from liver failure, there are few 
known factors that interfere with CRP production 

Measuring and charting CRP values can prove useful in determining disease progress or the 
effectiveness of treatments. 

Blood, usually collected in a serum-separating tube, is analyzed in a medical laboratory or at 
the point of care. Various analytical methods are available for CRP determination, such as 
ELISA (Enzyme-linked immunosorbent assay ELISA can perform other forms of ligand 
binding assays instead of strictly "immuno" assays, though the name carried the original 
"immuno" because of the common use and history of development of this method. The 
technique essentially requires any ligating reagent that can be immobilized on the solid 
phase along with a detection reagent that will bind specifically and use an enzyme to 
generate a signal that can be properly quantified. In between the washes only the ligand and 
its specific binding counterparts remain specifically bound or "immunosorbed" by antigen-
antibody interactions to the solid phase, while the nonspecific or unbound components are 
washed away. Unlike other spectrophotometric wet lab assay formats where the same 
reaction well (e.g. a cuvette) can be reused after washing, the ELISA plates have the reaction 
products immunosorbed on the solid phase which is part of the plate and thus are not easily 
reusable)[19], immunoturbidimetry (Immunoturbidimetric Method This reagent is intended 
for the in vitro quantitative determination of CRP concentration in serum or plasma on 
automated clinical chemistry analyzers)[20], rapid immunodiffusion(is a diagnostic test 
which involves diffusion through a substance such as agar.Two commonly known forms are 
Ouchterlony double immunodiffusion and radial immunodiffusion) [21], and visual 
agglutination [22][23] (quantitative slide method and semi quantitative diluted method)  

There are two different tests for CRP. The standard test measures a much wider range of 
CRP levels but is less sensitive in the lower ranges. The high-sensitivity CRP (hs-CRP) test 
can more accurately detect lower concentrations of the protein (it is more sensitive), which 
makes it more useful than the CRP test in predicting a healthy person's risk for 
cardiovascular disease [24]. 

(hs-CRP) test measures using laser nephelometry. The test gives results in 25 minutes with 
sensitivity down to 0.04 mg/L [26]. hs-CRP usually is ordered as one of several tests in a 
cardiovascular risk profile, often along with tests for cholesterol and triglycerides. Some 
experts say that the best way to predict risk is to combine a good marker for inflammation, 
like hs-CRP, along with the lipid profile [27]. 

CRP is one of several proteins that are often referred to as acute phase reactants and is used 
to monitor changes in inflammation associated with many infectious and autoimmune 
diseases [28]. 

We should be healthy at the time of the sample collection, without any recent illnesses, 
infections, inflammation, or other tissue injuries. Since the hs-CRP and CRP tests measure 
the same molecule, people with chronic inflammation, such as those with arthritis, should 
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not have hs-CRP levels measured. Their CRP levels will be very high due to the arthritis 
often too high to be measured or meaningful using the hs-CRP test [29]. 

Normal concentration in healthy human serum is usually lower than 4.9 mg/L, slightly 
increasing with aging. Higher levels are found in late pregnant women, active 
inflammation, bacterial infection, severe bacterial infections, tissue injury (postoperation), 
trauma and burns.  

CRP is a more sensitive and accurate reflection of the acute phase response than the ESR[30] 
another blood test often ordered in conjunction with CRP (erythrocyte sedimentation rate or 
sed rate known as ESR) both CRP and ESR give similar information about non-specific 
inflammation. 

CRP appears and disappears more quickly than changes in ESR. Therefore, your CRP level 
may drop to normal following successful treatment [31] , whereas ESR may remain elevated 
for a longer period. 

The half-life of CRP is constant. Therefore, CRP level is mainly determined by the rate of 
production (and hence the severity of the precipitating cause). In the first 24 h, ESR may be 
normal and CRP elevated [32]. CRP and ESR have been used to diagnose postoperative 
infections after spinal surgery. We did a prospective study in Baghdad [33]. The aim of the 
study was to determine the duration of the physiological rise in the serum CRP without the 
development of infection following lumbar laminectomy. Forty patients (19 women, 21 
men) mean age 44.2, age range 27-60 yrs were included in the study. 

All patients underwent laminectomy. Additional clinical data relevant to the study included 
body temperature, duration of surgery & blood transfusion.  

The indication of surgery established several days to weeks before the surgical procedure. 
Pathologic findings included: 

27 lumber spinal canal stenosis 
2 reoperation for stenosis 
1 spinal canal hydrated cyst 
10 lumber disc herneation. 

Preoperatively, a single – shot antibiotic prophylaxis with cefotaxime 1 gram was give to 
all cases. All patients were operated under general anesthesia. Duration of surgery varied 
from 60-180 min. (average 80.5 min.). Before surgery no patient received steroids. Blood 
samples were taken on the day of surgery and on each consecutive day after surgery for10 
days. 

The parameters taken were CRP, ESR, Total white blood cell count. On 1st post operative 
day the CRP started to increase in 34 patients (range 12- 96, average 27). In the 2nd and 
3rd post operative day all the patients had high CRP with an average of 39 &38 
respectively. This increase was highly significant (P<0.001). A dramatic decline in the CRP 
level was noticed to start in the 5th post operative day (average 27), then gradual 
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reduction was noticed until a normal ranges at day 9th post operatively (average 4.8) as 
shown in figure -2. 
 

 
Figure 2. The CRP level of all patients from day one which is here is the operation day to day 11, the 
average values plotted together [34] 

Increased CRP values during the first 5 post-operative days did not indicate that an 
infection is ongoing. An infection should be considered with prolonged CRP elevation 
(more than 5 days) as noticed is one of our patients or when a second rise occurs. Although 
we did not use steroids or non steroidal anti inflammatory drugs post operatively, but these 
medications seems to effect on the level of CRP. Munoz m. et al [35] revealed that pre-
operative treatment with naproxane and famotidine was well tolerated and reduced the acute 
phase response after instrumented spinal surgery. In this study we could not find any 
correlation of the raised CRP level they age , sex , ESR , WBC count , body temperature 
duration of surgery blood transfusion[36] with exception of Orrego LM et al[37] who noticed 
that more complex surgical procedure had higher CRP level and explained due to the 
amount of tissue trauma. Sugimorik et al [38] showed no correlation between the high CRP 
concentration and the level, type of lumbar disc herneation or the preoperative clinical data. 
Thelander et al [39] noticed that peak levels were not related to bleeding, transfusion, 
operation time, administered drugs, age or sex However, it has not been demonstrated if 
resolution of the signs and symptoms of postoperative spinal wound infections in patients 
who are being treated with intravenous antibiotics correlates with these markers. CRP is a 
sensitive marker of pneumonia. A persistently high or rising CRP level suggests antibiotic 
treatment failure or the development of an infective complication. These results suggest that 
CRP, rather than TNF-α or IL-6, may have a role as a clinical marker in pneumonia [40]. 
Most recently CRP has made headlines as it relates to heart disease an association between 
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minor CRP elevation and future major cardiovascular events has been recognized, leading 
to the recommendation by the Centers for Disease Control and the American Heart 
Association that patients at intermediate risk of coronary heart disease might benefit from 
measurement of CRP. It is yet to be determined if CRP serves as a marker of heart disease or 
whether it plays apart in causing atherosclerotic disease (hardening the arteries)[41]. CRP 
has been shown to have a close relationship with vascular diseases. CRP is a powerful 
independent risk factor for atherosclerosis and atherosclerosis-related diseases (Lusic et al., 
2006 [42]; Verma et al., 2006)[43]. Elevated high-sensitivity CRP (hsCRP) has been measured 
in the blood of patients with essential hypertension (Li et al., 2005) [44] or abdominal aortic 
aneurysms (Vainas et al., 2003 [45]; Tambyraja et al., 2007 [46]) with enhanced systemic or 
local arterial strain. Elevated serum hsCRP independently correlates with blood pressure 
(Sung et al., 2003)[47], arterial stiffness (Kim et al., 2007) [48], and aneurysmal size (Vainas et 
al., 2003) [49]. Although several investigations have demonstrated that aneurysmal tissues 
and diseased coronary artery venous bypass grafts (Jabs et al., 2003)[50] produce CRP, little 
is known about its mechanism. Blood vessels are dynamically subjected to mechanical strain 
in the forms of stretch and shear stress that result from blood pressure and blood flow. 
Mechanical strain on the vessel wall can increase from 15 to 30% in hypertensive individuals 
(Safar et al., 1981[51]; Shaw and Xu, 2003)[52][53].  

CRP testing is not precise enough to diagnose specific diseases but serves more as a general 
indicator that more testing may be needed if inflammation or infection is found. The CRP 
test is therefore useful in assessing patients with the following list[54]: 

 Swelling and bleeding of the intestines (inflammatory bowel disease).  
 Painful swelling of the tissues that line the joints (rheumatoid arthritis). 
 Diseases of the immune system, such as lupus. 
 Pelvic inflammatory disease (PID) 
 Painful swelling of the blood vessels in the head and neck (giant cell arteritis). 
 Cancer of the lymph nodes (lymphoma). 
 Infection of a bone (osteomyelitis). 
 Connective tissue disease 
 Heart attack 
 Infections 
 Pneumococcal pneumonia 
 Rheumatic fever 
 Tuberculosis  

4. Factors that effects on high levels of CRP 

Many doctors will prescribe taking non steroidal anti-inflammatory drugs ((NSAIDs like 
aspirin, ibuprofen, and naproxen) or statins may reduce CRP levels in blood. Both anti-
inflammatory drugs and statins may help to reduce the inflammation, thus reducing CRP. 
However, there are natural treatments that can help reduce inflammation in the blood. 
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Following are some of the natural treatments for lowering C - reactive protein levels and 
inflammation in the blood:  

Fish Oil Omega 3 Fatty Acids Doctors and nutritionists have recommended Omega 3's for 
years, and recently fish oil has been the most recommended source for Omega 3 Fatty 
Acids. Fish oil contains two of the most therapeutic Omega 3 Fatty Acids the DHA and 
EPA. These two fatty acids are the most readily absorbed by the body (much more so than 
the ALA found in flax seed oil), and can help reduce inflammation in the blood among 
other benefits. 

Ginger - Ginger root extract has long been used in Asian cooking, and has been used for 
centuries as a digestive aid and motion sickness cure, and more recently to lower 
cholesterol. Ginger can also help reduce inflammation, as it relaxes the muscles surrounding 
blood vessels and facilitates blood flow throughout the body.  

MSM - Methyl Sulfonyl Methane, commonly known as MSM, is a naturally occurring sulfur 
compound found in some vegetables. MSM is found in many arthritis formulas, and has 
strong anti-inflammatory properties.  

These three nutrients may help reduce CRP levels in your blood. All three are important for 
maintaining heart health as well as general health and wellbeing [55]. 

There was a study found a significant effect of treatment for 2 months with 1000 mg/day 
vitamin C on plasma CRP, in non diseased moderately overweight nonsmokers with 
baseline CRP ≥1.0 mg/L. The magnitude of the effect was similar to that of statins. There was 
no significant effect of vitamin E. These data represent the largest study to date on the 
effects of vitamins C and E on CRP and extend our previous findings in overweight active 
and passive smokers. They indicate that vitamin C should be further investigated for its 
potential for reducing chronic inflammation and its consequences. And they identify a 
threshold concentration above which there is a potential for reduction in CRP. Future 
studies to determine whether vitamin C can reduce some of the inflammation-related 
adverse consequences of obesity should be considered. Such trials should focus on 
individuals with elevations (.1.0 mg/L) in CRP, because studies with low-risk persons are 
less likely to show an effect, resulted in misleading outcomes. If persons with lower CRP 
levels must be included, separate randomization of those with CRP .1.0 mg/L would justify 
separate examination of this subgroup, assuming adequate power in this stratum. In 
addition, if the potential independent effect of vitamin C is to be determined, it would be 
necessary to exclude persons who are taking other anti-inflammatory drugs (except low-
dose aspirin for heart disease prevention) and to exclude users of multiple vitamins 
(something which has not been done in most large antioxidant trials), because multiple 
vitamins alone can raise plasma ascorbic acid levels substantially and make the control 
group insufficiently different from the active treatment group. Finally, it may be prudent to 
evaluate vitamin C alone, unpaired with vitamin E, as we found a weaker CRP-lowering 
effect with the combination than with vitamin C alone in our previous trial [56]. 
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5. C - reactive protein concentrations in cerebral spinal fluid in gram-
positive and gram-negative bacterial meningitis 

Several reports have shown an ability of CRP to discriminate between patients with 
bacterial meningitis and patients with aseptic (viral) meningitis. Although a recent Meta-
analysis suggested that a negative CRP test in either cerebrospinal fluid (CSF) or serum can 
be used with a very high probability to rule out bacterial meningitis, a more recent report 
suggested that serum concentrations are a better screening tool for this differential 
diagnosis. 

The substantial increase in CSF CRP, as well as the trend of an increased CSF/blood ratio of 
CRP, suggests that infection with gram-negative bacteria enhances permeability of CRP 
through the blood-brain barrier. It is possible that these findings reflect the ability of the 
endotoxin lipopolysaccharide-s, present in gram-negative but not in gram-positive bacteria, 
to affect the permeability of the blood-brain barrier [57][58]. CSF nitric oxide (NO) may be 
involved in this mechanism because its concentration in CSF is higher in gram-negative 
meningitis. This possibility is supported by the higher potency of gram-negative bacteria to 
promote macrophage NO production [59], the enhanced production of NO in the CSF of 
septic meningitis [60], and the role of NO in permeability changes of the blood-brain barrier 
in LPS-induced experimental meningitis [61].  

Another interesting potential explanation for the present observation is that 
lipopolysaccharide-s produced by gram-negative bacteria could induce local CRP synthesis 
in the central nervous system. CRP can be produced in neurons [62], and 
lipopolysaccharide-s can induce CRP in extrahepatic sites [63]. This may also explain the 
increase, albeit nonsignificant, in serum CRP in the gram-negative cases. There is currently 
no single test to diagnose the etiology of meningitis promptly and accurately. Given its high 
sensitivity and easy measurability, CRP may be a useful supplement for rapid diagnosis and 
categorization of bacterial meningitis. 
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1. Introduction 

Microarray techniques allow to detect genome-wide perturbations during various 
treatments and to measure various responses by multitude of gene probes. Toxicogenomics, 
in which microarray techniques are specifically used in toxicology test, has been widely 
recognized as one of standard safety procedures for chemicals [1-3]. Gene expression 
microarrays have been used particularly for screening of genes involved in specific 
biological processes of interest, such as diseases or responses to environmental stimuli. Such 
experiments adopt the “healthy state” as a control, and identify highly expressed or 
suppressed genes. However, few studies deal with the features of gene expression and its 
variation at the “healthy state” to be influenced by species, age, sex, and individual 
variability. In measuring the state of disease and drug response, minimally invasive blood 
sampling, which allows for direct measurement of immune-responsive blood cells, excels 
other invasive biopsy techniques upon disease diagnostics and assessment of drug response, 
as well as health monitoring. Blood RNA contains an enormous amount of information on 
expression of messenger RNA and non coding functional RNA which remains without 
being translated into protein. Thus, blood RNA offers an opportunity to detect subtle 
change in physiological state. In this chapter, we discuss the potential of the RNA diagnosis 
using whole blood, showing a series of whole blood microarray experiments to evaluate 
variations of correlation among individuals and ages [4], dietary-induced hyperlipidemia, 
and other stresses using specific pathogen-free (SPF) miniature pigs. 

2. The use of whole blood RNA analysis 

Use of whole blood was intended on two accounts. First, RNA expression and degradation 
is susceptible to artificial manipulation such as cell separation and extraction. The whole 
blood manipulation avoids this risk, unlike dealing with extracted white blood cells. In 
addition, whole-blood RNA can be stabilized immediately by using RNA blood sampling 
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tube such as PAXgene. This avoids the cell separation process after sampling and minimizes 
the possibility of RNA denaturation. Usually, peripheral blood mononuclear cells (PBMCs) 
separation employs the difference of specific gravity between other blood components, 
which should be followed immediately after the blood sampling. Such manipulation 
requires a skilled operator to reduce the influence of separation procedures on gene 
expression. Second, the whole blood is a heterogeneous population of lymphocytes 
(monocytes, T-cells, and B-cells), granulocytes (neutrophils, eosinophils, and basophils), and 
platelets. One can expect that representative subpopulations in white blood cells may vary 
depending on the health condition of an individual. When a great alteration occurs in some 
subpopulations, the whole blood may also depart from the normal state of its age, because 
whole blood is a heterogeneous mixture of such subpopulations. Therefore, identification of 
gene expression characteristics and age-related variation in subpopulations in whole blood 
are essential issues. 

3. The advantage of using miniature pigs 

Pigs are a useful model animals of humans because they have similar anatomy and digestive 
physiology to human [5-6]. In particular, miniature pigs are easier to breed and handle than 
other nonprimates, making them an optimal species for preclinical test [7]. Moreover, blood 
samples can be taken repeatedly and human medical devices such as endoscopes and MRI 
and CT scanners are also applicable. These advantages increasingly allow miniature pigs for 
laboratory animals, with recent progress in upgraded supply systems. In spite of some 
large-scale microarray studies on pigs, only a limited amount of fundamental data is 
available for pigs compared to other laboratory species [8-9]. In September 2003, the Swine 
Genome Sequencing Consortium (SGSC) was formed by industry, government, and 
academia, to promote pig genome sequencing under international coordination [10]. In 
November 2009, since the announcement of completed swine genome map by members of 
the SGSC, its research environment has been enhanced [11]. 

4. Gene expression profiles change related to aging 

It is particularly important to identify gene expression characteristics and variation of 
heterogeneous population of cells with age in whole blood.  

Fractions of lymphocytes, monocytes, neutrophils, eosinophils, and basophils in white blood 
cells showed insignificant differences with age as a result of ANOVA analysis. This study 
attempted to identify characteristics of age-related gene expression by taking into account of 
change in the number of expressed genes by age and similarities of gene expression 
intensity between individuals.  

4.1. Characteristics of study subjects 

Five males and five females of 12 week old Clawn miniature pigs were housed individually 
in cages of 1.5 m2 at the SPF facility of the breeder (Japan Farm Co., Ltd, Kagoshima, Japan) 
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for 18 weeks. Mean body weights of males and females at the beginning of the experiment 
were 7.0 kg and 6.9 kg respectively. During this period, all animals were fed with 450g/day 
standard dry feed (Kodakara73, Marubeni Nisshin Feed Co., Ltd., Tokyo Japan) with free 
access to water. Fetuses were taken out from their mothers on days 77 to the 84 days of the 
pregnancy by a Caesarean section. The unborn baby's sex was determined based on the 
shape of the vulva. 

 
Table 1. Subject body weight results 
doi:10.1371/journal.pone.0019761.t001 

All blood samples were collected from the superior vena cava at 12, 16, 20, 24, and 30 weeks 
of age. Blood (EDTA), plasma (EDTA) and serum samples for hematology and biochemical 
tests were collected 24 hours after fasting. Hematology and biochemical tests were 
conducted by Clinical Pathology Laboratory, Inc. (http://www.patho.co.jp/index.html) 
(Kagoshima, Japan) using standard clinical methods. 

Body weight change and hematological variation during breeding period are shown Table 1 
and Table 2, respectively. One-way ANOVA analysis for age-related variations in red blood 
cell count (RBC), hemoglobin concentration (HGB), and hematocrit value (HCT) showed 
significant differences for both males and females. However, the mean corpuscular volume 
(MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin 
concentration (MCHC) remained unchanged. Differences in platelet count (PLT) and 
fibrinogen level (Fbg) were significant only for females. Any significant differences were not 
observed for both males and females for Prothrombin time (PT), activated partial 
thromboplastin time (ATPP), and the white blood cell count (WBC). Similarly to humans, 
the ratio of lymphocytes to white blood cells increased with maturation from 16 to 30 weeks 
of age. However, its difference was statistically insignificant according to ANOVA analysis. 
From 12 to 30 weeks of age, the ratios of granulocytes (neutrophils, eosinophils, and 
basophils), lymphocytes, and monocytes to white blood cells were unchanged, and 
differences were also insignificant. 

4.2. Microarray gene expression profiles - Number of expressed genes 

To characterize the age-related gene expression in whole blood from miniature pigs, RNA 
analysis was conducted on bloods sampled from fetal stage, 12, 20, and 30 weeks subjects. 
Each RNA sample was analyzed by an Agilent #G2519F#20109 Porcine Gene Expression 
Microarray (44K) consisting of 43603 oligonucleotide probes.  

The change in the number of expressed genes to identify age-related characteristics was 
examined. Microarray gene expressions were divided into two groups; “absent” and 

j y g

Sex n 12 weeks 16 weeks 20 weeks 24 weeks 30 weeks P † 

Male 5 7.0 ± 0.6 10.7 ± 3.8 12.1 ± 2.6 15.0 ± 1.7 17.7 ± 1.7 < 0.001 

Female 5 6.9 ± 0.5 7.9 ± 3.2 10.1 ± 2.6 13.5 ± 2.1 16.0 ± 2.6 < 0.001 

Values are mean±SD.  †P values were calculated using one-way factorial ANOVA. 
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“present”, using flag indicators given by the scanner. Background level was determined 
from spot intensities outside the gene probing area. “Absent” was assigned to the spots 
whose intensities were less than the background level, while the rests were marked as 
“present.” Then each gene was judged as either “expressed” or “unexpressed” based on the 
number of “present” events. We defined a certain gene as “expressed” when “present” 
exceeds 75% out of replicated events. A threshold of 75% was chosen by considering 
experimental deviation. 

 
Table 2. Subject hematology results 
doi:10.1371/journal.pone.0019761.t002 

j gy
Hematological 
analysis Sex n 12 weeks 16 weeks 20 weeks 24 weeks 30 weeks P † 

RBC, 104/µL Male 5 742.7 ± 72.6 858.0 ± 97.7 894.8 ± 55.8 919.0 ± 21.0 866.2 ± 24.5 < .05 

Female 5 727.0 ± 20.2 886.6 ± 62.2 921.2 ± 64.5 901.4 ± 46.1 838.4 ± 44.2 < .001 

HGB, g/dL Male 5 14.9 ± 1.6 16.4 ± 1.2 17.3 ± 0.6 18.3 ± 0.4 17.7 ± 0.3 < .001 

Female 5 14.9 ± 0.4 17.5 ± 0.8 18.0 ± 0.9 18.4 ± 1.1 17.5 ± 0.6 < .001 

HCT, % Male 5 50.9 ± 5.1 53.6 ± 2.7 54.7 ± 2.1 58.4 ± 2.8 55.3 ± 1.2 < .05 

Female 5 49.0 ± 1.8 56.1 ± 2.2 57.8 ± 4.2 57.9 ± 3.0 54.8 ± 2.8 < .01 

MCV, fL Male 5 65.8 ± 1.0 66.3 ± 2.5 67.3 ± 2.9 65.1 ± 1.4 65.8 ± 2.2 NS 

MCH, Pg Male 5 19.8 ± 0.5 20.0 ± 1.1 20.1 ± 0.9 20.5 ± 0.6 20.6 ± 0.8 NS 

CHC, % Male 5 30.1 ± 0.4 30.2 ± 1.0 29.9 ± 0.9 31.5 ± 0.9 31.2 ± 0.8 NS 

PLT, 104/µl Male 5 21.3 ± 0.4 31.6 ± 10.8 18.1 ± 4.4 25.0 ± 8.6 24.9 ± 5.1 NS 

Female 5 34.5 ± 2.0 24.8 ± 5.5 19.0 ± 5.0 24.8 ± 8.9 19.7 ± 5.7 < .05 

PT, sec Male 5 13.8 ± 3.2 15.5 ± 0.3 16.5 ± 0.9 15.9 ± 0.7 16.1 ± 0.6 NS 

Female 5 - 15.8 ± 1.1 16.1 ± 0.5 16.4 ± 0.5 16.0 ± 0.7 NS 

APTT, sec Male 5 < 20 < 20 < 20 < 20 < 20 

Female 5 < 20 < 20 < 20 < 20 < 20 

Fbg, mg/dl Male 5 171.3 ±36.9 185.8 ± 93.8 169.4 ± 39.4 158.6 ± 9.0 147.8 ± 34.2 NS 

Female 5 - 160.2 ± 19.4 145.2 ± 16.3 176.5 ± 20.1 123.3 ± 27.5 < .05 

WBC, 102/µL Male 5 62.0 ± 18.7 86.6 ±12.7 78.8 ± 24.7 79.6± 24.0 71.8 ± 13.2 NS 

Female 5 66.0 ± 23.4 74.0 ± 13.7 78.0 ± 18.7 72.4 ± 10.4 61.8 ± 11.3 NS 

Lymphocyte, % Male 5 34.8 ± 12.1 45.2 ± 7.4 44.6 ± 9.3 36.8 ± 6.9 33.6 ± 7.6 NS 

Neutrophil, % Male 5 55.0 ± 10.9 43.1 ± 10.3 44.8 ± 7.4 52.2 ± 7.0 56.2 ± 9.2 NS 

Eosinophil, % Male 5 3.8 ± 2.2 3.1 ± 1.4 3.0 ± 1.9 5.0 ± 2.7 4.6 ± 1.7 NS 

Basophil, % Male 5 0.3 ± 0.5 0.3 ± 0.4 0.2 ± 0.4 0.0 ± 0.0 0.2 ± 0.4 NS 

Monocyte, % Male 5 6.3 ± 1.0 8.0 ± 3.2 7.4 ± 1.5  6.0 ± 2.1 5.4 ± 1.3 NS 

Biochemical variables for miniature pigs during the experiment are shown. Values are mean±SD. RBC, red 

blood cell count; HGB, hemoglobin concentration; HCT, hematocrit value; MCV, mean corpuscular volume; 

MCH, mean corpuscular hemoglobin ; MCHC, mean corpuscular hemoglobin concentration; PLT, blood 

platelet count; PT, prothrombin time; ATPP, activated partial thromboplastin time; Fbg, fibrinogen level; WBC, 

white blood cell count; and NS: not significant. †P values were calculated using one-way factorial ANOVA. 
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The number of expressed genes was less in fetal stage and infancy period but increased with 
age, reaching a steady state of gene expression after 20 weeks of age (Figure 1). Expressed 
genes for male and female were analyzed by one-way factorial ANOVA. Then Tukey-
Kramer’s method was applied only to significant groups. Differences between age groups 
(fetal stage, 12, 20, and 30 weeks of age) were significant for male, female, and mixed 
subjects of male and female. A Tukey-Kramer’s multiple comparisons test revealed that 
differences between fetal stage and other age groups were statistically significant (p<0.001) 
for both male and female. Also, differences were significant (P<0.05) between 12 and 30 
weeks females. 

 
Figure 1. Number of genes expressed in whole blood of miniature pigs at different ages. In the graph,  
represents male and represents female. Values are means±SD. 
doi:10.1371/journal.pone.0019761.g001 

4.3. Microarray gene expression profiles – Correlation of gene expression 

Variations in correlation coefficients among individuals of the same age and different age 
groups were evaluated. Pearson correlation coefficient was used for correlation analysis. 
Correlation coefficients for a total of 31 microarrays were obtained in normalized signals 
log-scale after excluding “absent” spots. A color-coded pairwise correlation matrix is shown 
in Figure 2. The color scale at the bottom indicates correlation strength.  

The average correlation coefficient within the same age group is shown in Figure 3. 
Variations in gene expression were greater for younger subjects, but it diminished with age 
while generating resembling expression patterns. Correlation coefficient within 30 weeks 
age group was slightly smaller than that within 20 weeks age group. However, this 
difference is smaller than other distant age groups. Significant differences were observed 
between any age groups according to an ANOVA analysis using Fisher’s Z-transform. The 
average correlation coefficient between different age groups is shown in Figure 4. Significant 
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differences were observed except between “fatal stage vs. 20 weeks” and “fatal stage vs. 30 
weeks”, and between “12 weeks vs. 20 weeks” and “12 weeks vs. 30 weeks” according to an 
ANOVA analysis using Fisher’s Z-transform (P < 0.05). These results suggest that the 
variation in gene expression intensity within the same age was great in fetal stage and 
infancy period, but converged with age. 

 
Figure 2. Correlation matrix of age-related gene expression. This color-coded correlation matrix 
illustrates pairwise correlations between the levels of gene expression in individuals. Probe sets with 
normalized signals (log-transformed and scaled) were used to calculate correlations between 31 arrays 
using Pearson correlation coefficient; signals flagged as “absent” were excluded. 
doi:10.1371/journal.pone.0019761.g002 

4.4. Classification of genes depending on the status of age-related expression 

All spots on the microarray were divided into 16 categories as shown Table 3 after assigning 
“1” for expressed genes and “0” for unexpressed genes. Here, definitions of “expressed” 
and “unexpressed” are described in “Materials and methods.” Category 1 consists of a total 
of 6,763 genes expressed in the fetal stage, 12, 20, and 30 weeks of age. Category 2 consists of 
a total of 7,564 genes expressed at 12, 20, and 30 weeks of age. Category 4 consists of a total  
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Figure 3. Age-related correlation coefficients within the same age groups. Correlation coefficients 
were calculated between individuals within the same age groups. The bottom and top of the boxes 
represent the 25th and 75th percentiles respectively. The lower and upper whiskers denote the 
minimum and maximum values of the data. Comparisons of the groups were made with the ANOVA 
test. * p < 0.05, ** p < 0.01. 

 
 

 
Figure 4. Age-related correlation coefficients between the different age groups. Correlation 
coefficients were calculated between the different age groups. The bottom and top of the boxes 
represent the 25th and 75th percentiles respectively. The lower and upper whiskers denote the 
minimum and maximum values of the data. Comparisons of the groups were made with the ANOVA 
test. * p < 0.01. 
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of 3,547 genes expressed after 20 weeks of age. Category 8 consists of a total of 827 genes 
expressed after 30 weeks of age. Sum of the genes expressed at certain age and those 
unexpressed (Categories 3, 5, 6, 7, 9, 10, 11, 12, 13, 14, and 15) was 1,051. Its fraction was 
5.6% of 18,701 genes (Categories 1, 2, 4, and 8) expressing constantly once they appeared. 
Category 16 consists of genes unexpressed throughout the breeding period. Figure 5 shows 
the ratio of the genes belonging to each category. 

 
Table 3. Genes classified into 16 categories according to the status of age-related expression 
doi:10.1371/journal.pone.0019761.t005 

To characterize gene expression in each category, TC Annotator List (Porcine version 14.0 3-
11-10) was downloaded from the TIGR gene Indices. TC Annotator List includes the gene 
number and the GO terms. Out of 43,603 probes in the Agilent porcine microarray 
(#G2519F#20109), 6,019 genes bear GO annotation. Microarray cDNA probes were classified 
by GO terms of “biological processes”. Out of all genes, fraction in Categories 1, 2, 4, 8, and 
16 were 31%, 20%, 8%, 2%, and 38% respectively.  

Then the difference in gene expression between all spots and those in 4 categories 
(Categories 1, 2, 4, and 8) was examined. GO groups dominantly expressed in Category 1 
relates to mitosis (GO:0000070, GO:0000022, GO:0007052, and GO:0007100) and to immune 

Category Fetal 
stage 12 weeks 20 weeks 30 weeks Number 

of genes Definition 

1 1 1 1 1 6763 genes expressed from fetal 
stage to 30 weeks 

2 0 1 1 1 7564 genes expressed from 12 to 30 
weeks 

3 1 0 1 1 49 

4 0 0 1 1 3547 genes expressed from 20 to 30 
weeks 

5 1 1 0 1 14 

6 0 1 0 1 80 

7 1 0 0 1 7 

8 0 0 0 1 827 genes expressed at 30 weeks 

9 1 1 1 0 73 

10 0 1 1 0 124 

11 1 0 1 0 29 

12 0 0 1 0 428 genes expressed at 20 weeks 

13 1 1 0 0 16 

14 0 1 0 0 147 genes expressed at 12 weeks 

15 1 0 0 0 84 genes expressed in fetal stage 

16 0 0 0 0 23851 genes not expressed from fetal 
stage to 30 weeks 

Depending on the status of expression, all spots on the microarray can be divided into 16 categories. 

Here, “1” represents an expressed gene and “0” represents an unexpressed gene. 
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(GO:0043161, GO:0045059, GO:0019886), while those highly expressed in Category 2 related 
to cellular defense and regulation. 

 
Figure 5. Ratios of categories for groups of the same age. The ratios of the genes in each category were 
calculated for groups in the fetal stage and at 12, 20, and 30 weeks of age. Categories are defined in 
Table 3. 
doi:10.1371/journal.pone.0019761.g003 

4.5. Age-related changes in gene expression levels for the immune system 

Expression intensity of immunity gene was examined. Antigen processing and presentation 
(GO:0019882) and T cell selection (GO0045058) include the major histocompatibility complex 
(MHC) genes. By presenting antigens, MHC is involved in elimination of bacterial or viral 
pathogen, rejection of cancer cells, and rejective response on organ transplantation. Also 
MHC is indispensable in the immune system. Swine leukocyte antigens (SLA) are important 
immunogens for humoral responses and important mediators of the cellular immune 
responses through both direct and indirect presentation of peptides to T-cells [12]. SLA 
includes 6 of classical class I genes (SLA-1, SLA-2, SLA-3, SLA-6, SLA-7, and SLA-8) and 8 of 
classical class II genes (SLA-DMA, SLA-DMB, SLA-DOA, SLA-DOB1, SLA-DQA, SLA-
DQB1, SLA-DRA, and SLA-DRB1) [13-14]. SLA class II lacks DPA1, DPB1, DRB3, DRB4, and 
DRB 5 in humans. On the Agilent porcine microarray, all of SLA genes except DOA are 
mounted on 28 spots. Among these, 11 SLA genes fell under Category 1, 1 fell under 
Category 2, and 1 fell under Category 8. Expression of SLA classical class I and class II genes 
are shown in Figure 6A and 6B, respectively. Both genes expressed in fatal stage, 12, 20, and 
30 weeks in an increased manner by age. 

The Agilent porcine microarray had 7 probes with 7 types of interferon and 7 probes for 4 
types of interferon receptors. All of 7 interferon genes fell under Category 16. Normally 
these genes remain unexpressed but expressed upon necessity. In contrast, 1 type of 
interferon receptor gene fell under Category 1, 3 fell under Category 2, and were expressed 
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until 12 weeks of age. Their signal intensities stayed at constant levels after 12 weeks 
(Figure 6C).  

Toll-like receptors (TLRs) are the principal pattern recognition receptors. With this innate 
immunity, the first immune response is mediated into reserved foreign patterns on 
recognition. TLRs recognize reserved molecular patterns, start rapid response to protect the 
host upon infection, and produce signals, such as cytokines and co-stimulatory molecules to 
activate the adaptive immune system [15-16]. Regulation of the TLR signaling cascade is 
important for inflammatory responses, innate host defense, and adaptive immune responses 
[17-18]. Most mammalian species are estimated to have between 10 and 15 types of TLRs. 
The Agilent porcine microarray has 10 types of TLRs probes. Among these TLRs, 5 of TLR 
genes fell under Category 2 (expressed until 12 weeks of age), 1 under Category 8, and 4 
under Category 16. Their signal intensities remained constant after 12 weeks of age (Figure 
6D). 

 
Figure 6. Signal intensity of major histocompatibility complex (MHC) genes. (A) Swine leukocyte 
antigens (SLA) classical class I genes. (B) Swine leukocyte antigens (SLA) classical class II genes.  
(C) Interferon receptor genes. (D) Toll-like receptor (TLR) genes. Signal intensities were normalized 
using quantile normalization and log-transformed after excluded signals flagged as “absent.” The 
category numbers are shown in graph legends. Genes in Categories 1, 2, and 4 are shown in the graph. 
doi:10.1371/journal.pone.0019761.g005 
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5. Gene expression profiles change related to hyperlipidemia 

To examine the usage of whole blood RNA analysis for the early diagnosis of the disease, 
we showed transitions in dietary induced hyperlipidemia gene expression profiles of whole 
blood RNA in miniature pigs. 

Hyperlipidemia is well recognized as a risk factor for cardiovascular disease (CVD). As diet 
represents the most important determinant of hyperlipidemia, dietary animal models can be 
useful for the study of CVD progression [19]. High-fat, high-cholesterol, and high-sugar 
diets have been shown to induce hyperlipidemia, obesity, and insulin resistance in humans 
and rodents [20-22]. Dietary-induced hyperlipidemia pig models have also been established 
[23-29]. 

A high-fat and high-cholesterol diet (HFCD) as a typical dietary treatment were used for 
dietary-induced hyperlipidemia miniature pig models, by using specific pathogen-free (SPF) 
Clawn miniature pigs.  

Eight 12-week-old, male Clawn miniature pigs were housed individually in cages of 1.5 m2 
at the breeder’s specific pathogen-free (SPF) facility (Japan Farm Co., Ltd, Kagoshima, 
Japan) for 27 weeks. Body weights at the beginning of the experiment were 5.1 (2.6) kg 
(mean (standard deviation; SD)). During this period, 5 pigs were fed with 450 g/day 
standard dry feed (Kodakara73, Marubeni Nisshin Feed Co., Ltd., Tokyo Japan), and had 
unlimited access to water (control group). Five pigs were fed a high-fat, high-cholesterol 
diet containing 15% lard and 2% cholesterol (HFCD group).  

Almost no changes were observed in fasting plasma triglyceride levels. Fasting plasma total 
cholesterol concentrations had increased in the HFCD group by week 5 of the feeding 
period (P<0.001) and were maintained between 350 and 1150 mg/dL from weeks 10–27. 
Fasting plasma high-density lipoprotein cholesterol (HDL-C) concentrations increased and 
showed significant differences (P < 0.001) from weeks 10–27. Fasting plasma low-density 
lipoprotein cholesterol (LDL-C) concentrations also increased and showed significant 
differences from weeks 5–27. Fasting plasma glucose concentrations remained unchanged. 

5.1. Gene expression profiles of dietary-induced hyperlipidemia for whole blood 
RNA  

RNA analyses were conducted on blood samples obtained at weeks 10, 19, and 27 of the 
feeding periods to characterize the dietary effects on gene expression profiles in whole 
blood and white blood cells of miniature pigs. Each RNA sample was analyzed by aporcine 
gene expression microarray consisting of 43603 oligonucleotide probes.  

Variation in correlation coefficients among individuals on the same diet and between different 
diet groups was evaluated. Pearson correlation coefficients were used for the correlation 
analysis. Correlation coefficients for 23 microarrays in total were obtained for a normalized 
signals log-scale after excluding “absent” spots, definition of “absent” were described in 
Materials and Methods. A color-coded pairwise correlation matrix is displayed in Figure 7. 
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The correlation coefficients of whole blood expression profiles within the same diet groups 
were 0.97 (0.01) (mean (standard deviation; SD)), and 0.94 (0.05) for the control, HFCD 
whole blood at 10 weeks, 0.94 (0.03), and 0.93 (0.06) at 19 weeks, and 0.95 (0.02), and 0.95 
(0.03) at 27 weeks, respectively. Using Fisher’s Z-transformation to normalize the correlation 
distributions, no significant differences in correlation coefficients among dietary groups 
were observed at any period during the treatments. This indicates uniformity of dietary-
induced hyperlipidemia for our protocols. 

The whole blood correlation coefficients among the different diet groups were 0.95 (0.04) for 
control vs. HFCD at 10 weeks, 0.93 (0.03) at 19 weeks, and 0.95 (0.03) at 27 weeks, 
respectively.  

5.2. Assigning known functions to gene expression - Gene ontology annotation 

Up- and down-regulated genes were identified and classified these according to function 
using information from the Gene Ontology (GO) Database to understand the observed 
differences in whole blood gene expression profiles for the different dietary groups. Top-
ranked genes with fold changes in expression greater than 2.0 (p < 0.05) and less than 0.5 (p 
< 0.05) were selected at 10, 19, and 27 weeks. As a result, the GO categories of many genes 
up-regulated at the end of the 19-week dietary period were related to nucleotide binding 
(GO: 0000166, GO: GO: 0005524, 0005525, GO: 0017076, GO: 0019001, GO: 00032553, GO: 
00032555, GO: 0032561), and catabolic processes (GO: 0009057, GO: 0019941, GO: 0030163, 
GO: 0043632, GO: 0044257, GO: 0044265,). Many genes down-regulated after 27 weeks were 
in the GO categories related to biological adhesion (GO: 0007155, GO: 0022610).  

5.3. Effect of white blood cells on whole blood gene expression profiles in 
dietary-induced hyperlipidemia 

Microarray analyses were conducted from white blood cells at the end of the dietary period 
to evaluate the effect of white blood cells on whole blood gene expression profiles (Figure 8). 
The correlation coefficients of white blood cells expression profiles within the same dietary 
groups were 0.94 (0.05) and 0.95 (0.03) for the control and HFCD groups at 27 weeks. The 
white blood cells correlation coefficients was 0.94 (0.04) between control and HFCD. The 
average correlation coefficients between whole blood and white blood cells were 0.83 (0.04) 
and 0.79 (0.05) for control and HFCD. Using Fisher’s Z-transformation to normalize the 
correlation distributions, no significant differences in correlation coefficients of white blood 
cells were observed between control and HFCD groups. 

Up- and down-regulated genes were identified and classified these according to function 
using information from the Gene Ontology (GO) Database to understand the observed 
differences in white blood cells gene expression profiles for the different dietary groups, as 
the same as whole blood gene expression profiles. Top-ranked genes with fold changes in 
expression greater than 2.0 (p < 0.05) and less than 0.5 (p < 0.05) were selected at 27 weeks. 
As a result, many genes down-regulated related oxidation-reduction process (GO:0055114) 
and keg pathways of steroid biosynthesis. 
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Figure 7. Correlation matrix of dietary-related gene expression profiles of whole blood. This color-
coded correlation matrix illustrates pairwise correlations between the levels of gene expression in 
individuals. Probe sets with normalized signals (log-transformed and scaled) were used to calculate 
correlations between 23 arrays using Pearson correlation coefficient; signals flagged as “absent” were 
excluded. The color scale at the bottom indicates the strengths of the correlations. 

 
Figure 8. Correlation matrix of dietary-related gene expression profiles of whole blood and white 
blood cells. This color-coded correlation matrix illustrates pairwise correlations between the levels of 
gene expression in individual at feeding period at week 27. Probe sets with normalized signals (log-
transformed and scaled) were used to calculate correlations between 15 arrays using Pearson correlation 
coefficient; signals flagged as “absent” were excluded. The color scale at the bottom indicates the 
strengths of the correlations. 
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6. Gene expression profiles change with other stresses 

Furthermore, a possibility was shown that whole blood RNA analysis is applicable to 
evaluation of physiological state.  

The degree of stress can be comparable according to the numbers of up-regulated and 
down-regulated genes, even if the stress is different in quality from the others.  

Sodium azide was given orally to the miniature pigs over 20 weeks. There were no 
significant changes of hematological and biochemical properties for administrated dose of 
300µg/kg, one hundredth of LD50. On the other hand, gene expression profiles were 
obviously changed. Anesthesia group showed a slight degree, but the one week fasting 
group showed a significant difference. This can be clearly noticed when the contents of 
stress is classified by the function of up-regulated and down-regulated genes. Consequently, 
grade of the stress can be estimated according to the expression state of genes.  
 

Stresses 
P<0.05, Fold change>2 

total up regulation 
down 

regulation 
sodium azide 300µg/kg ; LD50 1/100 893 339 554 

blood removal（150ml）after 6 hours 1747 227 1520 
Fasting a week 3136 1840 1296 

anesthesia after 6 hours 160 87 73 
non treatment (blood removal 20ml) 73 14 59 

Table 4. Summery of gene expression condition of several types of stress  
Number of genes 

7. Effects of white blood cells on whole blood gene expression profiles 

Whole blood contains a variety of cell types as red blood cells, granulocytes, lymphocytes, 
and platelets. Most of the nucleated cells in blood are white blood cells such as neutrophils, 
T-cells, B-cells, and monocytes. The number of white blood cells in humans is known to 
decrease steadily from infancy to adulthood, and its composition (i.e. lymphocytes, 
granulocytes) also changes with age [30]. In study of the gene expression profiles change 
related to aging, hematological data of the fetal stage was unavailable because the amount of 
collected blood was insufficient for the analysis. From 12 to 30 weeks of age, ANOVA 
analysis indicated no significant differences in the fractions of lymphocytes, neutrophils, 
eosinophils, basophils, and monocytes. In addition, these compositions were almost equal to 
those in human adults. The above result suggests that the gene expression profile change of 
age-related whole blood RNA is not due to the composition of white blood cell 
subpopulations. 

The intraclass correlation between Staphylococcus enterotoxin B-stimulated and 
unstimulated blood from healthy subjects was significantly higher in leukocyte-derived 
samples the in whole blood, suggesting that the method of RNA isolation from whole blood 
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can be a critical step in blood RNA assay [31]. Although PBMCs do not contain neutrophils, 
eosinophils, basophils, nor platelets, Min et al. reported highly correlated results (r2 = 0.85) 
for 8,273 genes expressed between the whole blood RNA, by using the PAX gene Blood 
RNA system, and peripheral blood mononuclear cell (PBMC) RNA samples isolated from 
healthy volunteers by using a Ficoll-Paque gradient and TRI Reagent (SIGMA) [32]. Other 
workers conducted a large scale genome-wide expression analysis of white blood cells 
subpopulations. This study indicates that correlation coefficients for T-cells and monocytes 
among different healthy subjects were 0.98±0.01 and 0.97±0.01, respectively. However, for 
the same subjects (n=5), correlation coefficients between T-cells and monocytes was 
0.88±0.01, indicating varied correlation between white blood cells subpopulations. In 
addition, gene expression analysis were showed a varying dependence on the isolation 
method such as PAXgene, Buffy coat, and lysis. The correlation coefficients between 
isolation methods were 0.89±0.04, 0.91±0.04, 0.96±0.06, for PAXgene vs. lysis, PAXgene vs. 
Buffy coat, and Buffy coat vs. lysis, respectively [33]. In order to ensure the reliability for to 
clinical use of whole blood RNA diagnosis, the development of standard method and 
measurement standards needs to be sought. 

The Gene Ontology (GO) Database was used to categorize gene expression profiles 
functionally to conduct the effects of white blood cells on whole blood gene expression profiles 
in our study of hyperlipidemia. As a result, the GO term, related to white blood cell function 
(GO: 0006954, 0007166), had a high correlation coefficient. In contrast, GO terms related to the 
repair of damaged organs, including translation (GO: 0006412), positive regulation of growth 
rate (GO: 0040010), and growth (GO: 004007), showed low correlation coefficients. We, 
therefore, conclude that the difference in the gene expression profiles between the whole blood 
and white blood cells are not only caused by differences in experimental protocols, but also by 
differences in RNA origin [34].  

8. Conclusion 

Whole blood RNA is easy to handle compared to isolated white blood cell RNA and can be 
used for health and disease monitoring and animal control. In addition, whole blood is a 
heterogeneous mixture of subpopulation cells. Once a great change occurs in composition 
and expressing condition of subpopulations, their associated change will be reflected on 
whole blood RNA. 

Whole blood microarray analyses were conducted to evaluate variations of correlation 
among individuals and ages using specific pathogen-free (SPF) Clawn miniature pigs. The 
characteristics of age-related gene expression by taking into account of change in the 
number of expressed genes by age and similarities of gene expression intensity between 
individuals were identified. As a result, the number of expressed genes was less in fetal 
stage and infancy period but increased with age, reaching a steady state of gene expression 
after 20 weeks of age. Variation in gene expression intensity within the same age was great 
in fetal stage and infancy period, but converged with age. The variation between 20 and 30 
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weeks of age was comparable to that among 30 weeks individuals. These results indicate 
that uniformity of laboratory animals is expected for miniature pigs after 20 weeks of age.  

In dietary-induced hyperlipidemia study, feeding treatments commenced when the pigs were 
12 weeks old, RNA analysis was conducted on whole blood sampled after 10, 19, and 27 weeks 
of the feeding period. Variation in whole blood gene expression intensity among individuals 
within the HFCD group was in the same range as that of the controls at any period, indicating 
uniformity of dietary-induced hyperlipidemia expression profiles in miniature pigs. Dietary-
induced transitions of gene expression profiles for genes bearing GO terms were examined. 
Major changes included an induction of proteins involved in catabolic processes and protein 
metabolism after a 19-week dietary period, and a reduced expression of proteins involved in 
steroid metabolism and lipid biosynthesis after a 27-week dietary period.  

In several kinds of stress study, the degree (extent) of stress can be comparable according to 
the gene number of up-regulate, or down-regulate, even if the stress is different in kind 
from the others.  

A possibility was shown that whole blood RNA analysis is applicable to evaluation of 
physiological state. By considering variation in gene expression profiles of miniature pigs, 
whole blood RNA analyses can be used in practical applications. The blood RNA 
diagnostics under development may eventually be useful for monitoring human health. 
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1. Introduction 

A limited number of pluripotent stem cells are mainly located in the bone marrow, and give 
rise to all blood cell 1ineages. Because of their relatively short lifespan, circulating cells must 
be continually replaced in living body throughout the life. The task performed by 
hematopoietic stem cells is shared in two main features, that is, the capacity of regeneration 
which prevents depletion of the cells and the ability of preservation of blood homeostasis. 
The mechanisms behind the critical choice between lineage-commitment and maintenance 
of the stem-cell pool involve a number of complex interactions between hematopoietic 
progenitor cells at different stages of maturation, stromal cells and their extracellular  
matrix, as well as a variety of stimulatory or inhibitory cytokines provided by the 
microenvironment. 

Hematopoietic growth factors were first identified in the 1960s as soluble agents produced 
in spleen, uterus or lung, and found to maintain the formation of differentiated colonies 
from hematopoietic progenitor cells in semisolid culture systems. Hence they were named 
colony-stimulating factors, CSFs (Schneider and Dy, 1999). Most of these molecules have 
been purified and their genes have been sequenced. They are currently available in 
recombinant form and have been used with success in clinical trials. 

Hematopoietic growth factors or CSFs can be divided into two categories, according to their 
target cell specificity (Figure 1). One group comprises the factors whose activity is relatively 
restricted to particular cell types, such as macrophage colony-stimulating factor (M-CSF) for 
macrophages, granulocyte colony-stimulating factor (G-CSF) for neutrophils, interleukin-5 
(IL-5) for eosinophils and B cells, and thrombopoietin (Tpo) for megakaryocytes and 
erythropoietin (Epo) for the erythroid lineage. The second category of growth factors has a 
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relatively wide spectrum of activities, such as IL-3 and granulocyte-macrophage colony-
stimulating factor (GM-CSF). The factors target a heterogeneous population of cells, 
including both primitive and lineage-committed progenitors. Action of these two molecules 
can be modulated by a number of cytokines which are not essentially growth factors. 
Among these, IL-1, IL-6, IL-9, IL-1l and leukemia inhibitory factor (LIF) are involved. An 
interleukin 6 class cytokine or stem cell factor (SCF) plays a particularly important role in 
the amplification of early stem cell commitment. IL-7 is also noteworthy in this context, with 
respect to its crucial role in lymphopoiesis, as evidenced by the strong lymphopenia in IL7-
deficient mice. Hematopoiesis can be also regulated negatively by a heterogeneous set of 
molecules, such as interferon, tumor necrosis factor-alpha (TNF-α), transforming growth 
factor beta (TGFβ) and compounds like prostaglandins, ferritin and lactoferrin. 

The precise function of cytokines during constitutive hematopoiesis in a healthy organism is 
still unclear, although much evidence has been accumulated from the study using 
genetically modified mice. The purpose of hematopoiesis, however, is not only the 
maintenance of homeostasis, but also a rapid and controlled response to stress situations. 
The immune response induced by infection, the number of circulating white blood cells can 
be remarkably increased (Schneider and Dy, 1999). In the process, the cytokines generated 
by sensitized lymphocytes and activated cells of the immune system play a crucial role in 
the recruitment and the differentiation of hematopoietic cells. 

 
Figure 1. Simplified haematopoietic differentiation scheme and cytokines (modified from Elk and Dy, 1999) 



 
Proliferation and Differentiation of Hematopoietic Cells and Preservation of Immune Functions 121 

In the chapter, we focus on relations and networks of cytokines, induced by ingesting in-vivo 
study of Spirulina and by in-vitro cultured cells, to differentiation of hematopoietic cells and 
preservation of immune functions, and discuss the possibility of their medicinal application 
for sustaining a healthy state. 

2. Spirulina  

Spirulina platensis is a helicoidal filamentous blue-green alga (cyanobacterium) and has a 
history of being used as food for over a thousand years, and has been commercially 
produced for more than 40 years as a food supplement (Ciferri, 1983; Gershwin and Belay, 
2008). Spirulina platensis is prokaryote and belongs to the class Cyanophyceae, or 
Cyanobacteria. In its commercial use, the common name, Spirulina, refers to the 
cyanobacterium, Arthrospira platensis, and is a whole product of biological origin. In its 
taxonomic use, Spirulina is a name used to describe mainly two species of Cyanobacteria, 
Arthrospira platensis and A. maxima, which are commonly used as food, dietary supplement, 
and feed supplement (Vadiraja et al., 1998) . These and other Arthrospira species forming 
helical trichomes were once combined and classified into a single genus, Spirulina (Geitler, 
1932). Before Geitler, on the basis of the presence of septa or division in the trichomes, the two 
genera were placed separately, that is, the Spirulina species being without septa and the 
Arthrospira species with septa. Recent morphological, physiological, and biochemical studies 
have shown that these two genera are distinctively different and that the edible forms 
commonly referred to as Spirulina platensis have little in common with other much smaller 
species. This distinction has been also based on results from the complete sequence of the 16S 
ribosomal RNA gene and the internal transcribed spacer (ITS) between the 16S and 23S rRNA 
genes determined for two Arthrospira strains and one Spirulina strain (Nelissen et al., 1992) 
showing that the two Arthrospira strains formed a close cluster distant from the Spirulina strain. 

Blue green algae Spirulina platensis (Arthrospira platensis) is gaining more and more attention as 
a nutraceutical and source of potential pharmaceuticals. Spirulina is known to have nutritional 
advantages of high-quality protein contents and other components such as vitamins; minerals, 
and essential fatty acids, including γ-linolenic acid, and β-carotene (Belay et al., 1993) , and has 
been approved its safety in the report from United Nations International Development 
Organization, UNIDO (Chamorro-Cevallos, 1980). Moreover, sulfated polysaccharides, called 
calcium-spirulan (Ca-Sp) and isolated from a hot-water extract of Spirulina, exhibit 
immunomodulatory activity and inhibit metastasis of melanoma cells to the lungs (Mishima et 
al., 1998) , and can also inhibit virus entry (Hayashi et al., 1996). Immolina, a high-molecular-
weight polysaccharide fraction of Spirulina, promotes chemokine expression in human 
monocytic THP-1 cells (Grzanna et al., 2006). Spirulina contains phycocyanin (CPC; C-
phycocyanin), a blue, 270-kDa photosynthetic pigment protein, which accounts for 
approximately 15% of the dry weight of Spirulina (Ciferri, 1983). 

Recently, more attention has been given to the study of the therapeutic effects of Spirulina. In 
addition to its effectiveness in reducing hyperlipidemia, diabetes, and high blood pressure 
in humans and animals, anti-viral and anti-cancer effects of orally administered S. platensis 
involving immune functions have also been reported (Belay, 2002). 
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3. Structure of phycocyanin 

The biological and pharmacological properties of Spirulina were attributed mainly to C-
phycocyanin (CPC). CPC is a major light-harvesting or photosynthetic pigment protein 
present in the antenna rods of Spirulina platensis. S. platensis also contains allophycocyanin 
(APC) as a minor component present at the core of the antenna rods. CPC and APC 
including phycoerythrin (PE) are the principal classes of phycobiliproteins which form 
supramolecular complexes known as phycobilisomes assemblies in cyanobacteria (Figure. 
2a).  In phycobiliproteins, a linear tetrapyrrole (bilin) as the chromophore is covalently 
attached to the apoprotein by thioether bonds to cysteine residues.  CPC molecule is 
composed of two kinds of subunits, α- and β-subunits to form trimeric aggregation α3β3 
(Figures. 2b and 2c). Padyana et al. (2001) solved the crystal structure of CPC by molecular 
replacement technique (Figures. 2d and 2e).  The α- and β-subunit polypeptides exhibit high 
affinity for one another and associate into (αβ)-monomers, which in turn aggregate into 
(αβ)3-trimers and (αβ)6-hexamers (Figure. 2f).  

The medicinal and pharmacological properties of CPC have been reported earlier (Romay et 
al., 1998). Recent studies have demonstrated the antioxidant (Vadiraja et al., 1998; Wu and 
Annie Ho, 2008), anti-inflammatory (Reddy et al., 2000), and hepatoprotective properties 
(Vadiraja et al., 1998), in addition to anticancer, anti-allergic, immune-enhancing (Hayashi et 
al., 2008), blood-vessel-relaxing and blood-lipid-lowering effects of CPC (Gershwin and 
Belay, 2008). 
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A phycobilisome (a) has six antenna rods with a three-cylinder core of allophycocyanin, APC (circles), two of the core 
cylinders lie on the thylakoid membrane, while the third one does not.  Each rod has four hexameric disk-like 
structures, two of phycoerythrin, PE (red), and two of phycocyanin,  CPC (blue) (MacColl, 2004).  CPC consists of α- 
and β-subunit polypeptides to form trimeric aggregation α3β3 and nine phycocyanobilin moieties as a chromophore 
shown in closed circles (b).  c shows chemical structure of phycocyanobilin (Li et al., 2006).  d and e show ribbon 
representation of CPC α-subunit and CPC β-subunit, respectively, with chromophores shown in ball and stick 
representation (Padyana et al., 2001).  f shows coil representation of the two (αβ)6-hexamers in the crystal asymmetric 
unit, and the box drawn at the center highlights the close proximity of phycocyanobilins at the position 155 on each β-
subunit in the region between the adjacent hexamers (Padyana et al., 2001). 

Figure 2. Schematic representation of one type of phycobilisome (a), and various representations of C-
phycocyanin (b - f). 

Preparation of phycocyanin solution in the experiments Phycocyanin was extracted from 
spray-dried Spirulina platensis with 50 mM sodium-phosphate buffer (pH 6.0). The crude 
extract was partially purified by DE-52 ion-exchange chromatography. The eluate was 
dialyzed against distilled water and lyophilized. Phycocyanin contents of the resultant 
powder were over 80%, and the recovery from the crude extract was approximately 6%. The 

d. e.

f. 
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phycocyanin powder was dissolved in distilled water to a concentration of 0.05%, 
centrifuged in a refrigerated machine for 10 min at 1,500 g, and the supernatant was 
sterilized by filtration through a 0.20-μm-pore filter (Hayashi et al., 2006). 

 
a. CPC molecule composed of two kinds of subunits(α- and β-subunits) to form α3β3 and nine phycocyanobilin 
moieties as a chromophore (closed circles). b. Chemical structure of phycocyanobilin. Phycocyanobilin was covalently 
bound to polypeptide chain of CPC by ways of thioetherlinkage to cysteine residues, one on the α-chain and two on 
the β-chain (Li et al., 2006). 

Figure 3. Structure of CPC (αβ)3-trimer and phycocyanobilin 

 

 
Figure 4. Ribbon representation of (a) CPC α-subunit (b) CPC β-subunit. Chromophores are shown in 
ball and stick representation (Padyana et al., 2001). 
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The figure illustrates the arrangement of chromophores at various locations within the hexamers. The box drawn at the 
center highlights the close proximity of phycocyanobilins at the position 155 on each β-subunit in the region between 
the adjacent hexamers (Padyana et al., 2001).  

Figure 5. Coil representation of the two hexamers in the crystal asymmetric unit, a view through the 
approximate central axis of hexamers. 

4. Enhancement of proliferation and differentiation of bone marrow cells 
stimulated with Spirulina and its extracts 

Immunomodulation properties of Spirulina have been widely studied in chickens, prawns 
and fish, other animals, and humans. Generally, Spirulina and its extracts, such as hot-water 
extracts and phycocyanin, tended to enhance immune functions including mucosal or innate 
immunity through macrophage and secretions of the related cytokines (Belay, 2002; 
Hirahashi et al., 2002; Nemoto-Kawamura et al., 2004). Mao et al. (Mao et al., 2000) 
demonstrated that Spirulina stimulated the secretion of IL-1ß and IFN-γ in human 
peripheral blood mononuclear cells (PBMC) examined to nearly 2.0 and 3.3 times basal 
levels, respectively, and suggested that Spirulina helped balance the production of Th1 and 
Th2 cytokine stimulation. Phycocyanin, a characteristic photosynthesis pigment protein and 
an antioxidant in Spirulina, has been known to promote the growth of a human myeloid cell 
line, RPMI 8226 (Shinohara et al., 1988). Liu et al. (2000) reported that phycocyanin inhibited 
growth of human leukemia K562 cells and enhanced the arrest of the cell growth at G1 
phase, suggesting enhancement of differentiation of the cells. 

We have reported that Spirulina and its extracts enhanced immune responses in mice, 
mainly through increased production of interleukin-1 (IL-1) in macrophages (Hayashi et al., 
1994; Hayashi et al., 1998).  In the mice which ingested phycocyanin for 6 weeks, a marked 
increase of OVA antigen-specific IgA, as well as total IgA level was observed in the Peyer’s 
patches, mesenteric lymph nodes and intestinal mucosa, as well as in the spleen cells 
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(Nemoto-Kawamura et al., 2004). These findings suggest that Spirulina or its components 
such as phycocyanin, affects immune functions by promoting immune competent-cell 
proliferation or differentiation in lymphoid organs.  

We first investigated the effects of Spirulina and its extracts on proliferation of hematopoietic 
cells of mice and induction of colony-forming activity. 

Colony-formation of bone marrow cells in in-vitro study 

Spirulina extracts such as a hot-water extract (SpHW), phycocyanin (Phyc), and cell-wall 
fraction (SpCW) recovered from Spirulina treated with 0.1 % sodium dodecyl sulfate to 
remove cytoplasmic material were used in this study. Culture supernatants of spleen (SP), 
Peyer’s patch (PP), and peritoneal-exudated (PE) cells cultured with 20 μg/mL of the 
Spirulina extracts significantly enhanced proliferation of bone marrow cells (Figure 3). 
Each of the Spirulina extracts, SpHW, Phyc, and SpCW, itself, also directly enhanced 
proliferation of bone marrow cells in the concentration of 100 μg/mL of culture medium. 
In addition to that, colony- and cluster-formations of the bone marrow cells supplemented 
with culture supernatants of the spleen cells stimulated with Spirulina extracts, 50–400 
μg/mL, were measured by soft agar method. The supernatants of cells cultured with Phyc 
and SpCW significantly increased the colony- and cluster-formations of the bone marrow 
cells in comparison to that of control or of the smallest concentration of each extract  
(Figure 4a). Culture supernatants of PE cells, which consisted of macrophages and 
lymphocytes in a ratio of about 50 % each and a small ratio of mast cells and neutrophils, 
also enhanced colony- and cluster-formations (Figure 4b). The numbers of these colonies, 
however, were almost the same as that by each other culture supernatant. Furthermore, 
Both granulocyte macrophage-colony stimulating factor (GM-CSF) and interleukin 3  
(IL-3) contents in the culture supernatant or the serum as colony-forming activities were 
measured by commercially supplied ELISA assay kits. High amounts of GM-CSF or IL-3 
were detected in the culture supernatants of the spleen and peritoneal-exudates cells 
stimulated with the Spirulina extracts, especially those with SpCW (Table 1). The amounts 
of IL-3 in the culture supernatants of the cells stimulated with SpHW and Phyc were 
relatively high, although colony formation by the supernatant was not so high. Culture 
supernatant of the cells stimulated with SpCW contained high amounts of GM-CSF but 
not of IL-3.  

 

stimulated 
with 

Colonies/well 
GM-CSF 

pg/mL of CS 
IL-3 

pg/mL of CS 
SP PE SP PE SP PE 

Control 0.5 ± 0.7 2.0 ± 2.3 <4 <4 47.3 ± 4.0 <3 
SpHW 2.8 ± 2.6 33.0 ± 7.1 <4 7.1 76.7 ± 8.0 10.7 
Phycocyanin 14.0 ± 5.9 37.3 ± 9.3 9.2 ± 0.7 4.3 94.7 ± 10.8 11.0 
SpCW 28.2 ± 5.5 32.2 ±4.6 1,206 ± 333 104.7 481.7 ± 144.4 <3 

Table 1. GM-CSF and IL-3 contents in the culture supernatants (SC) of the spleen (SP)and the 
peritoneal-exudates (PE) cells stimulated with Spirulina extracts (values are mean ± SD, N = 3) 
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Figure 6. Bone marrow-cell proliferation by Spirulina extracts, SpHW, Phy, and SpCW, and by culture 
supernatant (CS) of lymphoid organ, spleen (SP) and Peyer's patch (PP), and peritoneal-exudates  
(PE) cells stimulated with the Spirulina extracts (Hayashi et al., 2006) (values are mean ± SD, n = 6) 

 
Figure 7. Bone marrow-cell colony and cluster formation in soft agar assay with the culture supernatant 
of the spleen cells (a) and peritoneal-exudates cells (b) stimulated with Spirulina extracts. Spleen cells 
were stimulated with 0.5, 1.0, 2.0 and 4.0 mg Spirulina extract/mL.  Peritoneal-exudates cells were 
stimulated with 2.0 mg Spirulina extract /mL (Hayashi et al., 2006) (values are mean ± SD, n = 3). 
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Colony-formation activity in the mice fed Spirulina in in-vivo study 

As a preliminary experiment for in-vivo study, we measured next colony forming activity in 
the mice fed with the Spirulina extracts, SpHW, Phyc and SpCW, for 5 consecutive days or in 
the mice treated with an intra-peritoneal single injection of the extracts.  

The sera from the mice which ingested Phyc or SpCW (1 mg/0.2 mL) for 5 consecutive days 
with feeding catheter enhanced colony formation of bone marrow cells (Figure 5). The 
serum from Phyc-feeding group significantly increased it in comparison to controls in which 
normal serum was added. All of the sera obtained from the mice which were treated with 
intra-peritoneal single injection of the Spirulina extracts (10 mg/0.5 mL) also showed 
significantly high colony formation in comparison to control of normal serum, although 
levels of the activities of the sera were almost the same each other (data were not shown). 
Colony-stimulating factors, GM-CSF and IL-3, in the sera from the mice which were either 
fed or intra-peritoneally injected with the extracts, however, were under detection limit (<4 
and 3 pg/mL serum, respectively). Concentration of GM-CSF in the LPS serum obtained by 
i.p. injection was 50.1 pg/mL. 

For longer-period experiment in in-vivo study, colony- and cluster-formation in the bone 
marrow cells with culture supernatants of the spleen (SP), Peyer’s patch (PP), and 
peritoneal-exudated (PE) cells from the mice, which ingested the Spirulina extracts, SpHW, 
Phyc, and SpCW, for 5 weeks were then measured to confirm the former results. Culture 
supernatants of each lymphoid-organ, SP, PP, and PE cells from the groups were prepared 
under stimulation with or without phycocyanin. Colony formation by the culture 
supernatant of SP cells from the mice of SpHW group, as well as by that of PE cells from 
Phyc or SpCW group, under stimulation with phycocyanin, was significantly higher than 
that by each culture supernatant of cells from control group, and thus colony-forming 
activity was also significantly induced in the blood, spleen, and Peyer’s patch cells in the 
mice which ingested Spirulina extracts for 5 weeks although neither significant amount of 
GM-CSF nor IL-3 was detected in the blood (data not shown). On the other hand, ratios of 
neutrophils in the SpHW-ingesting group and of lymphocytes in the SpCW-ingesting group 
were significantly higher than in controls, while ratios of lymphocytes, neutrophils, and 
monocytes in the peripheral blood of control group were in the normal range. A significant 
increase in ratio of lymphocytes was also observed in bone marrow cells in Phyc-ingesting 
group, although the number of cells was small. In addition, increased ratio of reticulocytes 
was observed in the bone marrow of the mice fed with SpHW. 

In the mice ingested 0.05% phycocyanin solution for 6 weeks, a marked increase in the 
antigen-specific IgA antibody level as well as the total IgA antibody level was observed in 
the intestinal mucosa, the Peyer’s patches and mesenteric lymph nodes, which comprise a 
major part of the gut-associated lymphoid tissues (GALT), whereas neither IgG1 nor IgE 
was affected in the spleen cells (Nemoto-Kawamura et al., 2004). Phycocyanin ingestion for 
8 weeks, on the other hand, suppressed the production of antigen-specific IgG1 and IgE 
antibody in the serum. Further, we investigated the effect of Spirulina on salivary IgA 
antibody level of the subjects who customarily ingested the Spirulina tablets as health food 
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in various period of usage in their daily life, and measured correlation between the salivary 
IgA level and the amount of Spirulina ingested (Ishii et al., 1999). Total S-IgA level of the 
group ingesting Spirulina for more than one year was significantly increased (p < 0.01) in 
comparison to the group ingesting Spirulina for less than half a year, and statistically 
significant correlation between S-IgA levels in the saliva and total amount of Spirulina 
ingested by the subjects was observed (correlation coefficient R = 0.288, n = 72, p < 0.05). 

 

 
Figure 8. Bone marrow-cell colony and cluster formation in soft agar assay with the serum from the 
mice fed with Spirulina extracts for 5 consecutive days (Hayashi et al., 2006) (values are mean ± SD,  
n = 3). *; p<0.05 compared to Normal 

It is known that multi-potent colony-stimulating factors such as G- and GM-CSF and IL-3, 
which are produced by a variety of cells including monocytes and lymphocytes can support 
proliferation of immature hematopoietic cells (Ihle, 1992). Liu et al. (2000) reported that 
phycocyanin from Spirulina platensis inhibited growth of human leukemia K562 cells in a 
dose-dependent manner, arresting them at the G1 phase with increased level of c-myc 
expression, suggesting that phycocyanin may enhance differentiation of the leukemia cells. 
Seya et al. (Hirahashi et al., 2002; Akao et al., 2009) reported that hot-water extract of 
Spirulina when taken orally in adult human enhances NK activation through the MyD88 
pathway via Toll-like receptor (TLR) 2 and TLR4 on myeloid dendritic cells. From these 
findings, it appeared that Spirulina, including its components such as phycocyanin can affect 
enhancing proliferation or differentiation of immune competent-cells including bone 
marrow cell, which may cause normally sustaining or enhancing immune functions. 
Colony-stimulating activity other than IL-3 or GM-CSF, for example arginase and G-CSF, in 
the serum may contribute to the cell differentiation, although this is still not clear. 

Zhang et al. (Zhang, 1994) found that C-phycocyanin and polysaccharide isolated from 
Spirulina increased leukocyte and bone marrow nucleated cell counts as well as colony 
formation of colony forming unit-granulocyte and macrophage (CFU-GM) in the gamma-
ray irradiated mice, and also found that C-phycocyanin possessed high erythropoietin 
activity. Some institution facilities have reported the potential radiation protection effects of 
Spirulina against radiation-induced membrane damage and cellular dysfunction by reactive 
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oxygen species in mice and against reduced levels of the leukocytes in the blood and 
nucleated cells in the bone marrow in dog (Zhang et al., 2001; Verma et al., 2006). Doctors in 
Belarus reported that ingestion of 5 g of Spirulina a day resulted in the reduction of Cesium-
137 in urine by 50%, in children subjected to low level of radiation over a long period of time 
(Loseva and Dardynskaya, 1993). Rahadiya and Patel in India (Rabadiya and Patel, 2010) 
also reported radiation-effect-reducing activity of Spirulina in their review. Anti-oxidant and 
anti-inflammatory effects as well as proliferation and differentiation activity of Spirulina 
possibly contribute to the radiation protection effects. 

5. Effect of phycocyanin on differentiation of human myeloid leukemia 
cell lines  

A study of aerosolized GM-CSF demonstrated tolerance and possible efficacy in patients with 
malignant metastases to the lungs, possibly through upregulation of antigen-specific 
cytotoxic T-cells (Rao et al., 2003). It is known that various food compounds and the 
metabolites involving phycocyanin can influence the processes in cellular differentiation, 
apoptosis, and proliferative potential, and there is considerable evidence that vitamins and 
micronutrients are able to regulate gene expression of cancer cells, resulting in influence on 
the carcinogenic process (Sacha et al., 2005). All-trans-retinoic acid and vitamin D3 are known 
as one of the physiologic agents which can modulate the proliferation and differentiation of 
hematopoietic cells (Collins, 2002). The vitamin plus interferon-γ (IFNγ) treatment and 
enrichment with polyunsaturated fatty acids such as arachidonic acid, eicosapentaenoic acid 
or docosahexaenoic acid also significantly enhanced immunoregulatory effects, or enhanced 
the expression of monocytic surface antigens CD11b and CD14 on human premonocytic U937 
cells (Obermeier et al., 1995). In this section, we investigated the effects of phycocyanin on 
differentiation and morphological and cytochemical changes of human myeloid leukemia cell 
lines, U937 and HL-60 cells, generally used for the studies of cell differentiation. 

A human hematopoietic cell line, U-937, was derived from a patient with generalized 
histiocytic lymphoma. The histiocytic origin of the cell line was shown by its capacity of 
lysozyme production and the strong esterase activity (naphtol AS-D acetate esterase 
inhibited by NaF) of the cells (Sundstrom and Nillson, 1976). The cell line was 
morphologically identical to that of the tumor cells in the pleural effusion, and is known to 
be functionally differentiated to phagocytic macrophage by cytokines from lymphocytes 
(Koren et al, 1979).  

A continuous human myeloid cell line, HL-60, was derived from the peripheral blood 
leukocytes of a patient with acute promyelocytic leukemia and established. The 
predominant cell type is a neutrophilic promyelocyte with prominent nuclear/cytoplasmic 
asynchrony (Gallangher et al., 1979). HL-60 cells lack specific markers for lymphoid  
cells, but express surface receptors for Fc fragment and complement (C3), which have  
been associated with differentiated granulocytes. They exhibit phagocytic activity  
and responsiveness to a chemotactic stimulus commensurate with the proportion of  
mature cells. 
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Preparation of Conditioned Medium (CM) of peripheral blood mononuclear 
cells cultured with phycocyanin 

Human peripheral blood mononuclear cells (PBMCs) from 7 healthy volunteers were 
separated by density centrifugation (800 g, 30 mins) using a Lymphoprep™ (Density 1.077 
g/mL, NYCOMED) under approving by the Institutional Review Board of our University. 
Cells from each subject were suspended in RPMI-FBS medium and adjusted to 1 x 106 
cells/mL and were cultured with and without 2 mg/mL of phycocyanin (Phyc) using 24-well 
cultured plates. The conditioned mediums (CMs), both with and without Phyc (Phyco-CM 
and Cont-CM, respectively), were harvested on the 7th day and filtered through an 0.45 
μmφ filter to remove cell debris. 

Cell growth of U937 as well as HL-60 cells supplemented with Phyco-CM resulted in 
significant inhibition during the 7-day culture in comparison with those of control without 
supplementation, while supplementation with 2 mg/mL Phyc itself had no effect on growth 
in these cells. Both U937 and HL-60 cells stimulated with Phyc and Phyco-CM were more 
than 80% viable, as were those cells stimulated with phorbol-12-myristate-13-acetate (PMA) 
0.02 μg/mL as a positive control of differentiation. 

Morphology and flow cytometric assay of cell surface antigens on U937 and HL-
60 Cells 

U937 cells cultured in the medium supplemented with Phyco-CM morphologically changed 
into the cells with large cytoplasm with vacuoles, non-condensed nuclear chromatin, and a 
persistence of nucleolus that resembled to those stimulated with PMA as a positive control 
(Figure 6a) while control U937 cells, without stimulation, were promonocyte-like with variable 
nuclear shapes and regular indentations and comprised moderate cytoplasm containing 
numerous small eosinophilic granules and a few vacuoles. Cont-CM or conditioned medium 
of lymphocytes cultured without phycocyanin, only partially changed U937 cells into 
monocytic cells comprising moderate cytoplasm with large indented nucleus (Figure 6a). U937 
cells stimulated with Phyco-CM and Cont-CM consisted of monocytes/macrophages in the 
ratio of 57% and 21%, respectively, and each ratio was significantly higher than that of control 
(1.4%) without stimulation. Stimulation by Phyc changed U937 cells partially to promonocytes 
with indents on the nuclei. The ratio of monocytes/macrophages was only 3.4 %. 

Control HL-60 cells, without stimulation, was predominantly promyelocytes with 
azurophilic granules, large round nuclei, and prominent nucleoli. Morphological 
classification of the cells, especially those stimulated with Phyco-CM, was relatively difficult 
because various features of promyelocytes coexisted. The Phyco-CM-stimulated HL-60 cells 
showed a morphologically matured monocytic cell lineage (about 15.4%), that is, with 
decreased nuclear/cytoplasmic ratio and a paler cytoplasm with vacuoles (Figure 6b). The 
cells (about 80%) other than monocytic cells consisted of granulocytes, including 
promyelocytes and myelocytes, with large nuclei, less prominent cytoplasmic granules and 
a marked decrease or complete disappearance of nucleoli. Almost of all HL-60 cells 
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stimulated with Phyc and Cont-CM were promyelocyte-like, while all-trans retinoic acid 
(ATRA) induced cells to differentiate into granulocytes (Figure 6b). 
 

 
Cell morphology was measured under light microscopy. U937 cells (a) and HL-60 cells (b), 0.5 x 106 cells/mL of 
medium, were cultured for 3 days with RPMI-FBS (Cont.)  
(1); with Phyc (2); with PMA (3); with Phyco-CM (4); with Cont-CM (5); with ATRA (6) (Ishii et al., 2009).  
(Original magnification x 1000) 

Figure 9. Morphology of U937 and HL-60 cells stimulated with Phyco-CM and others.  

Flow cytometric assay was carried out using a Flow Cytometer (FCM; EPICS® ALTRA™, 
Beckman Coulter, Inc., Fullerton, CA). The expression of cell surface antigens, CD14,  
CD11b, CD66b and CD15, on U937 and HL-60 cells stimulated with various CMs, as 
described above, were determined by direct immunofluorescence method using appropriate 
fluorescent labeled monoclonal antibodies. Typical patterns of FCM analysis for  
CD14 antigen in both U937 and HL-60 cells stimulated with Phyco-CM were shown in  
Figure 7.  

Ratio of CD14-antigen positive cells in U937 cells stimulated with Phyco-CM, 53%, was 
significantly high in comparison with those of Cont-CM and Cont without stimulation, 30% and 
15%, respectively, while ratio of CD14-positive cells in HL-60 cells was originally low but was 
significantly increased by Phyc and Phyco-CM stimulations, about 20% (Figure 8a). Ratio of 
FcγR positive cells in U937 cells was originally high and those of the cells stimulated with 
Phyco-CM and Cont-CM were almost the same as Cont without stimulation, 65%. In HL-60, on 
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the other hand, Phyco-CM increased FcγR positive cells significantly, 41%, compared with Cont 
and Cont-CM, 24% and 20%, respectively (Figure 8b). Further, a final concentration of 0.01 
mg/mL of Phyc significantly increased the population of CD11b-antigen positive cells in U937 
cells compared with Cont and Cont-CM (Figure 9a). Although the fluorescence intensity of anti-
CD14 antibody per cell in U937 cells stimulated with Phyc was marginally higher than that of 
Cont (Figure 7a), the ratio of CD14-antigen positive cells was low (Figure 8a) and 
morphologically comprised 3.4% of monocytes/macrophages. This suggests that phycocyanin 
stimulates U937 cells to some extent to differentiate or express some CD antigens such as 
CD11b and CD14. CD11b as well as CD66b is specific in monocytes and granulocytes. 
Expression of CD11b is known to be up-regulated during granulocytic and monocytic 
differentiation, and is used as a marker of differentiation of myelomonocytic lineage (Lubbert et 
al., 1991). It has been also recognized that morphological changes of differentiating U937 cells 
are accompanied by cellular adherence and are paralleled by an expression of the β2 integrins, 
CD11a, CD11c, CD18, and particularly CD11b (Hass et al., 1989). CD11b glycoprotein represents 
the α-subunit of a heterodimeric association with the common β-subunit CD18 in β2 integrin, an 
adhesion molecule. Their extracellular domains with the CD11b/CD18 (CR3/Mac-1) β2 integrin 
contribute to adhesion to adjacent cells, for example, the regulation of leukocyte-endothelial cell 
interactions (Ebnet et al., 2004). In the study using stably-transfected U937 cells with a vector 
containing the β2 integrin gene in antisense orientation, Otte et al. (2011) suggested that induced 
adherence predominantly mediated by a functional CD11b/CD18 integrin contributed to cell 
cycle regulation and apoptosis during monocytic maturation. Concerning apoptotic cell death, 
photodynamic therapy (PDT) for tumors which is based on the tumor-selective accumulation of 
protoporphyrin IX (PpIX), as a photosensitizer after addition of 5-aminolevulinic acid (ALA) 
followed by irradiation with visible light has been demonstrated by some investigators, and it 
was reported that ALA-based photodynamic action (PDA) induced apoptotic cell death in U937 
cells through a mitochondrial pathway and that ferrochelatase inhibitors might enhanced the 
effect of PDT for tumors (Amo et al., 2009). Furthermore pulsating electromagnetic field (PEMF) 
can affect cancer cells proliferation and death (Kaszuba-Zwoinska et al., 2010). They reported 
that U937 cells exposed to a pulsating magnetic field 50Hz, 45±5 mT three times for each 3 h 
with 24 h intervals induced cells death in higher cell density and conversely prevented 
puromycin-induced cell death. We could take advantage of the halfway differentiated U937 
cells induced by phycocyanin as a cell culture model of cell differentiation and apoptotic cell 
death to investigate the molecular mechanism of these various tumoricidal treatments.  

Both Phyc and Phyco-CM significantly increased the ratio of CD11b-antigen positive cells in 
U937 cells, about 30%, in comparison with those of Cont and Cont-CM, 12% and 22%, 
respectively, while in HL-60 neither CD11b nor CD66b cells showed significant increases in 
ratio when stimulated with Phyco-CM (16%, 22%) or Cont-CM (10%, 18%) cells. In contrast, 
the ratio of CD15-antigen positive cells in the U937 cells was low regardless of stimulation 
(Figure 9a). CD15-antigen is generally characteristic of granulocytes and monocytes. The 
ratio of CD15-antigen positive cells in the HL-60 cells showed insignificant changes when 
stimulated with Phyc, Phyco-CM and other CMs (Figure 9b). 
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Patterns of U937 and HL-60 cells (0.5 x 106 cells/mL of medium) stimulated with Phyc (1), Cont-CM (2), Phyco-CM (3) 
and PMA (4) were shown in solid lines and that of Cont was shown in dotted lines (Ishii et al., 2009).  

Figure 10. Typical patterns of CD14-positive cells in U937 and HL-60 cells.  
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Data analysis was based on examination of 5000 cells/sample.  
++; p < 0.01, +++; p < 0.001 to each Cont, **; p < 0.01, ***; p < 0.001 to each Cont-CM, ###; p < 0.001 to each Cont and 
Cont-CM. Each value shows mean ± SD, n=3~7 (Ishii et al., 2009) 

Figure 11. Percentage of CD14 and FcγR positive cells in U937 and HL-60 cells stimulated with Phyco-
CM and other stimulants.  

 
Data analysis was based on examination of 5000 cells/sample. Each value shows mean ± SD, n= 3 (Ishii et al., 2009) 

Figure 12. Percentage of CD11b-, CD15- and CD66b-antigen positive cells in U937 and HL-60 cells 
stimulated with Phyco-CM and other stimulants.  

Phagocytic activity and TNF-α production, cytochemical analysis 

Differentiation of both HL-60 and U937 cells was also assessed by cytochemical analysis 
with specific and non-specific esterase (SE/NSE) double staining method and Nitro-blue 
tetrazolium (NBT) reducing activity which is characteristic of phagocytic cells (Table 2).  
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Although U937 cells were originally NSE positive, the Phyco-CM stimulated cells showed 
equally high ratio, while most HL-60 cells were SE positive under all stimulants. Phyco-CM 
stimulation significantly increased the ratio of NBT-positive cells in both U937 and HL-60 
cells, while that of Cont-CM was almost the same as Cont. In addition to that, phagocytic 
activity in U937 cells stimulated with Phyco-CM was significantly higher than that of the 
cells stimulated with Cont-CM. In HL-60 cells, both Phyco-CM and Cont-CM increased 
phagocytic activity, as compared with Cont. Increased levels of TNF-α in both U937 and 
HL-60cells stimulated with Phyco-CM, were relatively high in comparison with Cont-CM 
but not significant, and were not synergistically increased by supplementation with LPS 
(1000 ng/mL) in the culture. Level of TNF-α in the cells stimulated with Phyc was under the 
detection limit. 
 

Stimulators Phagocytic activity (%) TNF-α (pg/mL) NBT reducing activity (%) 
U937    
Cont 18 ± 5.2 ND 1.3 ± 0.3 
Phyc 23 ± 5.1 < 15.6 5.0 ± 3.0 
Cont-CM 32 ± 5.5 ++ 46 ± 31 1.3 ± 0.8 
Phyco-CM 81 ± 13 +++, *** 66 ± 15 7.5 ± 4.1** 
PMA 96 ± 4.6 +++, *** 968 ± 150 *** 5.2 ± 2.9 
HL-60    
Cont 17 ± 6.2 ND 0.7 ± 0.3 
Phyc 16 ± 3.8 < 15.6 2.0 ± 1.0 
Cont-CM 35 ± 12 ++ 32 ± 29 2.1 ± 0.7 
Phyco-CM 36 ± 13 ++ 71 ± 18 5.3 ± 1.9+++, ** 
PMA 84 ± 13 +++ 585 ± 39 1.7 ± 0.8 
ATRA 72 ± 5.2 +++ ND 10.8 ± 3.3 +++, *** 

Phagocytic activity was determined by ingestion of opsonin-treated latex beads. NBT reducing activity was measured 
as percentage of the positive cells, which contained intracellular blue-black formazan deposits. Positive cells out of 200 
cells were counted under light microscopy. ++; p < 0.01, +++; p < 0.001 compared to Cont, **; p < 0.01, ***; p < 0.001 
compared to Cont-CM, < ; under detection limit (15.6 pg/mL), ND; not detected (values are mean ± SD, n=3) 

Table 2. Cytochemical analysis of U937 and HL-60 cells stimulated with Phyco-CM 

Phyco-CM and Phyc quite significantly increased the population of CD14-antigen positive 
cells in HL-60 cells, although the level was lower than that in U937 cells (Figure 8). In 
addition to that, Phyco-CM increased also the NBT reducing activity of HL-60 cells. 
Tamagawa et al. (1998) reported that NBT reducing activity was used as a marker of HL-60 
cell differentiation into granulocytes and monocytes. Fontana et al. (1981) suggested that 
HL-60 cells were able to commit themselves to the development of two different program of 
hematopoietic differentiation, that is, either myeloid or macrophage depending on cytokine 
or stimulant. In fact, both monocytic and granulocytic cells coexisted in HL-60 cells 
stimulated with Phyc and Phyco-CM as the result of differentiation in two types of 
directions. However, NSE and SE ratios in HL-60 cells did not necessarily correspond to 
morphological observation. Normally NSE has been thought to be specific for 
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monocyte/macrophage activity (Tanaka et al., 1983), and Chiao et al. (1981) reported that 
conditioned medium of normal human peripheral blood lymphocytes induced HL-60 cells 
into macrophage and monocyte-like cell lines, but most HL-60 cells stimulated with Phyco-
CM in the present study were SE positive, and only about 15% of monocytic matured cells 
were found in the cells after Phyco-CM stimulation. It appeared that the effects of Phyco-
CM on HL-60 cells may insufficiently induce to matured cells.  

CD14 antigen has been reported to be a receptor for the complex of LPS and LPS-binding 
protein (LBP). It is known that LPS and Gram negative bacteria as triggers (Beutler, 2000; Lu 
et al., 2008) can cause TNF-α release in human monocytes through TLR4 (Tudhope et al., 
2008). The U937 cells stimulated with Phyco-CM, that showed high ratio of CD14-positive 
cells, are expected to express TLR4 in addition to CD4 because expression of TLR4 needs 
CD14 and LBP in response to the binding of LPS with LBP. Phyco-CM induced TNF-α 
production in the culture supernatants of U937 and HL-60 cells. A high molecular weight 
polysaccharide, Immulina, from Spirulina was a potent activator of nuclear factor-kappaB 
(NF-κB) and induced both IL-1β and TNF-α mRNAs in THP-1 human monocytes (Pugh et 
al., 2001), and expression of TLR2 and CD14 probably contributed to the NF-κB activation 
and immune enhancing activity of the Immulina in mice (Balachandran et al., 2006). The 
levels of TNF-α, however, were not further increased with LPS stimulation (1000 ng/mL) in 
the U937 cells stimulated with phyco-CM. Phagocytic activity in the stimulated U937 cells 
was significantly higher than that of the cells stimulated with Cont-CM, and there was no 
stimulatory effect in the existence of LPS. Phyc alone did not induce TNF-α in U937 and HL-
60 cells. 

6. Age-related changes in intestine intraepitherial lymphocyte subsets 
and their functional preservation by Spirulina in mice 

Age-related immune dysfunction has been reviewed by many researchers (Solana et al., 
2006). The complex age-related changes in the immune system, collectively termed 
“immunosenescence,” have been demonstrated in diverse species, including humans, and 
have been recognized as contributing to morbidity and mortality due to greater incidence of 
infectious diseases, autoimmune diseases, and cancer. The concept of age-related 
immunosenescence is in agreement with numerous data such as the change of cytokine 
balances, the decrease of interleukin (IL)-2 contrary to the increase of IL-6, and nutritional 
imbalance or malnutrition (Miquel, 2001; De la Fuente, 2002). It was reported that antigen-
specific secretory immunoglobulin A titer in the intestinal lumen declined in senescent 
animals (Koga et al., 2000). Some studies have also reported that reduced bioavailability of 
key conditionally essential nutrients might limit immune response in aging (Cunningham-
Rundles, 2004) and that well-nourished elderly people appear to have less significant or 
minimal changes in immune response (Krause et al., 1999). 

It is generally accepted that the development of age-associated alterations occurs earlier in 
the mucosal immune system than in the systemic immune compartment (Schmucker et al., 
2003). The mucosal immune system of the intestinal epithelia contains a functionally 
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specialized T-cell population known as intraepithelial lymphocytes (IELs). Because of their 
unique location in the mucosal epithelium, IELs are recognized as a first-line mucosal 
barrier against infectious diseases and food-borne allergens (Hayday et al., 2001). 

We have reported that ingestion of phycocyanin enhanced the antigen-specific 
immunoglobulin A response in the intestinal mucosa of mice (Nemoto-Kawamura et al., 
2004). In this section, we investigated age-related changes in intestine IEL subsets in mice by 
flow cytometric (FCM) analysis and their functional preservation after the animals were fed 
Spirulina. 

Characterization of IELs of adult and aged mice 

IELs possess phenotypic features distinct from those of lamina propria lymphocytes in 
intestine. Lamina propria lymphocytes consist of predominantly activated T cells and are 
mainly CD4+ and CD8+ single-positive T cells in proportions of about 70% and 30%, 
respectively. The phenotype of lamina propria lymphocytes, in general, is similar to that of 
the cells in the peripheral lymphoid tissues and in the circulating blood, that is, over 95% of 
the cells possess a surface phenotype of T-cell receptor αβ+ (TCRαβ+), whereas less than 5% 
possess TCRγδ+. These cells are known to be matured in the thymus (Lydyard and Grossi, 
1998). IELs, on the other hand, possess TCRγδ+ in a greater percentage (30–60%) and 
TCRαβ+ in a percentage of 40–70%, which might be related to their state of activation (Ewijk 
et al., 1999). In adult mice bred in a conventional environment, about half of the IELs have a 
phenotype of surface CD antigen similar to that of most peripheral T lymphocytes, that is, 
Thy-1+, TCRαβ+, and either CD4+ or CD8+, which are made up of heterodimers of CD8α and 
β chains (CD8αβ+). These cells were matured in a thymus-dependent manner (Kaminogawa 
and Nanno, 2004). Another major IEL population possesses the surface phenotype TCRαβ+ 
or TCRγδ+, which expresses CD8 homodimeric α chains (CD8αα+) but does not express CD4 
or CD8 heterodimeric molecules (Rocha et al., 1994). These cells are known to be of 
extrathymic origin. Small percentages of the TCRαβ+ and TCRγδ+ but no TCR cells are CD8–

CD4–. TCRαβ+ IELs co-expressing both CD4 and CD8 molecules are rare but bear high levels 
of TCRαβ and CD8αα (Lefrancois, 1991). Our preliminary experiment showed that the 
number of CD45+ (leukocyte-common antigen-positive) cells as IELs was significantly lower 
in aged mice than in adult mice. Either the proportion or the number of CD8+ cells in 
addition to CD45+ cells of aged mice was significantly lower than that of adult mice, 
corresponding to the previous article by Komuro et al (1990). The proportion and number of 
CD4+CD8+ double-positive cells in the aged mice, on the other hand, were higher than those 
in adult mice. It has been reported that CD4+CD8+ T cells bearing TCRαβ in the epithelium, 
which were derived from thymus-dependent populations, expanded with aging at a local 
site of the intestine under the influence of intestinal microflora, contributing to the first line 
of defensive barrier in the epithelium (Takimoto et al., 1992). 

Overall, increased or decreased levels of these surface antigen-positive cells observed in the 
aged mice tended to be restored by the ingestion of SpHW for 5 weeks in the aged-SP group. 
In fact, significant decreases of CD45+CD8+ cells and increases of CD8–CD4– and 
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CD45+TCRαβ+ cells were observed in the aged mice, whereas neither an increase nor a 
decrease was observed in the aged-SP group fed with SpHW—that is, the levels were 
similar to those in adult mice. In particular, the proportions of CD45+CD8+ cells and 
CD45+TCRγδ+ cells in the aged-SP group significantly increased in comparison to the aged 
group. CD8+ T cells expressing αβTCR (αβT cells) are engaged in antigen-specific cell 
cytotoxicity mediated by major histocompatibility complex (MHC) molecules, whereas T 
cells expressing γδTCR (γδT cells) often manifest preliminary target cell killing without 
MHC restriction (Cruse and Lewis, 1995). γδT cells have also been shown to be associated 
with regulation of the generation and differentiation of IELs (Komano et al., 1995). These 
results suggest that ingestion of SpHW in the aged-SP group may contribute to the 
functional preservation of the intestinal epithelium as a first line of mucosal barrier against 
infectious agents through retaining the numbers of certain IELs. 

Decreased levels of RBCs, especially the level of hematocrit, Ht, in the aged group, were also 
restored after ingestion of SpHW in the aged-SP group. Significant decreases in WBCs in the 
aged-SP group, in contrast to the increase in the aged group, may be ascribed to the anti-
inflammatory activity of Spirulina (Vila et al., 2008) and/or to the restoration of 
immunological function by ingesting Spirulina. Some reports indicated that phycocyanin 
and the polysaccharide isolated from Spirulina increased bone marrow nucleated cell and 
erythrocyte counts in the gamma-ray irradiated mice or dog (Zhang, 1994; Zhang et al., 
2001; Verma et al., 2006). Many studies have demonstrated that Spirulina including 
phycocyanin possesses antioxidant activity, as well as an anti-inflammatory activity (Romay 
et al., 1998; Remirez et al., 2002), which scavenges peroxyl radicals, and also acts as an 
inhibitor of cyclooxygenase, like nonsteroidal anti-inflammatory drugs. In addition, a down-
regulation of pro-inflammatory cytokines, such as TNF-α and -γ, was observed in the aged 
animals on the Spirulina-enriched diet (Vila et al., 2008). Overexpression of MHC class I-
related chain A in the intestine of experimental transgenic mice resulted in a clonal 
expansion of CD4+CD8αα+ IELs and attenuated acute colitis in an experimental model of 
inflammatory bowel disease induced by dextran sodium sulfate administration (Park et al., 
2003). CD8αα+ IELs developed along an extrathymic pathway may work as anti-
inflammatory regulator T cells to sustain the mucosal intranet formed by intestinal epithelial 
cells and IELs and to diminish the expansion of enterotoxigenic Escherichia coli (Kim et al., 
2001). Although ingesting SpHW did not significantly increase the level of CD4+CD8+ IELs 
in the present study, these facts, in addition to our present results, suggest that ingestion of 
Spirulina appears to be effective for protecting immune functions or improving immune 
systems vulnerable to age, thereby reducing the risk of infectious and autoimmune diseases. 
However, additional detailed study is needed.  

7. Conclusions 

Spirulina and its extracts enhanced proliferation of hematopoietic cells and colony formation of 
bone marrow cell, as a marker for cell differentiation activity, in in-vitro and in-vivo study 
using mice. Phycocyanin, a light-harvesting pigment of Spirulina, also induced cell 
differentiation of human leukemia cell lines, U937 and HL-60 cells, into monocyte/macrophage 
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and granulocyte, respectively, to some extent directly and indirectly through enhancing 
cytokine production in human peripheral blood lymphocytes stimulated with phycocyanin. 
These distinguished activities of Spirulina as well as other certain functional foods can be 
preferably emphasized to be used, especially for elderly people. Recent intervention study 
showed that 6- and 12-week supplementation of Spirulina increased mean hemoglobin level 
and indoleamine 2,3-dioxygenase activity, as a sign of immune function, in the elderly 
subjects, suggesting that Spirulina may ameliorate anemia and immunosenescence in elderly 
people (Selmi et al., 2011). Pentón-Rol et al. (2011) demonstrated that phycocyanin triggered 
preventing or downgrading experimental autoimmune encephalitis (EAE) expression in rats, 
and that ingestion of phycocyanin induced a regulatory T cell (Treg) response in peripheral 
blood mononuclear cells from the patients with multiple sclerosis (MS). The authors suggested 
that phycocyanin may act as a neuroprotector and thereby may restore the functional damage 
in neurodegenerative disorders of the central nervous system (CNS). Another animal model in 
rats showed that Spirulina promoted stem cell genesis and protected against LPS-induced 
declines in neural stem cell proliferation, and that cytokines did appear capable of regulating 
several phases of the neurogenesis process, supporting their hypothesis that a diet enriched 
with Spirulina may help protect the stem/progenitor cells from insults (Bachstetter et al., 2010). 
These studies including reports summarized in this chapter show that Spirulina is useful in 
providing complementary nutrients for modulating or maintaining the immune system and 
that is also may have potential therapeutic benefits for improvement of immune dysfunctions 
caused by, for example, radiation, chemotherapy using anti-cancer and anti-infectious drugs, 
and certain microorganisms such as human immunodeficiency virus (HIV) itself, other than 
ageing. Further research along these lines is needed to validate these evidences. 
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1. Introduction 

SAB: Spontaneous alternation behavior (SAB) generally refers to the tendency of animals, 
even single-celled organisms, to alternate their non-reinforced (Dember & Richman, 1989) 
choices of T- or Y-maze arms on subsequent trials, following an initial trial or turn. First 
described over 80 years ago (Tolman, 1925), the phenomenon has been ascribed to the 
operation of a variety of mechanisms including Hullian reactive inhibition (Solomon, 1948), 
stimulus satiation (Glanzer, 1953), action decrement (Walker, 1958), curiosity (Dember and 
Earl, 1957), habituation to novelty (Carlton, 1969), foraging strategies (Estes and Schoeffler, 
1955) and spatial working memory (Sarter, et al., 1988). Studies have suggested that the 
primary cue for alternation among invertebrates to be is the body turn. Vertebrates rely 
primarily on directional and odor cues. The fitness benefits associated with stimulus seeking 
and behavioral exploration, foraging, remain the most compelling explanation of why SAB 
is found ubiquitously and reliably (Richman, et al.1986). Although the underlying 
mechanism of SAB is open to study, there is general agreement that the ability to alternate 
choices requires that the organism remember its previous choice (Hughes, 2004). 

Because SAB implicates future behavior which is statistically dependent on prior behavior 
and accompanied by memorially-dependant loss of degrees of freedom, SAB has been used 
to suggest the presence of a functional short-term memory. A left or right turn in a T- or Y-
maze is a statistical function of the presence and direction of the previous turn, when such a 
prior turn exists.  

While theories of memory are many and not the focus of this chapter, SAB is generally 
suggested to be recent memory dependent in animals complex enough to possess the 
structures postulated to underlie recent memory, and to be dependent on a more basic 
sensory/membrane/receptor depletion time-limited memorial mechanism in simple 
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organisms and cell systems that have also demonstrated SAB. Recent memory decays, some 
suggest exponentially in time (Eukaszewska and Deawichowska, 1982; Lalonde, 2002). This 
“decay” or, alternative, “interference” assumptions are explicit in many theories of short-
term memory (e.g., Thorndike, 1914; Oberauer and Lewandowsky, 2008), so that the SAB 
effect would be expected to also diminish in the mean with the extension of the long leg of 
the T.  

  
Figure 1. A general layout for T-mazes.  

In fact, when the length of the vertical leg is treated as an experimental variable, using 
distance as a proxy for time, SAB consistently decreases as vertical leg length increases 
(Hughes, 1989). Similarly, with two-trial SAB, increasing the intertrial interval, and so the 
time between successive choice opportunities, has been shown to reduce alternation 
frequencies (Dember and Richman, 1989). This inverse relationship follows from a memory-
based view of SAB, has been used to suggest that the longer the distance between successive 
turns, the greater the probability that the organism will “forget” the direction of its previous 
turn and choice will return to a statistically equiprobable condition (Hughes, 1989). No 
particular mechanism of “memory” is implied in this context. That is, any mechanism that 
causes current actions to be influenced by previous actions could potentially lead to SAB in 
general and to the loss of SAB with increased distance/time between the forced and choice 
turns. 

PMN: Human polymorphonuclear leucocytes, PMN, are highly motile cells averaging 12 to 
15 µm in diameter, exhibiting prominent, lobular nuclei. They emerge from bone marrow 
stem cells and are the most populous of the white blood cell category. PMNs are essential 
for host defense participating in both acute and chronic inflammatory processes. Other 
related properties include the regulation of immune responses, angiogenesis, and in 
physical interactions with neoplasms. Making this wide variety of functions possible is their 
dynamically adaptive behavior exemplified by the range of intrinsic patterns of motility. 
Following my recent work demonstrating phase transition scenarios in PMN 
morphodynamics (Selz, 2011), I developed a new method to assess the autonomous 
behavior of these human PMNs and whether single constituent cells exhibit SAB.  
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Recall that whereas the natural physiological environment for autonomous motion in 
human neutrophils contains the PMN’s endogenous tropic peptide attractant, the classical 
"spontaneous alteration", SAB design of these studies requires that the observed behavior, 
the cell's spontaneous motion, be unperturbed. The necessary absence of these 
chemoattractants, leads to a multitude of required trials for the acquisition of a single data 
point. It was for this reason that I recorded hundreds of PMNs, increasing the number of 
trials until n>50 left/right decisions at the T-intersections in each of the three types of mazes 
will have been observed.  

2. Methods and procedures 

Three similar T-mazes were developed; 1) a control T-maze, 2) a forced-turn T-maze, and 3) 
a long-leg forced turn T-maze. As SAB is the tendency of an organism to alternate 
successively turning left and then right in a maze, the control maze is the one in which the 
first turn is the only turn. Cells in control mazes are expected to turn to the right or left with 
roughly equal probability. However, in the second, forced turn maze, in which the cell must 
always make a right turn before reaching the experimental left versus right choice point of 
the T, the statistical expectation is that more cells will turn left at the T. In the third maze, the 
SAB effect can decay in the mean with the extension of the long leg of the T.  

The mazes were constructed on standard glass slides, inside a 12mm diameter, 25µm deep 
well. The specifications are indicated in the figures 2. Figure 3 is an electron micrograph of 
a set of the nano-structured mazes on a finished slide. Tolerances were ± 5%. Sidewall 
angles of mazes were 88-900. Surface variation (roughness) was in the neighborhood of 
10nm. 

 

 
 

Figure 2. A rough schematic of the mazes on each slide. 
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Figure 3. An EM image of one set of mazes on a slide. Note the taper at the entrance of each maze and 
the flow-through gap at the terminal ends of the mazes (0um at the base to 3um at the top of the maze 
walls). These allow the passage of medium, but not the entry or exit of PMN. 

After gentle sedimentation, PMNs (along with some other white cells and platelets) were 
removed from the buffy coat by micropipette and, along with associated plasma. The 5.7 µm 
gap of standard slides and coverslips is smaller than the average diameter of PMNs, leading 
to some mechanical compression of the cells and contributing to their activation, as well as 
allowing the cell to move along the slide substrate and cover slip simultaneously (Malawista 
and deBoisfleury Chevance, 1997). The slides used in this study do not suffer from these 
deficits. All samples were drawn from 5 healthy, adult volunteers (3F, 2M, ages 25-47). All 
slides were pre-filled with Lactated Ringer's solution, that is isotonic with blood. This was 
done to avoid cells being deposited into the maze ends, as well as to avoid trapped air in the 
mazes, and to dilute the PMN sample.  
 

 
Figure 4. Shows a typical trial, in which a PMN (with evident lobular nuclei) translocates up the 
vertical leg of a control T-maze while another lingers outside the maze.  
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As implied by the word “spontaneous,” SAB studies require that the cell's motion be 
observed without manipulating exogenous agents. Lactated Ringer's solution provided a 
uniform, “undoped” medium base. Without the activating influence of chemoattractants or 
physical activators (e.g. heat, pressure, sheer), many trials were required for the acquisition 
of each data point. In total, 102 PMN navigated the control maze past the decision point, 57 
navigated the forced-turn maze, and 82 PMN completed the long-legged forced-turn T-
maze.  

PMN autonomous motions were observed through an Olympus BX41 microscope with a 
mixed CytoViva dark field and fluorescent optical illumination system. This incorporates a 
high-aperture, cardioid annular condenser (www.scitech.com.au) unique to this system and 
which makes possible visualization of objects below 90nm in diameter in real time, 
including cellular samples in an unfixed, living, active state (Samoylov, et al., 2005; Vainrub, 
et al. 2006). Because PMNs were treated gently, avoiding perturbations of column 
separation and elution, it became possible to reliably study a PMN continuously for 
extended times without the onset of granular clumping, membrane blebbing and other signs 
of impending apoptosis (Lodish, 2005). Whenever a PMN moved to the left or right beyond 
the choice point of a maze, its choice was recorded. 

3. Results 

Left-Right choices in the control maze were not significantly different from equiprobability 
(Left=49.02%; Right=50.98%; χ2(1)=0.039, ρ=0.843). However, in the forced-turn T-maze, 
63.16% of the cells that had been forced to turn Right previously, turned Left at the 
decision point (χ2(1)=3.947, ρ=0.0469) . Contrary to initial expectation of the disappearance of 
the SAB effect with the increased length of the vertical leg of the maze, this effect persisted 
and even appeared to be strengthened in the long-legged forced-turn maze, in which 
67.07% (χ2(1)= 9.561, ρ=0.0021) of completing cells turned Left at the decision point, long 
after a forced Right turn.  

4. Conclusions 

This is the first demonstration that SAB is present in PMN, a constituent cell of the human 
body. While SAB has been shown in human spermatozoa (Brugger, et. al., 2002), sperm cells 
are required to function in the world exterior to the body, while PMN are not.  

The apparent strengthening of SAB in the long-legged forced-turn T-maze compared to the 
standard forced-turn maze, may be partially attributable to the higher n in the former and 
natural variation in data, but observation of hundreds of PMN in the maze environments 
suggests it might also result from a sort of practice effect of “frustrated” turn attempts in the 
channel, in a dose-response like paradigm. Length of time/distance spent in foiled attempts 
to turn may then serve as an order parameter. The persistence of SAB in this condition may 
also suggest multiple time scale, memory-like mechanisms operating in PMN.  
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There are, in fact, established physiological mechanisms and behavior that are consistent 
with this speculation and with my qualitative microscopic. PMNs are known to oscillate on 
multiple temporal and spatial scales, from 7sec, 70sec, and 260sec membrane potential 
fluctuations (Jäger, et al., 1988) and 25sec calcium flux oscillations, to the ~8sec G-F-actin 
oscillations (Marks and Maxfield, 1990), to 21.6sec and 230sec glycolytic cycles that produce 
NAD(P)H oscillations (Jäger, et al., 1988), and 10sec and 20sec pericellular proteolysis 
fluctuations (Marks and Maxfield, 1990), among many others. The time series in my recent 
study of PMN morphodynamics demonstrated scaling, board band power spectra with 
multiple resonances, suggesting a constellation of motility times (Selz, 2011). While there is 
debate over the specific fitness value(s) and mechanism(s) underlying SAB, it is clearly a 
phylogentically highly conserved behavior (Richman, et al.1986), and so, is assumed to be 
valuable. It follows that multiple mechanistically diverse time scales of function could be 
recruited to its service. This suggests the possibility of decentralized control in a highly 
interconnected, living dynamical system through local feedback. The necessary and 
sufficient conditions for a stable macro-system composed of multiple smaller systems 
operating on a variety of temporal and spatial scales are known in non-biological contexts 
(Ramakrishna and Viswanadham, 1982). Work is currently underway, adapting these 
constraints to a PMN model.  

Because, with the prior forced turn, systems statistically deviate from equiprobability in a 
later choice circumstance, SAB represents a reduction in population behavioral entropy, and 
a situation in which a reduction in the behavior degrees of freedom and reduced statistical 
behavioral entropy is favored evolutionarily. This finding is contrary to some findings of 
increased entropic states being associated with greater biological health and/or function (e.g. 
Mandell, 1987; Paulus et al., 1980). 
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1. Introduction 

It is known that red blood cells release ATP when blood oxygen tension decreases. ATP has 
an effect on microvascular endothelial cells to form a retrospective conducted vasodilation 
to the upstream arteriole. Local metabolic control of coronary blood flow due to 
vasodilation in microvascular units where myocardial oxygen extraction is relatively high 
occurs due to ATP.[5] Arterioles dilate or constrict in response to changing intravascular 
pressure.[6] 

“It is well known that myogenic responses, flow-dependent vasodilation, local metabolic 
effects, and propagation all contribute to blood flow regulation. Primarily responsible for 
carrying oxygen in blood, red blood cells (RBCs) may also act as oxygen sensors and thus 
play a role in the communication of metabolic demand” [3,7]. The mechanisms for release of 
ATP from the RBC in response to lowered oxygen saturation have been studied. [8]. Jagger 
et al. [9] measured the ATP release at low O2 levels in the presence and absence of CO to 
demonstrate that the release of ATP from RBCs may be connected to the change of the 
hemoglobin molecule from its relaxed state to its deoxygenated state. Upon release, ATP 
binds to P2Y purinergic receptors on the luminal surface of the endothelium, starting the 
conducted response [10].An in vitro microfluidic experimental study to investigate the 
dynamics of shear-induced ATP release from human RBCs with millisecond resolution was 
conducted by Wan et al. [11].Conclusively it was shown that there is a sizable delay time 
between the onset of increased shear stress and the release of ATP. "It was seen that this 
response time decreases with shear stress, but does not depend significantly on membrane 
rigidity. It was shown that even though the RBCs deform significantly in short constrictions 
(duration of increased stress <3 ms), no measurable ATP is released."[11] 
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ATP is short for adenosine triposphate, which is a “currency” of biological energy. There 
exists an adenosine group with 3 phosphate groups attached to it. Hydrolizing this bond 
detaches one of the phosphate groups and produces ADP, which is adenosine di-phospahte 
plus a phosphate group and energy. Through chemical reaction if you pop off a phosphate 
group of ATP, energy will be generated for general heat or one can couple this reaction with 
other reactions that require energy. This chemical reaction of ATP to ADP involves going 
from stored energy to used energy. ADP can be recharged back to ATP by processes in the 
mitochondria. 

 
Figure 1. Adenosine Triphosphate[12] 

The same part(adenine) that makes up DNA is that which makes up these energy currency 
molecules known as ATP molecules. Adenine makes part of adenosine which makes part of 
ATP. The other part of ATP is known as ribose from RNA, which is a five carbon sugar. ATP 
drives biological reactions. In terms of electrons when one pops off the phosphate group the 
electrons enter a lower energy state between phosphate and oxygen atoms which generates 
energy. 

RBC’s have no nucleus or mitochondria. As a result RBC’s obtain their energy using 
glycolysis to produce ATP. There are both advantages and disadvantages to this. An 
advantage is due to the biconcave disk shape which optimizes the cell for the exchange of 
oxygen with its surroundings and optimizes space for the hemoglobin. The RBC’s are 
deformable and flexible so that they can move through the tiny capillaries where oxygen is 
released. The disadvantage is that because of the absence of nuclei and organelles, mature 
RBC’s do not contain DNA and cannot synthesize any RNA, and cannot divide or repair 
themselves. The Mitochondria enables cells to produce 15 times more ATP than usual. Lack 
of mitochondria means that the cells use none of the oxygen they transport. Instead they 
produce the energy carrier ATP by means of fermentation, via glycolysis of glucose and by 
lactic acid production. 
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Figure 2. Ball and Stick Model of ATP based  x-ray diffraction data[13] 
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Figure 3. Space-Fill Representation of ATP[14] 
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2. Structural features erythrocyte and the erythrocyte membrane 

Lacking organelles as nucleus, mitochondria, or ribosomes, the red cell does not synthesize 
new proteins, carrying out the oxidative reactions associated with mitochondria, or undergo 
mitosis. 

The RBC consists of a membrane surrounding a solution of protein and electrolytes. About 
95% of the protein is the oxygen-transport protein, hemoglobin. The remainder of the 
protein includes enzymes required for energy production and for maintenance of 
hemoglobin. 

3. Shape of RBC 

In immobile state, the normal human RBC is shaped as a biconcave disc. The disc shape is 
important to erythrocyte function. The ratio of surface to volume is optimized so that 
oxygen transfer is possible. Also the biconcave disc is more deformable than a sphere and 
undergoes the change in shape necessary for optimal movement in microvasculature. 

The four possible forces to maintain the shape described are (1) elastic forces within the 
membrane, (2) surface tension, (3) electrical forces on the membrane surface, and (4) osmotic 
or hydrostatic pressures. The maintenance of RBC shape is dependent on the structure of the 
cell as well as in the external environment. If these are changed, the cell may become 
spherical.  

When RBC’s are suspended in hypotonic solutions andosmotic swelling occurs. This can 
make the cell spherical. These changes are associated with an increase in volume while the 
cell surface area remains the same or changes only slightly. When spherical shape is 
attained, the cell diameter decreases, and this shows the elastic properties of the membrane. 

Discocyte-echinocyte transformation takes place when ATP is depleted, when intracellular 
calcium is increased, when the cell is exposed to plasma, anionic detergents, high pH, 
lysolecithin or fatty acids. 

4. Dimensions of RBC 

Photomicrographs are used to measure the dimensions of RBC’s. Average values for the 
mean cellular volume in normal subjects are from approximately 85 to 91 fl. Ninety-five 
percent of normal red cells are between about 60 and 120 fl in volume. Various results have 
yielded an average normal value for red cell diameter of 7.2 to 7.4 microns.  

5. Present objective 

In this work we model the time delay of release of ATP as supporting work shows by Wan 
et al. [11] for shear-induced ATP release from red blood cells. A release rate which is a 
function of time and introduces a delay mechanism is introduced to show how the 
concentration of ATP is thus affected. 
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Figure 4. [11] 
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6. Method of solution 

By conservation of mass, the decline in oxygen flux must equal the rate of oxygen 
consumption, giving the following equation for the change in oxygen saturation, S(x), with 
distance, x, along each arteriole: 

 ( )o D
d Qc H S x q
dx

      (1) 

where Q is volume flow rate in an individual vessel, oc  is the carrying capacity of RBCs at 

100% saturation. DH is the discharge hematocrit, and 2 2
0 1,( )j jq M r r  [ 3]. 

The release rate of ATP from an RBC, R[S(x)], is defined by a decreasing linear function of 
oxyhemoglobin saturation based on experimental data. ATP release from human 
erythrocytes in response to normoxia and hypoxia was observed in in vitro 
experiments.[3]. 

A linear fit of experimental values defines the ATP release function of saturation : 

 0 1( ) 1 ( )R S x R R S x         (2) 

In general,the rate of change in plasma ATP concentration, C(x,t), is given by the difference 
between the rates of ATP release and degradation: 

 2 2[ (1 ) ] [(1 ) ( )] [ ( , )] 2 ( , )T D T dR H C H QC x R H R S x t k RC x t
t x
   

     
 

 (3) 

where TH  is tube hematocrit, R is radius of vessel and dk  is a concentration rate 
constant.([3]) 

We assume that there is no convection in the vessel and there is no x-dependence. Equation 
(3) simplifies to the following equation: 

2( ( ))
1 1

dT

T T

kHdC R S t C
dt H R H

 
 

 

In this chapter a model is developed which predicts tissue ATP concentrations as a variation 
of time and depth into the tissue due to changing oxygen tensions. 

The ATP concentration within plasma as a variation of time due to changes in oxygen 
tension at the tissue surface is related to the release and degradation of ATP, by the 
following equation: 

 ( )ATP
dC R t C
dt

     (4) 
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where   is some constant of degradation. 2
1

d

T

k
R H

 


 [Related to the RBC fraction], R is 

the release of ATP from the RBC and C is ATP concentration. 

In this model the ATP concentration maximizes at some constant value, depending on the 
oxygen saturation. This model can be used to predict the plasma ATP concentration based 
on different oxygen saturations. 

7. Discussion 

From Equation (4), with varying degradation constant, related to the RBC fraction, and 
release rate , ( ) ( 3)ATPR t H t  where H is the Heaviside function as a function of t, we show 
results in Figure 5 for concentration of ATP, ( M ), versus time (ms). The value in the shifted 
Heaviside function corresponds to the experimental results of Wan et al [11] for time t< 3 ms. 
This is the time interval where there is no ATP release and can be confirmed in Figure 4 
where there is no ATP release before and throughout the stenosis of the microfluidic device. 
In fact there is ATP release in the low shear expansion on the right of the microfluidic device. 
This can be seen in the increase in concentration of ATP released  by RBC as shown in Figure 
4. The parameter η  represents the rate of increase of ATP release and for large η, the 
concentration of ATP increases rather steeply, wheras for smaller η the concentration of ATP 
increases less steeply as can be seen in Figure 6 for varying values of degradation constant. 
Also our model is consistent with the experimental results of Wan et al.[11] in that the 
greatest increase in ATP occurs approximately 29 ms after the onset of increased shear stress. 

(See Figure 6 for 0.1   at time t=30ms.) It is noteworthy to see that these results for shear-
induced ATP release can also be extended to ATP release due to a decrease in saturation. 

 
Figure 5.  
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Figure 6.  

8. Summary and conclusion 

In this work we have outlined the importance of ATP as a signaling molecule in the 
microcirculation and have discussed the biochemical aspects of ATP and ADP as well as 
introduce a model for ATP release as used in microfluidic devices where RBC’s are subject 
to compression and deform thus resulting in ATP release. 

It is shown by Wan et al. [11 ] that even though the RBCs deform significantly in short 
constrictions (duration of increased stress <3 ms), no measurable ATP is released. This 
critical timescale is in proportion with a characteristic membrane relaxation time determined 
from observations of the cell deformation by using high-speed video[11]. “The results 
suggest a model wherein the retraction of the spectrin-actin cytoskeleton network triggers 
the mechano-sensitive ATP release and a shear-dependent membrane viscositycontrols the 
rate of release”.[11] 

It is noteworthy to see that these results for shear-induced ATP release can also be extended 
to ATP release due to a decrease in saturation.[3] 
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1. Introduction 

Human red blood cells (RBCs) or erythrocytes have remarkable deformability. Upon 
external forces, RBCs undergo large mechanical deformation without rupture, and they 
restore to original shapes when released. The deformability of RBCs plays crucially 
important roles in the main function of RBCs - oxygen transport through blood circulation. 
RBCs must withstand large deformations during repeated passages through the 
microvasculature and the fenestrated walls of the splenic sinusoids (Waugh and Evans, 
1979). RBC deformability can be significantly altered by various pathophysiological 
conditions, and the alterations in RBC deformability in turn influence pathophysiology, 
since RBC deformability is an important determinant of blood viscosity and thus blood 
circulation. Hence, measuring the deformability of RBCs holds the key to understanding 
RBC related diseases. For the past years, various experimental techniques have been 
developed to measure RBC deformability and recent technical advances revolutionize the 
way we study RBCs and their roles in hematology. This chapter reviews a variety of tools 
for measuring RBC deformability. For each technique, we seek to provide insights how 
these deformability measurement techniques can improve the study of RBC 
pathophysiology.  

2. Deformability of RBCs 

RBCs are the most deformable cell in the human body. RBC deformabiltiy is an intrinsic 
mechanical property determined by (1) its geometry, (2) cytoplasmic viscosity, mainly 
attributed to hemoglobin (Hb) solution in the cytoplasm, and (3) viscoelastic properties of 
RBC membrane cortex structure.  
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2.1. RBC geometry 

Mature human RBCs have a biconcave disc shape and they do not contain nucleus or 
subcellular structures but mainly consist of Hb solution in the cytoplasm (Fig. 1a). A typical 
human RBC has a thickness of 2-3 μm, diameter of 6-8 μm, cell volume of 90 fl, and surface 
area of approximately 136 μm2 (Kenneth,2010). Depending on species, RBC shape and size 
vary. In mammals, RBCs develope from nucleated progenitor cells in bone mellow but RBCs 
discard their nucleus as they mature, whereas RBCs of other vertebrates have nuclei. 
Throughout their life span of 100-120 days, human RBCs circulate the body delivering 
oxygen from the lungs to tissues. RBCs gradually lose their deformability with age and 
eventually rupture in spleen. The biconcave shape of normal RBCs has advantages in 
having deformability. Compared to a spherical shape, RBCs with biconcave shape have less 
volume for a given surface area, which can decrease bending energy associated with the 
membrane (Canham,1970).  

2.2. Membrane cortex structure 

The unique deformability of RBCs is mainly determined by the structures of RBC membrane 
cortex. The membrane of human RBC is a multicomponent structure comprised of three 
layers: (1) an external carbohydrate-rich layer, (2) the phospholipid bilayer with 4-5 nm 
thickness, embedded with transmembrane proteins, and (3) a 2-D triangular mesh-like 
spectrin cytoskeleton network attached to the surface bilayers. The mesh size of the spectrin 
network is 60-80 nm. The spectrin network is anchored to the phospholipid bilayer via 
juntional complexes and ankyrin proteins. Junctional complexes and ankyrin proteins can 
diffuse in the lipid membrane.  

(c)
(b)(a)

~ 8 µm

~ 2 µm

Volume ~ 90 fl
Surface area ~ 136  µm2

 
Figure 1. (a) RBC morphology. (b) Spectrin network measured by high resolution negative staining 
electron microscopy. (b) Schematic model of the red cell membrane. Reproduced, with permission, from 
(Liu, Derick et al.,1987; Tse and Lux,1999). 

2.3. Viscoelastic properties of RBC  

In a view of classical mechanics, soft biomaterials can be characterized by viscoelastic 
properties - exhibiting both energy-storing elastic and energy-dissipating viscous 
characteristics. RBC is a typical soft biomaterial showing unique viscoelastic properties 
(Hochmuth and Waugh,1987). 
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2.3.1. Elastic property 

Elastic property chracterizes deformability of a material when a force is applied. Since RBC 
cytoplasm mainly consists of Hb solution, the elastic properties of RBC is determined by 
RBC membrane cortex structures. RBC membranes are only a few molecules thick, and they 
can be treated with a 2-D continuum model. Although the deformation of RBC membrane is 
highly complex, it can be simply explained by three fundamental deformation modes: area 
expansion, shear, and bend of the membrane (Fig. 2).  

Area expansion Shear Bend

 
Figure 2. Schematic illustrations of area expansion, shear, and bend modes of a 2-D membrane. 

The elastic property of a 2-D membrane cortex is characterized by three mechanical elastic 
moduli: area expansion modulus K, shear modulus µ, and bending modulus B. The detailed 
explanations for three elastic moduli are described as follow: 

Area expansion modulus. The area expansion (or compression) modulus K reflects the 
elastic energy storage produced by an isotropic area dilation or compression of the 
membrane surface. The area expansion modulus K is described as 

   ,t
o

AT K
A


  (1) 

where Tt, A0, and A correpond to the isotopic tensile force, the original surface area, and 
the increase in surface area, respectively (Hochmuth and Waugh,1987). The area expansion 
modulus of RBC membranes is mainly dominated by the elasticity of the bilayer. 
Interestingly, the lipid bilayer itself is highly inextensible; the stand-alone lipid bilayer area 
compression modulus was given in the range of 200-300 mN/m (Rawicz, Olbrich et al.,2000). 
However, RBC membranes exhibit significant area extensibility. There is a wide range of 
measured values for K of RBCs that fall into two groupings. (1) Values reported from 
micropipette-based studies are in the range of 300-500 mN/m (Evans,1973; Waugh and 
Evans, 1979). (2) Recently, measurements based on dynamic membrane fluctuations report 
K of RBC membranes in the range of 10-100 N/m (Gov, Zilman et al.,2003; Betz, Lenz et al., 
2009; Park, Best et al.,2010; Park, Best et al.,2011; Byun, Higgins et al., in press). These two 
techniques sample mechanical responses of the RBC under very different loading conditions 
and they involve different components of the cell; micropipette-based studies mainly probes 
lipid-bilayer dominated behavior while membrane fluctuation measurements primarily 
analyze spectrin network dominated behavior. In addition, the area expansion modulus K of 
RBC membranes can be changed by temperature; the micropipette asiperation techniques 
measured K at 25 °C is 450 mN/m and the temperature dependency of K was found to be -6 
mN/m°C. (Waugh and Evans,1979).  
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Shear modulus. The shear modulus µ of a 2-D structure reflects the elastic energy storage 
associated with extension of the membrane surface with the same membrane area. The shear 
modulus µ is described as 

  2 2 ,
2sT      (2) 

where Ts is the shear force and  is the the extension ratio (Evans,1973). Shear modulus of 
lipid bilayers is essentially zero due to its fluidity nature; shear modulus of RBC is mainly 
contributed from the spectrin network. The shear moduli of RBC membranes have been 
extensively measured by micropipette aspiration; the values for µ are in the range of 6-10 µ 
N/m (Evans and La Celle,1975; Chien, Sung et al.,1978; Waugh and Evans,1979; Evans, 
Mohandas et al.,1984). Techniques based on optial tweezers (Lenormand, Hénon et al.,2001; 
Dao, Lim et al.,2003), magnetic twisting cytometry (Puig-de-Morales-Marinkovic, Turner et 
al., 2007), and dynamic membrane fluctuation measurements (Park, Best et al.,2010; Park, 
Best et al.,2011) have also reported consistent values for µ. The shear modulus µ is sensitive 
to the environment condition of the membrane. The shear modulus decreased as 
temperature increased from 5 to 45C (Waugh and Evans,1979). Decreasing pH significantly 
increase the shear modulus of RBC membranes, but increasing pH above 7.2 does not cause 
a significant change (Crandall, Critz et al.,1978). More interestingly, bimodal distributions in 
the values for µ were observed in independently reported data (Lenormand, Hénon et al., 
2001; Park, Best et al.,2010), suggesting the nonlinear stiffening of spectrin network (Park, 
Best et al.,2011).  Malaria invasion cause significant increases in shear moduli values (Mills, 
Diez-Silva et al.,2007). 

Bending modulus. Bending modulus (or fluxural modulus) B of a membrane is determined 
by the energy needed to deform a membrane from its original curvature to some other 
curvature. The bending modulus B of a 2-D membrane is described as  

  1 2 3M B C C C    (3) 

where M is the bending momemt. C1 and C2 are two principle curvatures, and C3 is the 
curvature in the stress-free state (Helfrich,1973; Evans,1974). Bending of a 2-D structure 
involves both area compression and expansion. For a lipid bilayer structure, the bending 
modulus, area expansion (or compression) modulus, and the thickness of the bilayer are 
related by B=h2K/4, where h is the bilayer separation distance, and K is the compressibility 
of the bilayer (Helfrich,1973; Evans,1974). The elastic bending moduli B of lipid bilayer is 
determined by chemical compositions of the lipids, and there is a broad range of reported 
bending moduli for lipid bilayers (Boal,2002). The elastic bending moduli B of RBC 
membranes have been measured with various techniques. The values for the bending 
modulus measured by micropipette-based studies are in the range of 50 kbT (~ 10-19 Nm) 
where kb is Boltzmann constant, and T is the temperature (Evans,1983). The bending 
modulus B of RBCs does not significantly change with temperature (Nash and Meiselman, 
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1985) or cell Hb concentration for both normal and sickle cells (Evans, Mohandas et al., 
1984). The recent experiments (Betz, Lenz et al., 2009; Yoon, Hong et al., 2009) have also 
measured that the bending modulus of RBCs is of the order of 50 kbT. However, several 
other techniques have measured lower bending moduli of RBC membranes. Studies based 
on measurements of RBC membrane fluctuations reported membrane bending moduli in the 
range of 10 kbT (~ 10-22 J) (Brochard and Lennon,1975; Zilker, Engelhardt et al.,1987; Zilker, 
Ziegler et al.,1992; Park, Best et al.,2010; Park, Best et al.,2011).  

2.3.2. Viscous property 

While the elasticic property of RBC membranes characterizes its resistance to deformation, 
the viscous property characterized its resistance to a rate of deformation (Hochmuth and 
Waugh, 1987). The viscous properties of RBC membranes can be determined by 3-D 
cytoplasmic viscosity and 2-D membrane viscosity.  

Cytoplasmic viscosity. The values for the 3-D viscosity of blood plasma and cytosolic Hb 
solutions are ~ 1 mPa·s and ~ 5 mPa·s, respectively (Cokelet and Meiselman,1968). Cytosolic 
viscosity depends on the concentration and viscosity of Hb. By measuring the dynamic 
contour fluctuations of RBC membrane, the cytoplasmic viscosity has been obtained in the 
range of 2-5 mPa·s (Yoon, Hong et al.,2009). Recently, the dynamic membrane fluctuation 
measurements retrieved the cytoplasmic visocity of the RBCs at physiological osmotic 
pressure as 5-6 mPa·s, and the cytosol viscosity increases monotonically from with 
increasing osmolality (Park, Best et al.,2011).  

Membrane viscosity. The major source of viscous dissipation in RBC membranes is the 
membrane viscosity. During the recovery process after large deformation of RBCs, 2-D 
membrane viscosity dominates energy dissipation (Evans and Hochmuth,1976). The 2-D 
viscosity of lipid membranes 2D can be qualitatively related to a 3-D bulk visosity of 
phospholipid 3D as 2D ~3D ·d where d is the thickness of the 2D structure. For a typical 
lipid bilayer, 3D ~ 103 mPa·s and d ~ 1-10 nm, and thus 2D ~ 10-10-10-9 Ns/m. Reported 
surface viscosities for lipid bilayers are of the order of 10-10-10-9 Ns/m (Waugh,1982; Evans 
and Yeung,1994). Considering viscous dissipation due to a 2-D membrane viscosity, the 
modified version of the shear force from Eq. (2) is described as  

  2 2
2

ln2 ,
2s DT

t
    

  


   (4) 

where t is time (Evans and Hochmuth,1976). Assuming the RBC membrane follows Kelvin-
Voigt model, Eq. (4) can be simply expressed as  

 2 / .c Dt      (5) 

where tc is the recovery time after large deformation of RBC membranes (Evans and 
Hochmuth,1976). Typically, tc  ~ 0.06 s at 37C (Hochmuth, Buxbaum et al.,1980), and thus if 
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µ ~ 1-10 µN/m,  ~ 0.06 – 0.6 µNs/m. The 2-D surface viscosity of RBC membranes has been 
measured by several experiments. Tether experiments performed on model membrane 
systems, where cytoskeleton structure was absent, obtained a resultant upper bound of 5×10-

3 µN·s/m for 2D (Waugh,1982). The diffusion constant of membrane-bound proteins can be 
used to calculate the membrane viscosity (Saffman and Delbrück,1975). Using this method, 
the 2-D membrane viscosity values of RBC membranes have been reported in the range of 
(0.5-14)x10-9 Ns/m with various technqiues including fluorescence photobleaching recovery 
(Golan and Veatch,1980), fluorescence photo-bleaching technique (Kapitza and Sackmann, 
1980), and restriction of the lateral motion of membrane embedded proteins (Tsuji and 
Ohnishi,1986).  

2.4. Mathematical models and simulations 

Using mathematical models, the mechanics of the membrane cortex structures has been 
simulated. Using a worm-like-chain model with surface and bending energy, the force-
displancement relations for the spectrin network of RBCs have been described (Discher, 
Boal et al.,1998; Dubus and Fournier,2006). The viscoelastic properties of the RBC membrane 
was described using an effective continuum membrane model that simulates a finite-
thickess 2-D continuum plane model with in-plane shear modulus and bending modulus 
(Dao, Lim et al.,2003). Recently developed numerical models accurately describes the 
complex viscoelastic properties of RBCs deformabilty (Fedosov, Caswell et al.,2010).  

3. RBC deformability and blood microcirculation 

The RBC deformability can influence blood microcirculation since viscosity and flow can be 
significantly changed by the viscoelastic properties of RBCs.  

3.1. Blood viscosity 

Viscosity of liquid characterizes its resistance to flow under certain deforming force, 
especially shear stress. Under laminar flow conditions where particles move parallel to 
adjacent neighbors with minimal turbulence, the fluidity is classified by the dependence of 
viscosity to shear strain or shear stress: (1) Newtonian fluid, if the viscosity is independent 
of shear stress or shear strain so that shear stress is linearly proportional to shear strain, (2) 
non-Newtonian fluid whose viscosity either decrease (shear-thinning) or increase (shear-
thickening) depending on the changes of shear stress (Merrill,1969).  

Blood is non-Newtonian fluid which exhibits shear-thinning behavior. Blood viscosity 
decreases at high shear stress due to the deformation of RBCs, while it increases at low shear 
stress because RBCs aggregate with each others and form stacked coin structure, called 
rouleaux (Shiga, Maeda et al.,1990). For normal blood at 37°C, blood viscosity at high shear 
rate (100~200 s-1) is measured as 4 ~ 5 cP, while it increases rapidly up to 10 cP as shear stress 
decreases less than 10 s-1  (Rand, Lacombe et al.,1964).  
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Whole blood is a two-phase liquid consisting of a liquid medium (plasma) and formed 
elements such as RBCs, white blood cells, and platelets. Thus, its viscosity is mainly 
determined by (1) viscous properties of plasma, (2) the fraction of RBCs in the blood 
(hematocrit, normal range is 42 – 47%), and (3) viscoelastic properties of the formed 
elements.  
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Figure 3. (a) Apparent viscosity of blood as a function of shear rates. (b) Hematocrit effects on blood as 
a function of shear rates. Modified, with permission, from (Somer and Meiselman,1993; Baskurt,2007) 

 Plasma is a Newtonian fluid which viscosity in normal condition varies 1.10 ~ 1.35 cP at 
37°C, while the viscosity of pure water is 1.0 cP at 20°C (Lowe, Drummond et al.,1980). 
Plasma proteins such as fibrinogen are thought to cause RBC aggregation by facilitating 
binding between RBCs. Elevated levels of fibrinogen concentration in plasma enhance 
RBC aggregation and thus it increases blood viscosity.  

 Formed elements in the stream lines of laminar flow of blood can be considered as the 
source of turbulence which significantly increases blood viscosity. Among formed 
elements, RBCs cause the most significant effects since RBCs concentration is the 
highest among the formed elements in blood. The blood viscosity increases as 
hematocrit increases; the hematocrit effect becomes more severe when shear stress 
decreases since more aggregation of RBCs takes place (Dormandy,1970; Baskurt,2007). 

3.2. Blood flow in microcirculation 

Microcirculation transports blood to the small vessels in the vasculature embedded within 
organs. The arterial side of vessels in the microcirculation, surrounded by smooth muscle 
cells, has the inner diameter of ~ 10 – 100 μm. Capillaries, parts of the microcirculation, have 
only one RBC thick, having the diameter of  ~ 5 – 10 μm. Blood flow in microcirculation has 
low Reynold number and thus it is governed by Stoke’s law (Baskurt,2007). Flow dynamics 
in microcirculation requires deep consideration of (1) fluid dynamics in capillaries, (2) 
interaction between formed elements with vessel walls, and (3) the structure and network of 
microvessels. Blood flow in microcirculation is not only determined by the geometric 
features of blood vessels and hydrostatic blood pressure, but also affected by the rheological 
properties. RBC deformability can significantly alter blood flow in microcirculation (Chien, 
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1987). The reduction in RBC deformability under certain physiological or pathological 
conditions results into the retardation of blood-flow thourgh the microcirculation, which 
plays important roles in the stages of peripheral vascular insufficiency (Reid, Dormandy et 
al.,1976); reduced RBC deformability in sickle cell disease and malaria results into occlusions 
in the microcirculation.  

4. Measurement techniques for individual RBCs 

4.1. Micropipette aspiration 

Micropipette aspiration techniques have been extensively used to measure the mechanical 
properties of RBC membranes (Evans and La Celle,1975; Shiga, Maeda et al.,1990; 
Hochmuth, 2000). Micropipette aspiration uses a glass micropipette, having inner diameter 
of 1~3 μm, to apply negative pressure onto RBC membranes. When negative pressure is 
applied, RBC membrane is aspirated into the micropipette and the amount of aspiration 
depends on the viscoelastic properties of cell membrane. Detailed measurement techniques 
vary depending on the mechanical property of interest (Fig. 4): (1) measuring pressure 
necessary to aspirate the membrane when the aspirated distance is equal to the radius of the 
pipette; (2) measuring the ratio between aspirated length of membrane and the radius of the 
pipette in given pressure; (3) measuring pressure required to aspirate whole RBC inside the 
micropipette (Evans,1973; Evans and La Celle,1975). The area expansion modulus of RBC 
membranes can be measured by using micropipette aspiration based on Eq. (1); the 
measured value for K for normal RBCs at room temperature was 450 mN/m (Evans and 
Waugh, 1977). In order to measure the shear modulus of RBC membranes, the second 
method (Fig. 4b) can be used and the shear modulus µ of the RBCs can be related to the 
aspirated length (or “tongue length”) of membrane Dp as,  

 / ~ / ,p p pD R pR    (6) 

where Rp is the radius of the micropipette, p is the applied pressure (Evans,1973; Chien, 
Sung et al.,1978). Using micropipette aspiration, the value for µ was measured as 91.7 
µN/m (Evans, Mohandas et al.,1984).  

(A) (C)(B)

 
Figure 4. Various methods for micropipette aspiration. (A) Measuring pressure P to aspirate the 
distance same with the micropipette radius. (B) Measuring the ratio between the aspirated length of 
membrane D and the micropipette radius at a certain negative pressure. (C) Measuring pressure  
Pt necessary to aspirate a whole RBC into the pipette. Reproduced, with permission, from (Evans and  
La Celle,1975) 
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Micropipette asperation technique can measure the bending elastic modulus B of RBC 
membranes (Evans,1983; Shiga, Maeda et al.,1990). The value for B depends directly on the 
magitude of the aspiration pressure when RBCs start to buckle and inversely on the pipette 
area; measuring negative pressure with varying radius of the pipette can measure B of 
RBCs. The measured value for B was 43.5 kBT (Evans,1983). By measuring the time for 
recovering original shape from releasing negative pressure, the 2-D viscosity of RBC 
membranes can also be obtained by Eq. (5).    

4.2. Atomic force microscopy 

Atomic force microscopy (AFM) is a tip-scanning technique that images topographies of 
materials in atomic or molecular scale (Binnig, Quate et al.,1986). It uses a cantilever with a 
sharp tip as a probe. Depending on the amount of force to apply or sensitivity, diverse tip 
shapes are used such as triangular, parabolic, or cylindrical shapes (Weisenhorn, Khorsandi 
et al.,1993). As a tip scans over a sample with physical contact, the vertical motion of the tip 
is monitored by photodiodes which precisely detect small changes in laser beam position 
reflected from the tip. As shown in Figs. 5a-b, the topographic images of RBCs can be 
obtained in high spatial resolution; cytoskeleton structure of membrane can even be 
revealed (Kamruzzahan, Kienberger et al.,2004).  

(a) (b)

10 µm 3 µm 

(c) (d)

 
Figure 5. AFM measures RBC topography and deformability. (A) Topogram of normal RBCs. (B) 
Detailed texture of the RBC membrane surface. (C) Indentation depth measurement. (D) Different force-
versus-indentation depth curves of RBCs in various conditions: a. anisocytosis; s. hereditary 
spherocytosis; d. G6PD deficiency; and n. normal condition. Reproduced, with permission, from 
(Kamruzzahan, Kienberger et al.,2004; Dulinska, Targosz et al.,2006)  

Since AFM can apply forces to sample surfaces at the nN scales, it can measure mechanical 
properties of soft materials such as RBCs. The displacement of the stage required for the 
same deflection of the tip is different between solid- and soft-materials, from which applied 
forces can be calibrated. For a parabola-shaped or a spherical tip having the radius of 
curvature Rc, the indentation depth z relates an applied force F and a relative Young’s 
modulus E* (Weisenhorn, Khorsandi et al.,1993): 

  * 3/24
( ) .

3
cR

F E z   (7) 

The relative Young's modulus E*  is defined as: 
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where E1, E2, 1, and 2 are the Young’s moduli and Poisson ratios for the simple and the tip, 
respectively. Since typical value of E2 (~150 GPa for Si3N4 tip) is much greater than that of 
biological samples (1 ~ 100 kPa), the rightmost equation is valid for biological samples 
(Radmacher,1997). The Poisson ratio is 0.5 for a perfectly incompressible and elastic material 
deformed elastically; the Poisson ratio of soft tissues varies with 0.490 ~ 0.499 (Fung,1993). 
Young’s moduli of RBCs at various pathophysiological conditions have been measured 
using AFM. Young’s moduli of healthy RBCs have been obtained to be is 4.4 ± 0.6 kPa 
(Dulinska, Targosz et al.,2006). RBCs from hereditary spherocytosis, thalassemia (Dulinska, 
Targosz et al.,2006) and diabetes mellitus (Fornal, Lekka et al.,2006), and sickle cell traits 
(Maciaszek and Lykotrafitis,2011) have measured.  

4.3. Optical tweezers 

Optical tweezers use highly focused laser beams that transfer linear or angular momentum 
of light, in order to optically trap μm- and nm-sized dielectric spherical particles (Ashkin, 
1970). Light refraction at a sample induces linear momentum change, resulting into trapping 
forces (Fig. 6). High numerical aperture (NA) objective lens is used to generate a tightly 
focused optical trap, and its trapping force is governed by the refractive indices of sample 
and surrounding medium, laser power, and sample size; optical force to trap particles much 
smaller than laser wavelength can be described by Rayleigh scattering theory, while 
trapping samples much larger than laser wavelength belongs to Mie scattering regime 
(Ashkin, Dziedzic et al.,1986; Svoboda and Block,1994). Optical tweezers have been widely 
used in many fields such as biophysics and soft matter sciences, where manipulation of μm 
sized particles (e.g. cells or microspheres) with a small force (pN scale) is required (Grier, 
2003; Lee and Grier,2007).  
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Figure 6. Principles of optical tweezers. (A) Laser beam with gradual intensity transfers linear momentum 
to a microsphere to escape from the beam center. (B) Focused Gaussian beam exerts trapping force. (c) 
Deformation of a RBC by exerting various optical forces to microspheres attached on the RBC membrane. 
The change of diameter D in response of optical force F is converted to shear modulus of the RBC. 
Modified, with permission, from (Svoboda and Block,1994; Henon, Lenormand et al.,1999). 
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Since optical tweezers can apply forces at the pN level, it has been employed for measuring 
the deformability of RBCs. Measurements of the mechanical properties of RBCs with optical 
tweezers can be done either by applying optical force to microspheres attached to RBCs 
(Henon, Lenormand et al.,1999; Dao, Lim et al.,2003) or stretching RBCs by diverging beams 
from opposite directions (Guck, Ananthakrishnan et al.,2001). In the former approach, two 
silica beads are attached to the opposite sides of a RBC, then these beads are trapped with  a 
Nd:YAG laser beam ( = 1064 nm) with maximum power of ~ 605 mW, corresponding 
maximum optical force is 80 pN (Henon, Lenormand et al.,1999). The change in the 
projected diameter of the RBC in response of optical force is converted to shear modulus of 
the RBC using mathematical membrane models. The shear modulus of discotic RBCs were 
measured as ~ 10 μN/m (Dao, Lim et al.,2003). Using optical twezers system with a high 
power laser, the shear modulus values of RBCs under large deformation (corresponding to 
400 pN) was measured as 11-18 μN/m while initial values were 19-30 μN/m, showing 
hyperelastic constitutive response (Lim, Dao et al.,2004). Optical stretcher, a variant of 
optical tweezers, uses two diverging laser beams from opposite directions (Guck, 
Ananthakrishnan et al.,2001). Linear momentum changes by two laser beams apply 
stretching force to the RBC along the optical axis, and the RBC deformations under varying 
optical force are measured from which mechnical properties are retrieved. Optical tweezers 
can also be used for detecting membrane fluctuation dynamics of RBCs by imposing a 
deformation (Yoon, Kotar et al.,2011).  

4.4. Magnetic twisting cytometry 

Magnetic twisting cytometry (MTC) applies both static and oscillating magnetic field to 
ferromagnetic microbeads attached to the surface of cell membrane (Wang, Butler et 
al.,1993). Depending on the applied magnetic field, the microbeads exhibit both translational 
and rotational motion, which applies torques to the cell membrane. The motion of beads is 
recorded by a CCD camera, and the stiffness G’ and loss modulus G of the membrane can 
be obtained by analyzing the displacement of bead in response to applied torque. By 
varying oscillating frequency (0.1 to 100 Hz) and the magnitude of applied magnetic field  
(~ 1 - 10 Gauss), the stiffness and loss modulus of RBC membranes are measured at different 
driving frequencies (Puig-de-Morales-Marinkovic, Turner et al.,2007).  

(a) (c)(b)

 
Figure 7. Magnetic Twisting Cytometry (a) Bright field and (b) Scanning electron microscopy images of 
RBCs with ferromagnetic beads attached. (c) Principles of magnetic twisting cytometry. Reproduced, 
with permission, from (Puig-de-Morales-Marinkovic, Turner et al.,2007) 
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The torsional stiffness modulus is independent of frequency, whose value is ~ 10-3 Pa/nm at 
sinusoidal magnetic field of 1 G, while the loss modulus increases as frequency increases; 
these values correspond to the bending moduli in the range of 0.2 - 0.8 pN·μm and the shear 
moduli in the range of 6-12 μN/m (Puig-de-Morales-Marinkovic, Turner et al.,2007). MTC 
technique also revealed dramatic increases in the stiffness of malaria-infected RBC at the 
febrile temperature (41°C) (Marinkovic, Diez-Silva et al.,2009). 

4.5. Quantitative phase imaging 

Quantitaitve phase imaging technqiues measure the electric field, i.e. amplitude and phase 
images whereas conventional brightfield microscopy only images light intensity (Fig. 8) 
(Popescu, 2011). Employing the principle of laser interference, electric field information of 
target sample is modulated onto intereferograms recorded by a CCD camera. By using 
appropriate field retrieval algorithms, the field information can be retrieved from the 
measured holograms (Debnath and Park, 2011). Typical interferogram and quantitative 
phase image of a RBC are shown in Fig. 8b-c. Quantitative phase imaging techniques can 
measuring dynamic membrane fluctuations of RBCs (Popescu, Ikeda et al.,2005; Popescu, 
Park et al.,2008; Park, Best et al.,2011) as well as cellular dry-mass (Popescu, Park et al.,2008). 
Dynamic membrane fluctuation, consisting of submicron displacement of the membrane, 
has a strong correlation with deformability of RBCs and can be altered by biochemical 
changes in protein level (Waugh and Evans,1979). By measuring membrane fluctuation of 
RBCs, bending modulus and tension factor of RBCs were calcualated (Popescu, Ikeda et al., 
2006). 
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Figure 8. Quantitative phase imaging. (A) Schematic of the principle of quantitative phase imaging. (B) 
Measured interferogram and (C) retrieved phase image of a RBC using quantitative phase imaging. 
Reproduced, with permission, from (Park, Best et al.,2011). 

Diffraction phase microscopy (DPM), a highly stable technique for quantitative phase 
imaging, has been widely used for investigating the deformability of RBCs. Employing 
common-path laser interferometry, DPM provides full-field quantitative phase imaging 
with unprecedented stability (Park, Popescu et al.,2006; Popescu, Ikeda et al.,2006). DPM 
measured spatiotemporal coherency in dynamic membrane fluctuations (Popescu, Park et 
al.,2007), shear modulus for the RBCs invaded with malaria-inducing parasite Plasmodium 
falcifarum (Pf-RBCs) (Park, Diez-Silva et al.,2008), and effective viscoelastic properties of 
RBCs (Wang, Ding et al.,2011). Recently, integrated with a mathematical model, DPM 
provide the mechanical properties of individual RBCs from membrane fluctuations: shear 
modulus, bending modulus, area expansion modulus, and cytoplasmic viscosity (Park, Best 



 
Measurement Techniques for Red Blood Cell Deformability: Recent Advances 179 

et al.,2010). Several alterations in the deformability of RBCs have been studied using DPM, 
including the effects of ATP (Park, Best et al.,2010; Ben-Isaac, Park et al.,2011), the nonlinear 
behavior of RBC deformability in response to different osmotic pressure (Park, Best et al., 
2011), and malaria egress mechanism (Chandramohanadas, Park et al.,2011). Employing 
spectroscopic quantitative phase imaging, cytoplasmic Hb concentration that is tightly 
related to the cytoplasmic viscosity, can also be simultaneously quantified (Park, Yamauchi 
et al.,2009; Jang, Jang et al.,2012). In addition, polarization-sensitive quantitative phase 
microscopy will be potentially used for the study of sickle cell disease and its implications to 
RBC deformability (Kim, Jeong et al.,2012).  

4.6. Dynamic light scattering 

Dyanmic light scattering signals provide rheological information about RBCs (Tishler and 
Carlson, 1987; Amin, Park et al.,2007). Although dynamic light scattering have been 
extensively used in combination with ektacytometry, it provides averaged signals from 
many RBCs. Thus it is difficult to access the deformability of individual RBCs.  

Fourier transform light scattering (FTLS) provides both static and dynamic light scattering 
signal from individual cells. Light field, measured by quantitative phase microscopy or 
digital holographic microscopy, contains both amplitude and phase information, and thus 
far-field light scattering pattterns can be directly calculated by numerically propagating the 
measured field – technically applying Fourier transformation (Ding, Wang et al.,2008). FTLS 
technique can provide both morphological and rheological information about individual 
biological cells. By analyzing dynamic light scattering signals measured by FTLS, one can 
qualitatively access the membrane surface tension and viscosity of individual RBCs (Park, 
Diez-Silva et al.,2010). Due to its capability of measuring light scattering signals from 
individual cells with high signal-to-noise ratio, FTLS has been employed to study several 
pathophysiological effects to the deformabiltiy of RBCs, including malaria infection (Park, 
Diez-Silva et al.,2010), depletion of ATP (Park, Best-Popescu et al.,2011), and sickle cell 
disease (Kim, Higgins et al.,2012).  

5. Measurement techniques for blood rheology 

5.1. Blood viscometer and ektacytometry 

Blood viscometer measures the viscosity of blood over a wide range of shear rates. Blood 
viscometer controls either shear stress or shear rate of blood using rational objects. Stress-
controlled blood viscometer applys a constant torque which corresponds to constant 
rotational speed in a well-designed rotational rheometer. In a rate-controlled system, 
applied torque is controlled by a stress-sensing device so that a constant rotational speed is 
achieved. Viscometers can be classified by the cylinder shape: a concentric cylinder, a cone 
plate, and a parallel plate viscometer (Fig. 9). 

Cylinder-type viscometer uses two concentric cylinders: a rotational inner cup and a 
stationary outer cylinder. Time-independent shear rate can be precisely measured by  
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concentric cylinder viscometer (Nguyen and Boger,1987). Cone and plate viscometer rotates 
an inverted cone having very shallow angle (~ 5°); the shear rate under the plate is 
maintained consistently and independent of a flow curve. Parallel plate viscometer is a 
simplified version of the cone and plate viscometer and has a advantage of flexible space 
between two parallel plates. The viscous fluid can confined and rotated in narrow space 
between two circular parallel plates (Gent,1960).  

 
Figure 9. Schematic diagrams of typical viscometers. (a) Concentric cylinder viscometer (or Couette 
viscometer), (b) cone and plate viscometer, and (c) parallel plate viscometer. (d) Experimental setup of 
ektacytometer.  

Ektacytometer employes a laser diffraction technique with blood viscometer in order to 
measure RBC deformabiltiy. Conventional blood viscometer applys controlled shear stress 
to the RBCs in the blood viscometer, and deformability of RBCs can be measured from laser 
diffraction pattern. Ektacytometer consists of a concentric rotational outer cup and a 
stationaly inner cylinder; outer cup produces varying shear stress field on blood (Fig. 9d). 
Through the measurement of diffraction patterns of the laser passing through the blood, 
RBC deformability can be obtained. The RBC deformation is quantitatively calculated from 
the scattered laser beam intensity pattern. Under a certain shear rate, isointensity curves in 
the intensity pattern of the scattered beam will show elliptical shapes, which represent 
elliptically deformed RBC population (Bessis, Mohandas et al.,1980). From the measured 
isointensity curves, a deformaion index (DI) of RBCs is calculated as 

 ,l sDI
l s





   (9) 

where l and s are distances along the long- and short- axes in the elliptical isointensity 
curves. DI values are measured at different angular velocities (and thus different shear rate) 
of the outer cyliner in the ektacytometer. Ektacytometer is a simple and effective technique 
to measure the deformability of RBC population, and it has been widely used for the study 
pathophysiology of RBCs. Abnormal deformability in RBCs from patients with hereditary 
pyropoikilocytosis, hereditary spherocytosis, and Hb CC disease were studies by 
ektacytometer (Mohandas, Clark et al.,1980). 

5.2. Microfluidic device technique 

Microfluidic device has emerged as a promising tool to precisely control fluids with small 
volumes of fluid containing samples and reagents in channels with dimensions of 10-100 
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μm. Microfludic device reduced space, labor, and measurement time on numerous 
experiments, and also enabled precise control and manipulation of the small volume of 
samples. Microfludic device has been used to study the deformabiltiy of RBCs. Microfluidic 
channel with a few micrometer diameter mimics micro-capillary structure in blood 
circulation system. Rheological behaviors of Pf-RBCs were studies in microfludic devices 
(Shelby, White et al.,2003). Microfludic device was used to induce large deformation of 
RBCs and its mechanical behavior was studied (Fig. 10) (Li, Lykotrafitis et al.,2007) .  

0  s 0.4  s 0.8  s 1.4  s
 

Figure 10. (a-d) Snapshot showing the fluidization of a healthy RBC when it passes through a 
microfluidic channel. Reproduced, with permission, from (Li, Lykotrafitis et al.,2007).  

For the study of sickle cell disease, microfluidic device has been used to measure the 
resistance change rate of blood flow under the sudden change of oxygen concentration 
(Wang, Ding et al.,2011). Recently, microfludic channels with obstracles have measured the 
deformabiltiy of malaria infected RBCs in high throughput (Bow, Pivkin et al.,2011; Diez-
Silva, Park et al.,in press).  

5.3. Filtration test 

Filtration test measures RBC deformabiltiy using a membrane filter with holes of diameter 
of 3-5 μm (JANDL, SIMMONS et al.,1961). By applying a negative pressure, whole blood is 
subject to pass through holes in the membrane filter. The deformability of RBCs can affect 
the speed of flow. RBC deformabiltiy can be calculated from either the flow time or the volume 
of blood filteres in a certain amount of time (~1 min). Since the filteration test requires for a 
relatively simple instrument and provides clinically relevant results with high reproducibility, 
it has been widely used in various studies related to RBC deformability, including the effects 
of diabetes (Juhan, Buonocore et al.,1982), spesis (Baskurt, Gelmont et al.,1998), sickle cell 
disease (JANDL, SIMMONS et al.,1961), and oxygen radical (Srour, Bilto et al.,2000).  

6. Pathophysiological coditions affecting RBC deformability 

Mechanical properties of RBCs is crucial for cell physiology of RBCs. This essential 
deformability is in turn affected by various physiological and pathological cues. 

6.1. Temperature 

Temperature plays important roles in RBC deformabilty. The elastic properties of RBC 
membrane were investigated as function of temperature using the micropipette aspiration 
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technique (Waugh and Evans,1979). Over the temperature range of 2-50C, both the shear 
modulus and the area expansion modulus decrease as temperature increased; the changes 
were -610-2 μN/mC and 6103 μN/mC, respectively. Due to the structual transitions of 
proteins occuring at certain critical tempertures, RBC deformabiltiy exhibits complex 
behaviors. At the transition temperature, RBCs undergo a sudden change from blocking to 
passing through a micropipette with a diameter of ~ 1 μm (Artmann, Kelemen et al.,1998). 
Body temperature or febril temperature are particularly important in various pathophysiology 
of RBCs. Membrane fluctuation measurements using DPM revealed that the shear modulus of 
Pf-RBCs significantly increases as temperature increases from body temperature to febrile 
temperature whereas healthy RBCs do not show noticible changes (Park, Diez-Silva et al., 
2008). MTC study also reported that Pf-RBCs becomes significantly stiffened with temperature 
compared to the healthy RBCs (Marinkovic, Diez-Silva et al.,2009).  

6.2. Morphology 

RBCs exhibit diverse morphological features depending on pathophysiological conditions 
(Diez-Silva, Dao et al.,2010). A healthy human RBC shows a smooth and biconcave disc 
shape (discocyte). However, atypical shapes of RBCs can be found under abnormal 
pathophysiological conditions, including acanthocyte, stomatocyte, schizocyte, and tear 
drop cells (Kenneth,2010). Our understanding of what determines RBC morphology and 
how RBC morphologies are related to the mechanics of RBCs still remains incomplete. One 
of the hypotheses describing RBC morphology is the bilayer-couple hypothesis (Sheetz and 
Singer,1974); small changes in the relaxed area difference between two layers of 
phospholipids. Later, this model can be used for explaning stomatocyte–discocyte–
echinocyte morphological transitions (Lim HW, Wortis et al.,2002).  

(a) (c)

(d) (e) (f)

(b)

 
Figure 11. (a-c) Topographies of (a) discocyte, (b) echinocyte, and (c) spherocyte. (d-f) Retrieved 
mechanical properties: (d) bending modulus , (e) shear modulus µ, and (f) area modulus KA of 
discocytes (DCs), ATP-depleted discocytes [DCs (-ATP)], echinocytes (ECs), and spherocytes (SCs). 
Reproduced, with permission, from (Park, Best et al.,2010) 
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Increased deformability of RBCs in abnormal shapes has been reported with various 
experimental methods. Ektacytometer measured increased DI values for SCs and ECs that 
were induced by 2,4-dinitrophenol treatment (Meiselman,1981). Recently, using DPM, the 
mechanical properteis of RBCs in different morphologies were quantified from dynamic 
membrane fluctuations (Park, Best et al.,2010). Bending modulus and area expansion 
modulus of ECs and SCs showed significantly high values compared to normal DCs. The 
shear moduli values show bimodal distributions (Fig. 11e), suggesting two independent 
conformations of the spectrin network: a soft configuration (µ ~ 7 µN/m) and a stiff one (µ ~ 
12 µN/m). Aging of RBCs also cause significant morphological alterations: aged RBCs 
exhibit decreased surface area and volume (Waugh, Narla et al.,1992). The aged RBCs were 
found by ektacytometry to have decreases shear modulus mainly because of decreased 
surface area and increased cytoplasmic viscosity.  

6.3. Osmotic pressure 

Different osmolalities of extracellular medium can bring significant changes in RBC shape 
and thus deformability. At normal physiological condition (295mOsm/kg), RBCs maintain 
their biconcave shapes. In hypotonic medium, RBCs are swollen due to water intake. At the 
osmotic pressure less than 100mOsm/kg, most of RBCs are lysed. In the hypertonic case, 
RBCs lose its volumes, which result in significant cell shrinkage. Although the total amount 
of Hb molecules in RBCs, or the mean corpuscular Hb (MCH), does not significantly change 
at different osmolality, Hb concentration can be considerably changed due to water influx 
and efflux. RBCs exhibit the maximum deformability at physiological condition; under 
either hypertonic or hypotonic condition, the deformability of RBCs decreases (Mohandas, 
Clark et al.,1980).  
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Figure 12. (a) DI of RBCs as a function osmolality, measured by ektacytometer. Modified, with 
permission, from (Mohandas, Clark et al.,1980). (b) Membrane fluctuations of RBCs as a function of 
osmotic pressure, measured by DPM. (c) Retrieved mechanical properties of RBCs from membrane 
fluctuations. 20 individual RBCs were measured at each osmotic pressure. Modified, with permission, 
from (Park, Best et al.,2011). 

A recent study, based on membrane fluctuation measurements, retrieved mechanical 
properties of RBC membrane under diffferent osmolarities (Park, Best et al.,2011). Although 
membrane fluctuation or deformability decreases either in hypotonic or hypertonic case; the 
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reasons for the decreased deformability are different. Under hypotonic cases, both shear 
moduli and area expansion moduli increase, suggesting nonlinear stiffening in streached 
membrane structure. Under hypertonics cases, other mechanical parameters are not 
significantly changed except that cytoplasmic viscosity increases.  

6.4. ATP effect 

The presence of adenosine 5’-triphosphate (ATP) is important in maintaining the biconcave 
shape of RBCs and also significantly affects the RBC deformability. In the absence of ATP, 
RBCs loss its biconcave shapes and become flattened echinocytes (Sheetz and Singer,1977). 
The metabolic state of RBCs, determined by the level of ATP, is crucial for maintaining 
cellular deformability. When celullar ATP level decreases, the stored RBCs significantly lose 
the deformability (Weed, LaCelle et al.,1969). Micropipette aspiration technqiue measured 
mechanical properties of RBCs upon ATP depletion; shear modulus and elastic area 
compression modulus increase by 17% and 14%, respectively (Meiselman, Evans et al.,1978). 
Decreased membrane fluctuation in the absence of ATP was first observed by using dark-
field microscopy (Tuvia, Levin et al.,1998). Membrane fluctuation measurements studied the 
effects of ATP to the mechanical properties of RBCs (Betz, Lenz et al.,2009; Park, Best et 
al.,2010). Analysis on dynamic membrane fluctutions further showed non-Gaussian 
dynamics in the presence of ATP, suggesting the metabolic remodelling in the lipid 
membrane and spectrin network structure (Park, Best et al.,2010). ATP-dependent RBC 
deformability has been also studied using theoretical models (Gov and Safran,2005; Ben-
Isaac, Park et al.,2011).  

6.5. Malaria: Parasite invasion 

Pathogenesis of malaria causes structural and mechanical modifications to the host RBCs. 
During intra-erythrocytic development, the malaria-inducing parasite exports proteins that 
interact with the host cell membrane and spectrin cytoskeletal network (Simmons, Woollett 
et al.,1987). Parasite-exported proteins modify material properties of host RBCs, resulting in 
altered cell circulation. Despite the genetic and biochemical approaches identified, proteins 
exported by parasites have remained elusive as well as the mechanism and effect of these 
proteins on the host cells. 

Pf-RBCs exhibits significantly decreased deformability. Microfluidic technique demonstrated 
the occlusion of small channels by infected RBCs (Shelby, White et al.,2003). Optical 
tweezers technique measured that membrane shear modulus continuously increases as the 
disease progesses during the intraerythrocytic cycle (Suresh, Spatz et al.,2005).  Employing 
genetic knock-out assay, the effects of RESA protein to the host RBC deformabiltiy has been 
studied (Mills, Diez-Silva et al.,2007). Membrane fluctuation measurement also showed 
increased shear modulus of malaria-invaded RBCs (Park, Diez-Silva et al.,2008). Recently, 
the loss of deformability in the malaria-invaded RBCs has been simulated using multiscale 
numerical models (Fedosov, Lei et al.,2011).  
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Figure 13. Malaria parasite life cycle in human body. Reproduced, with permission, from (Cho, Kim et 
al.,2011). (b) Optical images of a healthy RBC and a Pf-RBC (schizont stage) stretched by optical 
tweezers. Reproduced, with permission, from (Suresh, Spatz et al.,2005). 

6.6. Genetic diseases: sickle cell disease 

Sickle cell disease, characterized by abnormal rheological properties and a sickle-shape of 
RBCs, is an autosomal recessive inherited blood disorder. A point mutation in β-globin gene 
encoding Hb results in the production of sickle Hb (HbS) instead of normal Hb (HbA) 
(Barabino, Platt et al.,2010). Under deoxygenated conditions, HbS molecules becomes self-
assembled and grows to fibers inside RBCs up to a few micrometer lengths. Due to these 
highly stiff HbS fibers, sickle RBCs have elongated- and crescent-shape at deoxygenated 
conditions and the deformabiltiy of sickle RBCs significantly decreases.  

Sickle RBCs have different morphologies depending on its density (Kaul, Fabry et al.,1983; 
Evans, Mohandas et al.,1984). After repeated sicklings, a fraction of RBCs becomes 
irreversibly sickled cells and they exhibit the most significant loss in deformability. While 
Hb concentrations does not affect static rigidity of normal RBCs, static rigidity of sickle 
RBCs depends on Hb concentration (Evans, Mohandas et al.,1984). Earlier studies using 
ektacytometry and filteration techniques reported decreased deformability of sickle RBCs 
even under oxygenated conditions (Chien, Usami et al.,1970; Klug, Lessin et al.,1974).  

Quantitative phase microscopy measured decreased membrane fluctuations for sickle RBCs 
(Shaked, Satterwhite et al.,2011). FTLS showed significantly altered elastic and viscous 
membrane properties in sickle RBCs (Kim, Higgins et al.,2012). Recently, four important 
mechanical properties of sickle RBCs were retrieved with memebrane fluctuations 
measurements (Byun, Higgins et al.,under review). Using AFM technique, decresed 
deformability was measured in sickle RBCs (Maciaszek, Andemariam et al.,2011). RBCs in 
sickle cell trait, having only one abnormal allele of the Hb beta gene, also exhibit decreased 
deformability compared to healthy RBCs (Maciaszek and Lykotrafitis,2011).  
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Figure 14. (a) Illustration showing structural modifications inside a sickle RBC. Modified, with 
permission, from (Barabino, Platt et al.,2010). (b-d) Typical morphologies of sickle RBCs measured by 
DPM; (b) echinocyte, (c) discocyte, and (d) crescent-shaped irreversibly sickled cell. Reproduced, with 
permission, from (Kim, Higgins et al.,2012).  

6.7. Other conditions altering RBC deformability  

There are still many pathophysiological conditions that affect the deformabiltiy of RBCs, 
which are not covered in the above sections. Several hereditary disorders associated with 
formation of RBC membrane structures and Hb protein can result into altered RBC 
deformability. Thalassemias, causing the formation of abnormal Hb molecules due to the 
limited synthesis of the globin chain, results into loss of RBC deformability. Thalassemia is 
thus often accompanied by the destruction of a large number of RBCs in spleen, 
accompanying with the enlargement of spleen. In addition, abnormal Hb molecules in 
thalassemia often caues the formation of Heinz bodies, inclusions within RBCs composed of 
denatured Hb, and it causes the local rigidification of RBC membrane (Reinhart, Sung et al., 
1986). Ektacytometer study measured that RBCs in hereditary spherocytosis showed 
markedly diminished deformability while their surface/volume ratio was normal 
(Nakashima and Beutler,1979). RBCs from the patients with homozygous hereditary 
elliptocytosis exhibits marked abnormalities in deformability and membrane fragility; these 
changes are closely related to the reduced levels of band 4.1 proteins (Tchernia, Mohandas et 
al.,1981). Since band 4.1 plays an important role in the modulation of spectrin-actin 
interaction, it has been suggested to be closely related to the maintenance of normal 
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membrane shape and deformability. In addition, it will be possible to study RBC 
deformability in vivo in the near future, by directly imaging and manipulating RBCs 
through highly scattering skin tissues. Recent works have demonstrated that it is indeed 
possible to control and suppress multiple light scattering (Vellekoop, Lagendijk et al.,2010; 
Vellekoop and Aegerter,2010; Mosk, Lagendijk et al.,2012; Park, Park et al.,2012; Park, Park 
et al.,2012). In diabetes mellitus, RBCs exhibit reduced deformability (McMillan, Utterback 
et al.,1978), which has been attributed to the changes in lipid composition of the membranes. 
This impaired RBC deformability in diabetes occurs before significant histological vascular 
changes (Diamantopoulos, Kittas et al.,2004). RBCs from the patients with diabetes mellitus 
undergoes substantial alterations in the lipid composition, membrane proteins, and  Hb 
molecules. Saturated fatty acid levels in diabetes mellitus were significantly elevated 
compared to normal RBCs while the amount of polyunsaturated fatty acids were decreased 
in diabetes (Prisco, Paniccia et al.,1989). 

7. Conclusion and outlook 

We have highlighted techniques for studying RBC deformabilty. Due to various 
deformability test techniques developed in the last years, our understandings on 
pathophysiology of RBCs have been significantly improved. Recent advances have enabled 
the precise measurements of various biomechanical properties of RBCs under systemically 
controlled conditions that mimic complex in vivo physiological environments. However, 
three major technical issues should be resolved in order to bring a much significant impact. 
First, the molecular mechanisms on RBC deformability should be directly accessed and 
studied. Employing biochemical assays such as molecular imaging and genetic knock-out 
methods, the relation between molecule-level changes and cellular-level deformability 
alterations can be studied. Second, such measurements should be performed at individual 
cell levels. Profiling mechanical, chemical, and biological properties at the cellular levels and 
their correlations may allow accessing to unexplored regimes of diseases mechanisms. 
Third, interactions between cell-to-protein, cell-to-cell, and cell-to-vessel should be 
considered, since these interactions can be affected and in turn modify RBC deformability. 
As more knowledge is gained about the pathophysiology of RBCs and their circulation 
through biomechanical studies, the potential for the development of novel diagnostic and 
treatment strategies for various RBC-related disease will become real and answer to 
important questions in hematology. 
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1. Introduction 

1.1. Motivation for cell sorting 

The cell is the basic functional unit within a tissue or an organ. Methods that can be used to 
probe the cell, so as to understand, or even manipulate its interrelated processes, pathways, 
and/or overall functioning, are of great scientific and commercial value. Research efforts in 
molecular biology, biochemistry, and biotechnology over the last two decades have created 
high demand for efficient, cost-effective, cell enrichment, isolation, and handling methods. 
Cell studies can be performed on continuously growing cell lines, many of which are 
commercially available, in tissue culture, or on cells obtained from intact tissues or isolated 
from blood [1-3]. 

Mammalian cells are highly heterogeneous in structure, function, and characteristics. 
However, many types of biochemical, pharmaceutical, and clinical studies, such as 
immunophenotyping, studies of the cell cycle, cell proliferation, or apoptosis, and other 
specialized cell analyses require a homogenous population consisting of a single cell type; as 
the analyte. Only then can the results deemed accurate and specific to the cell type under 
investigation [4, 5]. Accordingly, techniques to separate cell types in a heterogeneous cell 
population are of immense practical value. Any such efforts are further complicated when 
the target cell is rare within a population such as in many cancer and prenatal diagnosis 
applications. The more stringent the requirements for specific and precise cell separation, 
the greater the degree of accuracy and reproducibility required in the technology that 
underlies the separation method [6-8].  

Recent progress in microfabrication, technologies developed and utilized by the integrated 
circuits (ICs) industry, is being exploited to biomedicine, spawning a relatively new field of 
research that has become known as BioMEMS. Microfabricated devices have already had a 
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broad range of biomedical and biological applications [9, 10]. These devices can be 
manufactured with a reproducible accuracy of less than 1 micrometer (1/100th the diameter 
of a human hair). In the last decade, microchips have been used in a huge range of devices 
and contexts: microscale sensors for surgical instruments, monitoring of physiological 
activities, drug discovery and delivery, DNA amplification, and electrophoresis, as well as 
cell sorting, the application discussed in this chapter [11-16].  

Microfluidic technology, a subcategory of BioMEMS, is a set of techniques and processes for 
making devices to precisely control and manipulate fluid in a geometrically small channels; 
sub- to few hundred- micrometers in size. Microfluidic is multi-disciplinary; developing a 
device with biological utility requires the integration of knowledge and techniques from the 
fields of engineering, biology, physics, and chemistry. Such microfabricated devices are 
used to study biological systems and to generate new insights into how these systems work. 
Conversely, the biological knowledge gained through micro/nano - scale analyses can lead 
to further improvements in device design. BioMEMS is a challenging field because the 
materials, and chemistries, important for biological microfluidics applications are so diverse 
[17, 18].  

The objective of the present chapter is to introduce the principals of cell sorting by 
microfluidic technology, and to discuss its strengths, current limitations, and current and 
potential applications, with illustrative examples from the literature and from the author’s 
laboratory.  

1.2. Challenges in cell sorting 

Cells of different types have characteristic sizes, shapes, densities, and arrays of surface 
molecules that can be exploited for sorting. For example, red blood cells (RBCs) are the cells 
responsible for delivering oxygen to the tissues. RBCs have to squeeze through capillaries 
and therefore are relatively small, approximately 6-8 µm in diameter, and flexible. Mature 
RBCs are anucleate; the maturing cells lose their nuclei before leaving the bone marrow. 
Loss of the nucleus leads to cell membrane collapse, conferring the characteristic biconcave 
shape of RBCs, and giving the cell a greater surface area to volume ratio than of spherical 
cells. These physical features allow easier movement of oxygen (O2) and carbon dioxide 
(CO2) through the membrane. RBCs are composed mainly of hemoglobin, whose iron atoms 
temporarily bind O2 molecules in the lungs, and then release the molecules throughout the 
body. RBCs have the highest density of any cell type in blood. All of the above 
characteristics can be used for separation: for example size can be used to separate RBCs 
since they are smaller and more flexible than white blood cells (WBCs). RBCs’ high density 
causes them to spin down to the bottom of a test tube after density gradient centrifugation. 
The high iron content gives RBCs intrinsic magnetic properties and can be used for magnetic 
separation [19].  

In other cases, a cell changes its shape or size as a result to a disease or change in function. 
In sickle-cell disease, a genetic blood disorder, RBCs assume an abnormal, rigid, sickle 
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shape. The change in shape and the increased rigidity of the RBCs lead to obstruction of 
capillaries, thereby restricting blood flow to organs, causing anemia and other “sickle cell 
crisis”, and decreasing life expectancy. Cancer is a second example of such changes [20]. 
Malignant tumor cells differ from benign tumor cells in structure, growth rate, invasiveness, 
and their ability to metastasize. Benign tumor cells grow slowly, pushing neighboring 
tissues away while staying well encapsulated. In contrast, malignant tumor cells grow 
rapidly, invade neighboring tissues, and may metastasize [21]. Furthermore, they generally 
are irregular in shape, and exhibit a more “rugged” or “ruffled” surface appearance than do 
normal cells [22, 23]. Cancer is detected and diagnosed based on physical changes present in 
tissues and cells. Nuclear changes such as an increase in size, deformation, and a change in 
internal organization are among the most universal criteria for detecting malignancy [24-25]. 
These changes may reflect alterations in the nuclear matrix and the connections of the 
nuclear matrix to or via the cytoskeleton. Cancer cells modify their morphology, principally 
by increasing the size of the nucleus, before they become invasive, i.e., in dysplasia and 
carcinoma in situ. The nucleus of a dysplastic cell can be up to four times as large as that of a 
non-dysplastic cell. Accordingly, light scattering microscopy has been used to distinguish 
normal, dysplastic, and cancerous epithelial cells in a range of tissues including esophagus, 
colon, bladder, and oral cavity [26]. However, this technique can only succeed if a sufficient 
number of cells are available for analysis. 

Additionally, most cell types have characteristic complements of surface molecules. Among 
the most useful for identification is the cluster of differentiation (CD), or cluster of 
designation. CD molecules have roles in signaling and adhesion processes, and the specific 
compliments of CD molecules is a determinant of the specific function of the cell. Cell 
populations are usually denoted by a pattern of “+” or a “-“scorings; indicating the presence 
or absence of specific CD molecules. For example, a nomenclature of CD34+, CD31- denotes a 
cell that expresses CD34 but not CD31. Use of more than one marker can make the cell 
selection very specific. However, not all cell types have a known specific surface marker 
[27]. 

For some cells such as cancer cells, not many cell-surface markers have been identified. In 
such a situation, some techniques have used a surface marker directed against surface 
membrane antigens that are expressed in tissue of origin, which is most often epithelial. 
Thus, detection of these tissue-specific surface markers in the blood stream is suggesting 
that cancer cells have detached from the tumor. Some techniques attempting to isolate 
circulating tumor cells (CTCs) from whole blood have used EpCAM, an epithelial cell 
adhesion molecule that is overexpressed in epithelial carcinomas such as colon and breast. 
However, published studies have shown inconsistent frequency of EpCAM expression in 
breast cancer, from as low as 35% to as high as 100% [28-31]. Thus, EpCAM cannot be 
considered a CTC specific marker. Additional bio-molecules such as DAPI (nucleic acid 
stain) and antibodies against cytokeratin (expressed on the epithelial cell membrane) and 
CD45 (expressed on the majority of hematopoietic cells) must be used if captured cells are to 
be positively identified as CTC. Therefore a cell with the phenotype EpCAM+, DAPI+, CK+, 
and CD45- is considered a CTC. 
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The number of available cells of interest poses and additional challenge; in some 
applications such as the isolation of CTCs from cancer patient or fetal nucleated red blood 
from maternal circulation, only 1-2 cell are available per milliliter (mL) of whole blood. 
Specificity is problematic for either method, due to the lack of a cell-specific surface 
marker/antibody to exclusively detect CTCs or fetal cells [32].  

Despite great successes, cell sorting techniques are not ideal and therefore remain an active 
area of research. In addition to sensitivity and specificity requirements, an ideal technique 
should not be overly labor intensive, should be automated and quantitative, the results 
should predict clinical outcome, and help the physician personalize therapeutic options. 
Automating sample preparation and handling would minimize human errors. Integration of 
preparation, cell sorting, and post processing will lead to more cost-effective instruments, 
and alleviate the need for trained personnel and infrastructure. Microfluidic technology 
enables the precise control over the cell microenvironment during separation, scales down 
the analyses to very small volume of blood, and has the potential for high-throughput to cell 
separation and analyses. 

2. Microfluidic technology 

2.1. What microfluidic has to offer? 

Microfabrication enables the deposition and etching of thin layers (angstrom to micrometer) 
of different materials on silicon or glass substrates. These layers can be patterned with 
accuracy and high resolution, down to the nanometer level using lithography. Lithography 
is the technique used to transfer a pattern from a mask to the substrate to control the 
location of the deposition of the next layer or the etching of an existing layer on the 
substrate.  

Microfabricated devices have been used in a broad range of biomedical and biological 
applications. In the last decade, microchips have been used in microscale sensors for 
surgical instruments, to monitor physiological activities, in microfluidics applications such 
as drug discovery and delivery, cell sorting, DNA amplification, electrophoresis, etc. Of 
relevance to this chapter are the microchips for blood fractionation and cell sorting.  

Micromachining consists of a series of robust, well controlled, and well characterized 
processes that enable the fabrication of microfluidic devices. Such devices can be made cost-
effective by the use of any of a wide range of biocompatible polymers or plastics and bulk 
processing (mass production). The miniaturization of reactions and assays confers many 
advantages over “macro” scale techniques beyond the obvious reduction in quantities of 
reagents and materials required per test. The scaling down of volumes results in higher 
surface to volume ratio: a cube with side length L will scale down by a factor of L3, while the 
surface area will scale down by only a factor of L2. Thus, miniaturization results in higher 
reactivities, shorter diffusion distances, smaller heat capacities, faster heat exchange, shorter 
assay times, and better overall process control, as well as the capability to integrate multiple 
steps and to achieve massive parallelization on-chip. Additionally, microfluidic devices are 
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safer than “macro” platforms due to the smaller chemical quantities used and hence the 
lower stored energies. A microfluidic device that performs one assay is typically referred to 
as Lab-on-a-chip, while a device that integrates more than one step is referred to as micro 
total analysis system (µTAS) [18]. 

2.2. Introduction to microfabrication 

This section will briefly describe the basic concepts in the microfabrication of microfluidic 
devices. Microfabrication is the already subject of many textbooks and the interested reader 
can consult one of these for more in-depth details [33, 34]. Microfabrication is the technology 
developed by ICs industry to make devices and circuits with feature sizes as small as 14 nm 
in research, and 45 nm in production. Among these are the microprocessors and the 
electronic components found in computers, smart phones, television sets, and major other 
electronic products. Microfabrication is also used for MEMS devices (micro-electro 
mechanical systems), devices that include a movable part and can be used for sensing. The 
airbag sensor used to deploy an airbag in a vehicle, the pressure sensors inside car tires, and 
the electronic compass in a smart phone are all examples of MEMS devices that we 
unknowingly use every day. BioMEMS, microfluidic devices, and µTAS are all 
microfabricated devices similar to MEMS but customized for biological and chemical 
applications.  

Creation of a a new microfluidic device includes design of the channel(s), fluid inlet(s) and 
outlet(s), using a CAD (computer-aided design) software. These softwares, such as 
CoventorWare® [35], ANSYS CFD [36], COMSOL Multiphysics® [37], can be also used for 
simulation of the various design parameters such as device dimensions, heat transfer, and 
flow conditions, therefore narrowing the design space range in which optimum 
performance should be obtained. The pattern of channels is laid out with the CAD software; 
this is the 2D design of the device. The depth of the channel will be determined by the 
etching time. The drawings are transferred to a mask, typically a glass or quartz plate 
(transparent to UV light), covered with chrome. The chrome is etched (removed) where the 
UV light will expose the photoresist. The mask, similar to a stencil, transfers the pattern to 
the photoresist. The device is built on a substrate, which is a silicon, glass or quartz wafer, or 
a regular glass slide. After substrate cleaning, the photoresist, a photosensitive polymer, is 
applied. Photoresist is dispensed onto the substrate and it is spun at high speed (2000-
4000rpm) to create a thin (1-100 micrometer), uniform and smooth layer. The mask is placed 
in contact with the substrate and exposed to UV lights on a mask aligner. The photoresist is 
developed in a developer solution specific for it, and is removed from areas exposed to UV 
light (positive photoresist). The channels can be etched, with substrate material being 
removed from areas unprotected by the photoresist. Etching can be either wet (using 
chemicals) or dry (plasma etching). Deep reactive ion etching (DRIE) is a plasma etching 
technique typically used to achieve deep channels with vertical side walls. Use of DRIE is 
necessary if the etched substrate will serve as a template for molding devices in polymer 
such that the polymer mold can be peeled off the substrate. At this stage, the device can be 
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sealed by the bonding of a top piece to the substrate. Top pieces are typically transparent, to 
permit observation under the microscope. Silicon can be bonded to glass by thermal or 
anodic bonding technique. Usually, however, microfluidic devices are constructed of 
polymer. Polymers are more cost effective, transparent, and biocompatible materials, many 
polymer devices can be molded from one silicon master, this is a key advantage because 
microfluidics devices are hard to clean and hence, can only be used for one or a few 
experiments.  

Polydimethysiloxane (PDMS), PMMA, polyurethane, and polystyrene are all polymeric 
materials used for microfluidic devices. PDMS, the most frequently used, comes in the form 
of two liquid components that are mixed (1:10, w/w) and poured onto the substrate. The 
PDMS is degassed to remove all air bubbles and ensure that the liquid fills the smallest 
feature of the mold. PDMS is cured in a 60-80oC oven for 20 to 45 min to solidify. Once solid, 
it can be peeled off the master substrate. PDMS devices are sealed with glass cover slips to 
form the channels. Several alternatives to the above described processes exist that can 
accelerate fabrication. Masks can be printed on transparencies using high-resolution 
printers; this method is suitable for feature sizes of 100 µm or larger. SU8 is a photoresist 
that is used to create deep structures for molding eliminating the need for deep etching such 
as the utilization of DRIE. Utilization of a chrome mask and a well-equipped clean-room 
facility are necessary for making devices with very small features; sub-micrometer to a few 
micrometers. The development cycle from concept to prototype can take few weeks. For less 
fine featured devices, the use of transparencies, polymers, and/or SU8 can be reduce the cost 
and developmental time to one to few days from concept to prototype [38]. Figure 1a and 1b 
illustrates the typical processes involved in making channels in silicon and molding devices 
in PDMS respectively. 

 
Figure 1. a: Schematic summary of the processes involved in making channel in a hard substaret such 
as silicon. b: Schematic summary of steps involved in making a PDMS mold from a hard master. 
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2.3. Types of flow: laminar versus turbulent  

Two modes of fluid flow exist: laminar and turbulent. In laminar flow, the fluid moves with 
slow velocity and each particle of fluid moves in a straight trajectory parallel to the channel 
walls in the flow direction; and the velocity, pressure, and other flow properties at each 
point in the fluid remain constant. There are no cross-currents perpendicular to the flow 
direction, no eddies or swirls of current in laminar flow. Examples are oil flowing slowly 
through a tube, and blood flowing through a capillary. Turbulent flow in contrast is chaotic, 
with rapid, spatial and temporal variations of pressure and velocity. Examples of turbulent 
flow are the blood flow through in arteries, the flow of water through pumps and turbines, 
and the flow eddying seen in boat wakes and around the wing tips of aircraft [17, 33]. 

The relative turbulence of a flow can be determined by the dimensionless Reynolds number 
(Re), which is the ratio of inertial forces to the viscous forces:  

e
LR v


  

Where: 

 is the density of the fluid (kg/m³), 
V is the mean velocity of the object relative to the fluid (SI units m/s), 
L is a characteristic linear dimension, (travelled length of the fluid, and 
µ is the dynamic viscosity of the fluid (Pa·s or N·s/m² or kg/(m·s)). 

Below a certain Re value the flow is laminar; above this threshold the flow becomes 
turbulent. For macroscopic structures such as pipes with a circular cross-section, the 
transition from laminar to turbulent flow has been empirically determined at Re of 
approximately 2300. For most microstructures, in contrast, the Re number is usually low (10-

1 to 100) thus only laminar flow is relevant for microfluidic devices. 

3. Fluid transport process 

3.1. Poiseuille flow  

A pressure-driven laminar flow inside a tube with a circular cross-section, away from the 
entrance, is commonly known as Hagen-Poiseuille flow or simply Poiseuille flow [17, 33]. This 
flow is governed by the Navier-Stokes equations, which are nonlinear, second-order, partial 
differential equations for describing incompressible fluids. These equations are derived 
from motion and conservation of mass equations. Poiseuille flow is a solution to the Navier-
Stokes equation, and describes the fluid velocity at any point as a function of the viscosity, 
pressure, and radius of the tube: 
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Where: 

Vz is the velocity distribution, 
µ is the fluid viscosity, 
(p/z) is the z component of the pressure gradient, 
R is the distance from the center of the tube, and 
R is the radius of the tube. 

This equation reveals that the velocity distribution is parabolic, with the maximum velocity 
occurring at the center of the tube. Figure 2a 

3.2. Electrokinetic Flow 

Electrokinetic flow is the underlying basis of electro-osmosis, electrophoresis, streaming 
potential, and dielectrophoresis. In electro-osmosis, fluid is made to flow through, by the 
application of an electric field. The field induces the formation of an electric double layer 
(EDL). This EDL consists of (1) a compact liquid layer adjacent to the channel surface that 
has immobile balancing charges, and (2) a second diffuse liquid layer, composed of mobile 
ions. Most solid-liquid, and many liquid-liquid, interfaces have an electrostatic charge, and 
hence an electric field exists there. In the presence of an electric field, molecules of many 
dielectric materials, such as the glass or polymer used for making the microfluidic devices, 
will become permanently polarized, since the material has a dipole that comprises two 
opposite, but equal, charges, due to the asymmetrical molecular structure. The electrostatic 
charges on the channel surface, mainly negative charges in the case of glass or polymer, 
attract counter-ions from the liquid. This attraction creates the channel double layer; the first 
has immobile charges that balance the charges on the channel surface. The second diffuse 
layer has a higher concentration of counter-ions near the channel surface than does the bulk 
of the fluid. The net charge density gradually decreases to zero in the bulk liquid. The 
diffuse layer will move under the electric field. Surrounding molecules are pulled along by a 
viscous effect, resulting in bulk fluid motion or electro-osmotic flow. The diffuse layer is 
several nm to 1 or even 2 µm thick, depending on the ionic concentration and electrical 
properties of the liquid. The Poisson-Boltzmann equation describes the ion and potential 
distribution in the diffuse layer. The electro-osmotic flow velocity can be quantified by Li’s 
equation [39]: 

av z r oV E  


  

Where, 

Vav is the average elelctro-osmotic flow velocity, 
z is the applied electric field (V/m), 
r is the Dielectric constant of the medium, 
o is the permetivity of the vacuum, 
 is the zeta potential at the shear plane, and  
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µ is the Viscosity. 

This equation reveals that the velocity is linearly proportional to the applied electric field, 
such that all travel at the same speed inside the channel Figure 2b. This situation contrasts 
with the pressure-driven flow, in which the middle has the greatest velocity resulting, in a 
parabolic migration.  

In conclusion, the velocity distribution being parabolic or flat can impact the microfluidic 
device performance. The electrokinetic flow is favored in applications such as DNA 
separation, proteomics, rapid mixing, and time dependent applications where sample 
homogeneity and reaction time need to be stringently controlled. The flow pattern is 
typically not an issue for cell separation since it happens in continuous flow without time 
dependence.  

 
Figure 2. a: schematic of velocity distribution in Poiseuille flow. 
b: schematic of velocity distribution in Electro-osmosis flow. 

4. Technologies and on-chip mechanisms of separation 

Cells are separated either in bulk or individually. In individual cell sorting, each cell is 
analyzed, and then the cells of choice are individually selected. This technique is rarely 
used, due to its very low throughput. Thus cells are generally sorted by bulk separation, in 
which a large number of cells are selected on the basis of shared characteristics such size, 
density, or the affinity of a receptor for a specific cell-surface target. The result of such bulk 
separation is enrichment rather than a true purified population [9].  

The cells of interest are first identified, than separated, and finally collected. The initial step 
is to screen the cells of interest to identify one or more common specific characteristics to be 
used as the basis of sorting. Specific characteristics can be intrinsic such as size, density, 
response to electrical or magnetic fields, or resistance to chemical lysis. Alternatively, cells 
can be labeled using a specific cell surface target that binds to a monoclonal antibody 
conjugated to a fluorophore, or to magnetic particles for flow cytometric cell sorting.  

Once the cells of interest have been identified, they can be separated from the other cell 
types. In some methods, the identification and separation occur simultaneously, e.g., affinity 
capture.  
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In other methods such as fluorescence-activated cell sorting, cells are identified on the basis 
of the presence or absence of one or more fluorescent tags then are then sorted into two or 
more separate containers. Sorting can either use negative or positive selection. In positive 
selection, the target cell itself is labeled; in negative selection, it is the background cells or 
other cells in the solution that are labeled.  

4.1. Separation of cells on the basis of affinity  

Affinity chromatography or separation of cells on the basis of their affinity is the 
fractionation of a cell mixture based on the use of specific immunologic targets. One or more 
of these specific targets are immobilized on a chip surface; there, they capture the cells of 
interest with high purity (positive selection), or alternatively they capture large number of 
background cells so as to enrich the remaining sample (negative selection). Microfluidic 
devices provide a high surface area to volume ratio, which is necessary for chromatography; 
to keep processing times manageable, many devices can be used in parallel. 

Toner’s group demonstrated affinity-based separation of cells based on two specific 
immunologic targets; CD5 and CD19 [40]. Two microfluidic devices were used for affinity 
separation: a Hele-Shaw device and a parallel flow chamber device. The chamber in the Hele-
Shaw device was 57 µm deep and 50 mm long, and the inlet was 5 mm wide. The device was 
fabricated using PDMS and sealed with a glass cover slip. The chip surface was treated with 
silane solution in ethanol, followed by GMBS in ethanol (a water-soluble amine-to-
sulfhydryl crosslinker with a short spacer arm), flushed by Neutravidin (strong affinity to 
biotin) solution in PBS, and incubated overnight. Antibody, anti-CD5 or anti-CD19, solution 
stocks were diluted in BSA and sodium azide, flowed through the chamber, incubated for 15 
min and then flushed with PBS to remove unattached antibodies. Flow experiments were 
performed with human immature T-lymphoblasts (MOLT-3 cells) and human mature B-
lymphocyte (Raji cells). MOLT3 cells, which express CD5 but not CD19, were stained with 
green cell-tracker dye. Raji cells, which express CD19 but not CD5, were stained with orange 
cell-tracker dye. Cells were flowed over the coated chip surface with a syringe pump, at 
flow rate of 30 or 50 µL/min. Flow rates were optimized for efficient capture to allow 
dynamic cell adhesion, shear stress was minimized in the axial direction permitting 
sufficient interaction between the cell and the coated surface so that binding can occur. A 
device coated with anti-CD19 was used to deplete a 50:50 MOLT-3/Raji cell mixture of Raji 
cells, producing a 100% pure MOLT-3 in less than 3 minutes. Obviously, this level of 
enrichment is exceptional and cannot be achieved with a heterogeneous (“real world”) 
blood sample. Nevertheless enrichment by 10- to 2000-fold have been obtained using similar 
devices [41]. Sin and coworkers also used an alternative parallel flow serpentine chamber 
design, the effective increase in device length was intended to increase the number of cell 
capture and also to ensure constant shear stress throughout the device. In summary, Sin and 
coworkers have demonstrated the possibility of using dynamic cell attachment to antibody-
coated microfluidic chambers in shear flow to enrich mixtures of MOLT-3 and Raji cells. 

To further increase the chip surface area, Toner’s group has developed a microfluidic platform 
“the ‘CTC-chip” [42]. This device is composed of a two-dimensional array of round pillars. 
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These pillars are 100 µm in diameter and 100 µm deep; they are separated by 50 µm and each 
three rows are shifted from the previous three rows by 50 µm to maximize interaction (Figure 
3). The chip was etched in silicon with DRIE to produce smooth straight pillars; the result was 
78,000 pillars within a surface of 970mm2. The pillars were coated with antibody (EpCAM). 
The chip is enclosed by a manifold. The group had optimized the flow rate allowing adequate 
cell-pillar interaction time, and to minimize shear forces, ensuring attachment of maximal 
number of cells to the pillars. The chip successfully identified CTCs in the peripheral blood of 
patients with metastatic lung, prostate, pancreatic, breast and colon cancer in 115 of 116 (99%), 
with a range of 5–1,281 CTCs per mL and approximately 50% purity (Figure 3). 

Similarly, Chang and coworkers produced two chips with an array of pillars coated with E-
selectin IgG chimera, to test the interaction of HL-60 and U-937 cells with these structures 
[43]. In one device, the square pillars were separated by 25 µm; each pillar was 25 µm wide 
by 25 µm long by 40 µm deep. In the second device, pillars were 10 µm wide by 35 µm long 
by 40 µm deep, and spaced 30 µm apart. In this second device each row of pillars was offset 
from the previous one by 15 µm so as to allow more cells to ne interrogated. Devices were 
fabricated in silicon by DRIE and were sealed with thin pyrex glass using anodic bonding. 
In the first device, HL-60 cells were enriched 400 fold over to the original concentration, 
while the second device achieved only 260-fold enrichment. Offsetting the pillars on the 
second device had been expected to improve the cell capture, however smaller size resulted 
in the flow being faster in the channels, thereby increasing shear stress on the cells and 
making them less likely to be captured on the surface. 

It is possible to further increase cell surface interaction if the cells passed through a packed 
bed of antibody-conjugated beads. However, such a design is no longer attractive since cell 
crossing takes as long as 2 hr due to the retardation of the flow rate [44].  

 
Figure 3. Isolation of CTCs from whole blood using a microfluidic device a, The workstation setup for 
CTC separation. The sample is continually mixed on a rocker, and pumped through the chip using a 
pneumatic-pressure-regulated pump. b, The CTC-chip with microposts etched in silicon. c, Whole 
blood flowing through the microfluidic device.d, Scanning electron microscope image of a captured 
NCI-H1650 lung cancer cell spiked into blood (pseudo coloured red). The inset shows a high 
magnification view of the cell (Reprinted with permission from Nature Publishing Group). 
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Malmstadt and coworkers developed an innovative approach that could benefit from the 
increased bed of beads area while avoiding its limitation [45]. The group used beads that 
were modified twice: (i) with the affinity moiety biotin, which binds streptavidin to function 
as chromatographic affinity separation matrix, (ii) with the temperature-sensitive polymer 
poly(N-isopropylacrylamide). At room temperature, a suspension of these beads flows 
through the channel. When the temperature is raised above a certain threshold, the beads 
aggregate. The sample is then introduced and the beads remain stable during sample flow, 
and the device functions as a chromatography affinity matrix. The temperature is then 
lowered below the threshold to allow the beads to dissolve and elute from the channel. 

4.2. Separation of cells by flow cytometry 

Flow cytometry is a technique that uses light scattering to measure various physicochemical 
characteristics of suspended cells. Cells are stained and then confined to flow in a single file 
through a fluidic system. The stream of cells passes at high speed through a focused laser 
beam. Light scattering and fluorescence data are collected from the individual cells and 
analyzed. A laser of one wavelength such as blue can be used for excitation; the instrument 
records fluorescence at multiple wavelengths such as red, orange, and green, in addition to 
the blue light scattering in the forward direction and right angle to the laser beam. This 
information is processed by a computer attached to the cell analytical instrumentation. 
Alternatively, flow cytometers can be equipped to sort cells of interest based on scattering 
properties, by use of an electric field, flow switching, or optical trapping.  

The first key aspect of flow cytometry is the focusing of the cells in a single file so they can 
be individually interrogated by the optical detection system. This step is usually achieved 
by hydrodynamic focusing [46, 47]. A sheath flow surrounds the samples from both sides; 
the flow rate can be adjusted to make the middle stream as thin as required to carry cells in a 
single file (Figure 4). This also reduces cellular aggregation that can clog the device. 
Microfabricated channel structures are capable of stably delivering samples to a detection 
area with higher accuracy and better flow control than are glass capillary-based fluidic 
systems used in conventional flow cytometric equipment; this superior performance is a 
function of the small channel dimensions possible in microfluidics. The hydrodynamic 
focusing typically constrains the cells on both sides, but not in the z direction [48].  

Miyake and coworkers have developed a multilayered sheath flow chamber that can 
generate a three-dimensionally focused narrow stream. The channel system was formed by 
the lamination of five separate silicon and glass plates; defining the three-dimensional 
geometry of a sample injection nozzle and a detection microchannel. A simpler, albeit less 
flexible or programmable, approach would be to use a shallow channel that confined the 
cells in the z direction to remain within the analysis window [49].  

Sheath liquid-based hydrodynamic focusing, while being the standard technology in 
microfabricated flow cytometers, require continuous pumping of a large volume of sheath 
liquid at a high flow rate to pinch the middle stream down to single-cell width. Sheath 
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liquid volume required can be up to 1000 time the sample volume. New types of 
microfluidic systems have been developed to minimize or eliminate the sheath liquid 
requirements and to further miniaturize flow cytometry. Huh and coworkers demonstrated 
the use of ambient air as an alternative sheath fluid in a disposable air–liquid two-phase 
microfluidic system [50]. The system produces a thin (>100 μm) liquid stream transporting 
cells focused by air-sheath flows in a rectangular microfluidic channel. To achieve this 
focusing, the authors had to conduct a detailed study of the PDMS surface wettability, and 
of the flow conditions so as to overcome the two-phase (air-liquid) instabilities.  

In a contrasting approach, a V-shaped groove device was developed by Altendorf and 
coworkers to transport blood cells in a single file. The groove microchannel was fabricated 
by anisotropic wet etching of silicon [51]. The top of the groove was 20–25 μm, wide and the 
constriction channel geometry allowed the generation of a single-file stream of blood cells 
moving through the channel without the need for sheath fluid. Light scattering caused by 
the flow of the individual blood cell through the device was measured by optics based on a 
photomultiplier tube, photodiode detector, and laser source. The device was capable of 
differentiating between various cell populations such as RBCs, platelets, lymphocytes, 
monocytes and granulocytes, based on the intensity of scattering signals. This study 
demonstrated the potential utility of such a device for differential counting of blood cells. 

The second aspect of a flow sorter system that is pertinent to our discussion is the system 
capability to sort cells at high speed. The requirement of rapid deflection after the cell has 
been identified by the optical system, can be achieved through redirection of the flow via 
high-speed valving or reverse electrokinetic flow, dielectrophoresis, ultrasonic transducer, 
or optical trapping.  

Kruger and coworkers achieved switching by use of pressure-driven flow systems [46]. As a 
liquid sample stream that was hydrodynamically focused along the center of an input 
channel approach a junction, a small amount of buffer liquid is injected into or withdrawn 
from the side stream along a switch channel, causing the focused sample stream to be 
deflected and to flow into a collection channel.  

Fu and coworkers demonstrated the use of electric field to quickly switch the flow from the 
waste to the collection channel, to isolate a cell of interest [52]. The disposable activated cell 
sorter consisted of three channels joined at a T shaped junction. Electro-osmotic flow drives 
cells or particles from the inlet to the junction where the flow is diverted to the waste or 
collection channels. The diversion is achieved by a switching of the electric field at the T 
junction to control the flow in a rapid manner. This device does not use sheath flow but 
rather a small-diameter channel, to constrain the cells in single file. When the fluorescently 
tagged bacterial cell of interest is detected, the sample stream flowing from an inlet to a 
waste port is quickly switched by reversed electric field, such that the flow is diverted 
direction to a collection port, selectively delivering the labeled target particles to a sample 
collector. Using this fluidic switching-based sorting technique, the authors demonstrated 
sorting of fluorescent microbeads and E. coli cells at a throughput of ∼10 beads s−1 and ∼20 
cells s−1. The device was fabricated by softlithography in PDMS. 
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Similarly, Oakey and coworkers demonstrated the use of electric field for diverting the flow 
rather than switching since their device did not have hydrodynamic focusing [53].  

Johansson and coworkers developed an ultrasound transducer that was placed in the 
middle of the channels at the intersection between the waste and collection channels. In the 
absence of ultrasound wave, cells migrated to the waste channel. When a cell of interest was 
identified, the transducer produced a radiation force acting on a density interface that 
caused fluidic movement, and the particles or cells on either side of the fluid interface were 
displaced in a direction perpendicular to the standing wave direction toward the collection 
channel [54]. 

Chun and coworkers demonstrated a polyelectrolytic salt bridge-based electrode, placed 
across the channel to replace the laser used for cell fluorescence analyses. The salt bridge 
produced impedance signals in proportional to cell’s size to be used as basis for sorting to 
eliminate the need for the optical system that typically exist off-chip [55]. 

 
Figure 4. Left: Image of prototype device in operation. Right: Computational modelling of fluid 
dynamics in a microfluidic cell sorter structure. The performance of this structure was simulated using 
FlumeCAD (Microcosm Technologies), a finite element modelling (FEM) software package that uses full 
Navier–Stokes equations. (Printed with permission from Institute of Physics Publishing). 

4.3. Separation of cells using immunologic targets  

Magnetic separation can be achieved by using the cell’s intrinsic magnetic properties or by 
attachment of a magnetic particle to a specific surface antigen that can later be exposed to a 
magnetic column for separation. Magnetic particles are typically composed of large 
numbers of superparamagnetic nanoparticles packed inside micrometer sized sphere made 
of polymer. The surface of each magnetic bead is then functionalized with antibody specific 
to an antigen found on the surface of one type of cell. The cells are incubated with the 
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magnetic beads to allow interaction; the magnetic bead attaches specifically to the cell by the 
antibody-antigen recognition. The cells are transferred to the magnetic column of a 
separation device. The cells are then manipulated via a magnetic field generated by an 
internal patterned electromagnet or external macroscopic magnets. The cells attached to the 
magnetic beads stay on the column, while other cells, not expressing the antigen, and hence 
not attached to beads, flow through it. With this method, the cells can be separated 
positively or negatively with respect to the particular antigen(s). Positive selection results in 
the binding of the cells of interest to the column and they then need to be washed off of the 
column. In negative selection, the cell of interest do not bind, and are passed through the 
column enriched [56].  

Han and coworkers have exploited the intrinsic differences in the magnetic properties of 
the RBCs and WBCs without use of magnetic beads, to separate the cell types in a one-
stage or three-stage magnetophoretic microseparator [57]. Their single-stage device was 
able to separate 91% of RBCs out of whole blood; the three-stage device improved on this 
performance to separate 93.5% of RBCs and 97.4% of WBCs from the whole sample at 5 
µL/hr flow rate. Qu and coworkers demonstrated identical separation efficiency [58]. 
Han’s channels were 50 µm deep created by hydrofluoric acid etching of borofloat glass 
slides. The wire area, included to deform the magnetic field inside the channel and hence 
generated a high field gradient, was defined using photolithography, and a Ti/Cu/Cr 
seed layer was deposited by e-beam evaporation, followed by microelectroforming (a 
process for making thick metal structure) of the ferromagnetic nickel wire. The device 
was sealed with a second glass slide bythermal bonding. An external magnet provided 
the magnetic field. 

Adams and coworkers developed a multi-target magnetic cell sorter to purify two types of 
target cells. They simultaneously sorted (i) multiple magnetic tags achieving >90% purity 
and >5,000-fold enrichment, and (ii) multiple bacterial cell types achieving >90% purity and 
>500-fold enrichment, with a throughput of 109 cells per hour [59]. Their device incorporates 
microfabricated ferromagnetic strips (MFS) to generate large and reproducible magnetic 
field gradients within its microchannel and utilizes a multistream laminar flow architecture 
to accurately control the hydrodynamic forces. This design enables continuous sorting to of 
multiple target cells into independent spatially addressable outlets with high purity and 
throughput. 

The chip was fabricated in three layers: glass-PDMS-glass. The channel was 50 µm deep and 
500 µm wide, and contained two sets of 20-200 nm thick nickel patterns that compose the 
MFS structures. (Figure 5) The two sets of MFS arrays are aligned at different angles with 
respect to the flow direction. The result is that two magnetophoretic forces that differ is 
amplitude and direction, act on the labeled cells. The labels are different in size and 
magnetization and thus require different forces to deflect them out of the stream of laminar 
flow. The magnetic field is created with a magnet made of a custom stack of neodymium-
iron-boron (NeFeB) and placed underneath the chip.The MT-MACS sorting chip was used 
to sort two subtypes of Escherichia coli MC1061 cells. One type was labeled with label 1 with 
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tag 1 (r = 2.25 µm, M =14 kA/m) and tag 2 (r =1.4µm, M = 30 kA/m), and was fluorescently 
labeled for observation under a fluorescent microscope. Using 5 mL/hr flow rate, each of the 
tags was enriched several thousand fold at its respective outlet after a single round of 
purification. At outlet 1, the population with tag 1 was enriched from 0.020% to 95.876% of 
the total population corresponding to a 5,000-fold enrichment. The impurities in this fraction 
consisted of 2.974% tag 2 and 1.150% nontarget beads. Similarly, the population with tag 2 
in outlet 2 was enriched 15,000-fold, with contamination of 3.125% target 1 and 6.358% 
nontarget beads. The waste output consisted almost entirely of nontarget beads (99.997%), 
and contamination of 0.002% of tag 1 and 0.001% of tag 2. 

 
Figure 5. MT-MACS separation architecture. (A) (Step A) The sample contains an excess of nontarget 
cells and 2 different target cells (target 1 and target 2) that are labeled with 2 different magnetic tags (tag 
1 and tag 2) by specific surface markers. (Step B) The sample is continuously pumped into the device 
where the 2 target cell types are sorted into spatially-segregated independent outlets. Separation occurs 
in 2 regions of high magnetic field gradient generated by the microfabricated ferromagnetic strip (MFS) 
1 and MFS 2. (Step C) After sorting, the eluted fractions from each outlet are analyzed via flow 
cytometry. (B) A free-body diagram showing the balance of forces at the MFS structures. At MFS 1 (_1 _ 
15°), tag 1-labeled target 1 cells are deflected and elute through outlet 
1 because Fm1 _ Fd1 sin(_1). This is not the case for tag 2-labeled target 2 cells, which are instead 
deflected at MFS 2 (_2 _ 5°) because Fm2 _ Fd2 sin(_2), and elute through outlet 2. Nontarget cells are 
not deflected by either MFS and elute through the waste outlet. (C) Optical micrographs (magnification 
_ 100_) of the tags being separated at the 2 MFS structures at a total flow rate of 47 mL/h (sample _ 5 
mL/h, buffer _ 42 mL/h). (Left) Tag 1 is deflected by the steep angled MFS 1. (Right) Tag 2 is deflected by 
MFS 2 (Reprinted with permission from PNAS). 
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Xia, Modak and coworkers used similar have demonstrated similar magnetic cells sorting 
design with the structure concentrating the magnetic field being adjacent to the flow 
channel but not exposed to the sample solution [60, 61].  

Lee and coworkers demonstrated the use of patterned channels to magnetically manipulate 
single cell. Lee’s device had a matrix of two separate layers of straight gold wires, each 
addressed independently, aligned perpendicular to each other, and covered with an 
insulating layer. A magnetic field was created by passing electrical current through the 
wires creating a programmable magnetic field to control the motion of individual cells in the 
fluid. Lee’s device demonstrated the separation of viable from nonviable yeast cells attached 
to magnetic beads [62]. 

Saliba and coworkers demonstrated a 2D array of dots by deposited by microcontact 
printing of a magnetic ink acting as magnetic traps. Antibody-coated magnetic beads were 
injected in the channels and were submitted to a Brownian motion in the absence of any 
field. The application of an external vertical magnetic field induced the antibody-coated 
magnetic beads to assemble on the patterned dots creating columns [63]. 

Kose and coworkers demonstrated a novel device to use colloidal suspension of 
nonfunctionalized magnetic nanoparticles for manipulation and separation of 
microparticles. It is a size-based separation mediated by angular momentum transfer 
from magnetically excited ferrofluid particles to microparticles. The nanocytometer is 
capable of rapidly sorting and focusing two or more species, with up to 99% separation 
efficiency [64].  

4.4. Separation of cells using chemotaxis phenomena 

Chemotaxis is the process whereby a single cell, or multicellular organism, moves away or 
toward a certain chemical. This movement can be away from a poison (chemorepellent or 
negative chemotaxis) or toward food (chemoattractant or positive chemotaxis). For example, 
neutrophils leave the blood vessel and migrate toward the smell produced by bacteria in a 
cut of the skin in an effort to defend the body against infection. The influence of these 
gradients of molecules and cues cellular behavior in the surrounding microenvironment is 
an important biomedical focus of study. Chemotaxis, in particular, plays an important role 
in many biological and physiological processes such as creation of new tissues, wound 
healing, cancer metastasis, and embryogenesis. 

To test a cell response to a certain chemical gradient, the cells are typically placed in a well, 
and the test substance or chemical is placed in a second well. The two wells are separated by 
a barrier such as a weir structure (Dunn chamber) or a filter (Boyden chamber), to ensure that 
the cell movement is due only to the signaling only and not random motion or diffusion.  

The development of microfluidic devices for chemotaxis assays was motivated by the need 
to produce the gradient in a controllable and reproducible manner, and to minimize the 
quantities of test substance and cells required per assay [65].  
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Abboodi and coworkers have developed a hydrogel-based microfluidic chip for chemotaxis 
studies [66]. The device consists of three chambers in this study, the middle chamber is filled 
with a 3D porous hydrogel structure that contains the cell culture; here fibrosarcoma cell 
line HT1080 was used as an invasive cancer cell model. First, the left-hand chamber was 
filled with a cellulose enzyme solution and the right-hand one was filled with cell culture 
medium containing fetal bovine serum (FBS) (Figure 6). The cellulose enzyme solution 
diffuses into the hydrogel and degrades it, creating large pores in the structure closer to the 
left-hand reservoir. Pore size is progressively smaller as the solution migrates toward the 
right-hand reservoir. The result is that the cells, stained for observation by fluorescence 
microscopy, moved toward the large pores adjacent to the left-hand reservoir. After 3 days, 
the FBS –containing medium-FBS in the right-hand reservoir was replaced with pure FBS 
i.e., full strength chemoattractant. The cellulose enzyme solution in the left-hand reservoir 
was also replaced with a FBS-containing medium. In response, the cells reversed their 
motion and moved toward the right-hand reservoir containing the pure FBS, confirming 
that FBS is a chemoattractant for this cell type. The negative structure of the chambers of this 
device was fabricated with a 3D printer and a UV-curable polymer. The device was molded 
in PDMS from the polymer structure and sealed with a glass slide. 

Agrawal and coworkers, in an effort to explore the sepsis complications that occur in burn 
patients, presumably as the result of improper activation of neutrophils, developed an assay 
on an advanced switching gradient device for monitoring the migration behavior of these 
cells following thermal injuries [67]. The device (i) integrates the isolation of neutrophils 
from whole blood, (ii) the provision of a controlled combinatorial chemotactic environment, 
and (iii) the monitoring of real-time migration of the captured neutrophils over different 
substrates all on-chip, thereby eliminating the need for preprocessing of the blood. The 
device was made with PDMS and was fabricated with standardized soft lithographic 
techniques. In a first trial, the capture was performed by a coating of the microfluidic cell 
chambers with P-selectin, E-selectin, or fibronectin substrate. A 10 µL drop of blood/heparin 
solution was loaded in the cell-capture device, and the cells were allowed to settle for 10 
min; then flow was initiated (0.5 µL/min) and most of the unwanted cell population was 
washed away. In experiments repeated in the migration device, captured cells were exposed 
to a linear chemotactic gradient of the chemokines IL8 and fMLP. Migration patterns for 
both chemokines over each substrate were recorded with time lapse microscopy and were 
then compared. 

The two chemoattractants, IL8 and FMLP, were used to create a gradient across each 
binding substrate. Neutrophils over P-selectin reacted similarly for the IL8 and fMLP 
gradients. However, for E-selectin, average ‘y’ displacements of 50 µm and 70 µm were 
observed within 30 min in the gradients of fMLP and IL8 respectively.  

For fibronectin, the difference in migration was more significant: the cells migrated about 65 
µm in fMLP gradient, but only 35 µm in the IL8 gradient over similar time courses. This 
system offers an efficient approach to the development of a simple diagnostic tool suitable 
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for a variety of applications in addition to chemotactic studies such as genomic and 
proteomic analyses. 

Chen and coworkers demonstrated a cell migration chip which can monitor chemotaxis at 
single cell resolution [68]. The chip is composed of weirs that captured individual cells. 
Once a cell is captured, the hydrodynamic force will push other cells to the next weir 
through a serpentine channel. A high capture rate over 94% is achieved by optimizing the 
geometry of capture sites and the length of serpentine structures. After capturing, cell 
migration experiments induced by chemotaxis were carried out using the fabricated 
platform, and the behavior of each single cell was successfully traced. 

Englert, Walker, and coworkers focused their effort on generating reproducible gradients 
[69, 70]. Engelrt and coworkers device created reproducible chemoeffector gradients. Two 
gradients, to simulate competing conditions in nature, were created using a Laminar flow-
based diffusive mixing and were tested on Escherichia coli. The sample containing the 
fluorescently stained Escherichia coli, for observation by microscopy, was introduced in a 
middle channel. Two side channels introduced the two gradients: quorum-sensing molecule 
autoinducer-2 (AI-2) and stationary-phase signal indole were introduced, one on each side 
of the sample. Results showed that the Escherichia coli was attracted by the AI-2 and 
repelled by the stationary-phase signal indole. 

 
Figure 6. (A) Schematic for the device. (B) Image for each region in the main storage. (C) Average 
fluorescent intensity of FITC- BSA at four regions from left to right through the porous hydrogel in the 
main storage ± SD (Reprinted with permission from SPIE and A. Al Abboodi). 

4.5. Separation of cells using optical methods and light traping 

Optofluidics technology, which is the mating of optical trapping, switching, and 
microfluidic has been recently introduced as a new manipulation scheme. It has been 
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motivated by its high selectivity, ability to maintain sterility, and how it allowed 
programmable manipulation of particles or fluids in microenvironments based on optically 
induced electrokinetics. While optical switching is often used with flow cytometry as the 
switching or sorting mechanism, it is here presented in a separate section to demonstrate its 
unique capabilities and potential. Typically, a focused laser beam provides a force to hold or 
move a microscopic dielectric particle. The dielectric particle is attracted to the strong 
electric field gradient at the narrowest point of the focused beam. This force is small, in the 
order of piconewtons, depending on the refractive index mismatch, and can be attractive or 
repulsive.  

MacDonald and coworkers introduced a bow-tie like chip with four reservoirs linked in the 
middle by a flow channel (Figure 7). The two reservoirs on one side are for buffer (top) and 
sample (bottom) respectively. The two reservoirs on the other side are for waste (top) and 
sample collection (bottom). In the absence of any force, the cells migrated from their 
reservoir to waste, while the buffer passed to the collection reservoir. The two flows shared 
the channel but no mixing due to laminar conditions. When optical forces were focused on 
the flow of mixed particles as it passed through the lattice, selected particles were strongly 
deflected from their original trajectories into the collection reservoir, while others passed 
straight through, depending upon their sensitivity to the optical potential. The interaction 
with optical fields provided a selective means of removing material matching specific 
criteria from an otherwise laminar stream. The optical force was applied by the mean of a 
five-beam interference pattern created by a 1,070-nm laser beam that passed through a 
diffractive beam splitter, producing four beams diverging from the central, non-diffracted , 
in a cross shape. Collimating optics provided a parameter space to independently control 
the phase and amplitude of each of the five beams before being co-focused through an 
aspheric lens to produce a large, three-dimensional optical lattice through multibeam 
interference [71]. 

Kovac and coworkers introduced a microwell array that is passively loaded with 
mammalian cells via sedimentation. These cells were inspected using microscopy. After 
inspection, cells of interest were levitated from the well using a focused infrared laser into a 
passing stream to the collection reservoir. This is a simple device made of PDMS for the 
channels and the wells were sealed with glass slide [72].  

Shirasaki and coworkers used optics to control a thermoreversible gelation polymer (TGP) 
as a switching valve. The chip has Y-shaped microchannels with one inlet and two outlets. 
The sample containing fluorescently labeled cells was mixed with a solution containing the 
thermoreversible sol-gel polymer. The fluorescently labeled target cells were introduced in 
the channels and observed using fluorescence microscopy. In the absence of a fluorescence 
signal, the collection channel was plugged through laser irradiation of the TGP and the 
specimens were directed to the waste channel. Upon detection of a fluorescence signal from 
the target cells, the laser beam was then used to plug the waste channel, allowing the 
fluorescent cells to be channeled into the collection reservoir. The response time of the sol-
gel transformation was 3 ms, and a flow switching time of 120 ms was achieved. The TGP 
did not affect cell viability [73].  
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Lin and coworkers have demonstrated a microfluidic system based on a computer 
controlled digital image processing (DIP) technique and optical tweezers for automatic cell 
recognition and sorting in a continuous flow environment. In this system, the cells are 
focused electrokinetically into a narrow sample stream and are introduced into the channel 
where they are recognized and traced in real time. Synchronized control signals generated 
by the DIP system are then used to actuate a focused IR laser beam to displace the target 
cells from the main sample stream into a neighboring sheath flow, which carries them to a 
downstream collection [74].  

In summary, Optoelectrofluidic technology, which has been recently introduced as a new 
manipulation scheme, allows programmable manipulation of particles or fluids in 
microenvironments based on optically induced electrokinetics. The behavior of particles or 
fluids can be controlled by inducing or perturbing electric fields on demand in an optical 
manner, which includes photochemical, photoconductive, and photothermal effects [75, 76]. 

 
Figure 7. The concept of optical fractionation. Low Reynolds number flows will be laminar: without an 
actuator all particles from chamber B would flow into chamber D. Chamber A would typically 
introduce a ‘blank’ flow stream, although this could be any stream into which the selected particles are 
to be introduced. By introducing a three-dimensional optical lattice—in this case a body-centred 
tetragonal (b.c.t.) lattice—into the fractionation chamber (FC), one species of particle is selectively 
pushed into the upper flow field. The reconfigurability of the optical lattice allows for dynamic 
updating of selection criteria. For weakly segregated species, the analyte can be either recirculated 
through the optical lattice or directed through cascaded separation chambers. This latter option also 
allows the use of multiple selection criteria in a single integrated chip. The flow volume in our current 
sample cells is 100 mm thick; scale bar, 40 mm (Reprinted with permission from Nature Publishing 
Group). 

4.6. Separation of cells using electrophoresis and dielectrophoresis 

Dielectrophoresis (DEP), first described by Pohl in 1951, is a phenomenon in which a force is 
exerted on a dielectric (insulator that can be polarized) particle when subjected to a non-
uniform electric field. This can take place in either direct (DC) or alternating (AC) electric 
fields. The strength of the force depends on the frequency of the electric field, the medium 
and particle electrical properties, and the particles size and shape. Varying the field’s 
frequency can manipulate particles with different sizes with great selectivity, which is used 
for manipulating cells and nanoparticles.  
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Pommer and coworkers have used DEP phenomenon to separate platelets directly from 
diluted whole blood in microfluidic channels. Since platelets are the smallest cell type in 
blood, DEP-activated cell sorter (DACS) was used to perform size based fractionation of 
blood samples and continuously enrich the platelets [77].  

Hu and coworkers used a comparable device to Pommer, but the difference in size-based 
separation was attributed to the size of the antibody-conjugated beads attached to the target 
instead of the cell’s intrinsic size [78]. Pommer’s device is composed of two identical 
purification stages, in each stage a buffer is introduced in the middle of the channel while 
the sample is loaded from both sides. The channel electrodes are at angle with the flow 
forming a funnel shape where the sample flows from the wide to the narrow side. The force 
exerted by the electric field on the cells has a cubic dependence on the radius (R3) and can 
be controlled by varying the applied voltage. The hydrodynamic drag force under laminar 
flow has a linear dependence on the particle radius (R1) and is controlled by varying the 
flow rate. Therefore, the resulting forces exerted on the cells has a square dependence (R2) 
and is used to deflect large cells (RBCs and WBCs) into the middle buffer stream to the 
waste collection reservoir while the platelets remain in the side flow and migrate to the 
collection reservoir. Post sorting cytometric analysis revealed that a single pass through the 
two-stage device yields 95% purity of platelets with minimal platelet activation. Two 
Borosilicate glass wafers were used to fabricate the top and the bottom of the device, the 
titanium-gold (20nm and 200nm respectively) electrodes were patterned and evaporated 
using e-beam, a polyimide layer was spun and patterned to form 20µm channel depth 
between the top and bottom wafer. The two wafers were aligned and bonded using thermal 
bonding (300oC) then 375oC to cure the ployimide. 

Vahey et al have extended DEP to multiple electrodes creating an electric conductivity 
gradient to separate cells and particles. This is similar to using isoelectric focusing in 
analytical chemistry and proteomics with the conductivity replacing the pH gradient. Vahey 
et al have used this device to achieve label-free separation of multiple (>2) subpopulations 
from a heterogeneous background. The channel was 1mm wide and 20 µm deep molded in 
PDMS and sealed with pyrex wafer that has the evaporated electrodes. The six electrodes, 
200nm gold on top of 10nm titanium (adhesion layer) are 60µm wide, separated by 15 µm, 
and are patterned at an angle with the flow direction. The electrical gradient was used to 
separate 1.6, 1.75, and 1.9 µm polystyrene beads from a mixture. Additionally the device 
was successfully used to separate similar size beads based on surface conductance due to 
different coating such as COOH modified and unmodified, as well as sorting nonviable 
from viable cells of the budding yeast Saccharomyces cerevisiae [79]. 

Lapizco-Encinas et al have used insulator-based (electrodeless) dielectrophoresis (iDEP), in 
which the nonuniform electric field needed to drive DEP is produced by insulators, 
avoiding problems associated with the use of electrodes [80]. This channel was 10.2mm long 
and contained a two dimensional array of 10µm deep pillars etched in borosilicate glass. 
The channel was thermally bonded with a drilled cover plate for fluid access. Two platinum 
wires, the only electrodes in the device, were placed in the inlet and outlet reservoirs, 
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producing mean electric fields of up to 200 V/mm across the insulators. The insulator posts 
disturbed the electric field lines, squeezing them between the pillars. This created higher 
field strength between the pillars. Cell trapping and release were controlled by modifying 
the relative responses of electrokinetics and DEP by adjusting the magnitude of the applied 
voltage. Dead cells had significantly lower dielectrophoretic mobility than live cells but 
similar electrokinetic mobilities. Therefore, live cells were concentrated between the pillars. 
Cells were labeled with Syto 9 and propidium iodide for observation through a fluorescent 
microscope (Figure 8). 

 
Figure 8. Schematic representation of the experimental setup: (a) top view, showing the manifold, glass 
chip, an enlargement of the flow microchannels; (b) cartoon showing the electric field lines being 
squeezed between the insulating posts; (c) side view showing the manifold and glass chip on the 
microscope stage (Reprinted with permission from ACS Publications). 

4.7. Separation of cells by size 

Size-based sorting has been our work’s focus for a few years; we have successfully 
demonstrated the separation of WBCs, RBCs, or circulating tumor cells from whole blood, 
and fetal nucleated red blood cells (fNRBCs) from cord blood. Size- and density-based 
sorting has been demonstrated in open flow channels by Seki’s group using “pinched flow 
fractionation” [81]. Enrichments up to 20 fold have been accomplished by the chip shown in 
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Figure 9. The sample is loaded into the 20 µm wide open channel, and a second solution, a 
buffer, is loaded from a second channel that is 200 µm wide. The buffer pinches the flow 
width against the channel wall down to 15 µm, forcing the cells to align along the channel 
wall, before the channel opens to a 350 µm wide area with 12 outlet ports. The separation 
occurs in the wider channel; the smaller, lower-density cells segregate and are dragged 
along the channel wall, while the larger, denser cells, tended to sediment earlier in the 
pinched region and occupy the outer stream that empties to a different outlet port. The 
device was fabricated by standard photolithographic techniques and was molded in PDMS, 
from an SU8 master. Wilding’s group used weir-like structure to create a 3.5 µm space 
between the silicon bottom and a glass top of a device to separate WBCs from whole blood, 
they could then use the cell’s DNA for amplification [82-84].  

Austin’s group has demonstrated cell sorting based on asymmetric bifurcation of a laminar 
flow around a periodic array of micrometer-scale pillars [85, 86]. Each row of pillars is offset 
horizontally with respect to the previous row by a fraction of the distance separating the 
pillars. This offset between successive rows forces particles to navigate around the obstacles 
and induces a lateral displacement proportional to their size. Therefore, cells or particles of 
different sizes exit the array at different locations and can be collected separately. The main 
advantage of such a device is that it never clogs, since the distance between the pillars is 
always larger than the cells or particles they separate. This device was used to fractionate a 
mixture of different-diameter beads; 0.8, 0.9, and 1.03 µm into three distinct streams. 
Additionally, this device was used to separate a mixture of DNA molecules, 61 and 158 kb, 
in two separate trajectories. In this case an electric field of 12V/cm was used to drive the 
flow. 

Additionally, Austin group has used a variation of this chip to separate RBCs, WBCs, and 
platelets from blood plasma [87]. 

Our group has employed pillar configuration to create multiple sieving devices for size-
based separation. With these devices, we have demonstrated the isolation of cultured cancer 
cells spiked into whole blood [88]. Our devices have successively narrower gap widths 
between the columns in the direction of flows with 20, 15, 10, and 5 µm spacings all on one 
device (Figure 10). The first 20 µm wide segment disperses the cell suspension and creates 
an evenly distributed flow over the rest of the device, whereas the other segments were 
designed to retain successively smaller cells [89]. The channel depth is constant across the 
device. Two types of devices were constructed, the first type was 10 µm deep and the 
second type was 20 µm deep. As cells traversed the device, they continued through each 
region until they were stopped at a gap width that prohibited passage due to their size. 
Experiments with human whole blood, from healthy individual, proved that channels 5 µm 
wide and 10 µm deep permitted all normal cell types to cross without resistance under our 
experimental flow conditions. Cultured cancer cell lines, mixed with whole blood and 
applied to the device, were retained inside the device while all other cells migrated to the 
output reservoir.  
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Figure 9. Schematic illustrations showing the separation mechanism of sedimentation pinched-flow 
fractionation. Images a and b show enlarged views of areas (a) and (b) of the upper image, respectively. 
In the pinched segment, particles are focused onto the upper sidewall regardless of size. By applying 
sedimentation force to the flowing particles in the curved channel, particles with a higher density 
(black) migrate beyond the streamline, achieving density-based sorting. (Reprinted with permission 
from Springer publisher.) 

Eight different cancer cell line, brain neuroblasts (SK-N-MC, SK-N-AS, SK-N-SH, BE(2)-
M(17), and SH-SY5Y), breast epithelial cells (MDA231), colon epithelial cells (SW620), and 
kidney epithelial cells (HEK293), were successfully isolated from whole blood by our device. 
Additionally, either intact cells, or DNA, could be extracted for molecular analysis. DNA 
was extracted by in-situ cell lysis. After the cancer cells had been retained, the device was 
flushed for 20 min, with medium used to remove all non-retained cells, followed by water to 
lyse the retained cells and release their DNA. DNA was collected from the output reservoir 
for 20 min (approximately 0.33 mL), purified, and tested, as a demonstration that the 
captured DNA was from the cancer cell line and not a contaminant DNA from the blood 
used for spiking.  

Alternatively, retained intact cells were recovered by reversing the direction of the flow, 
using medium after allowing 20 min for them to migrate towards the outlet. Once flow was 
reversed, cells retained at the first row of transition at the 10 µm wide channels detached 
easily and traveled through the 15 µm and then the 20 µm segments, through the inlet 
reservoir, and into a collection tube. Cells were cultured from the collection tube and were 
able to proliferate, thus demonstrating the viability of the extracted cells. 

Our device was made using standard photolithography techniques and was molded in 
PDMS, polystyrene, or polyurethane [90]. 
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Figure 10. (top) Schematic showing flow direction and channel structure for the Second generation 
device having varying channel gap widths (20, 15, 10, and 5m), cells separate based on size and 
deformability. Channel depths, constant over a single device are: 20 or 10m. (Bottom) Adult blood cells 
spiked with MDA231 cells. All cells flow freely through the device except for the MDA231 cells, which 
are retained at the start of the 10µm wide channels 

A derivative of the same design was utilized to separate fetal cells from cord blood [91]. 
The device has four segments of successively narrower channels along the flow axis; these 
have 15, 10, 5, and 2.5 µm spacings. Each segment is 30 mm wide and 15 mm long and has 
375 rows of channels of the same width. Therefore, the entire device is 30mm wide and 
60mm long, giving rise to over 3.5 million channels. The channels are formed between 
pillars separated by gaps rather than a continuous structure. This design was favored to 
allow the cells to deform and resume their normal shape as they traverse the device; 
further, if the cell flow is locally slowed or if a channel becomes clogged, a cell is able to 
migrate around the affected area. Currently, a one-step centrifugation is required for 
sample preparation, and only the mononuclear layer is used in the device. This step not 
only separates most of the mature RBCs before sample loading, but it also enriches for 
fNRBCs since mononuclear cells and fNRBCs have similar densities. To identify fNRBCs, 
we stained the buffy coat with fluorescein isothiocyanate-labeled monoclonal antibody to 
HbF (green) and SYTO red. Thus, fNRBCs should fluoresce green and red. Double-stained 
samples were applied to the device. When the mononuclear layer was tested in the device, 
WBCs were retained consistently at the start of the 2.5 µm wide segment, while fNRBCs 
and mature RBCs migrated to the output reservoir. Cells were removed from the output 
reservoir, and the DNA was extracted with DNA purification kit and was tested for X and 
Y chromosomal sequence by PCR. We used cord blood from mothers who delivered male 
babies, so the X and Y chromosome could be used to demonstrate that the isolated cells 
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came from the baby and not the mother. Mature RBCs do not have a nucleus, and hence do 
not contaminate the DNA obtained [92]. 

5. Conclusion 

In the last two decades, we witnessed many advances in microfluidic devices, and many of 
these devices are in advanced development stages or are commercially available. 
Microfluidic technology offers superior capability to precisely engineer and control the 
microenvironment to sort cells. Micro- and nano-fluidic technology will fulfill the 
sensitivity, specificity, and reproducibility requirements to bring cell sorting into clinical 
utility. The challenge remains to demonstrate that information acquired using microfluidic 
devices would change the way physicians diagnose, treat, and/or monitor diseases.  
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1. Introduction 

Tiger (Panthera tigris tigris) population in their historic ranges is critically endangered owing 
to habitat destructions, ruthless poaching and retaliatory killing. The tiger population now 
remains in few thousands located in about 150 fragments in 13 countries (Karanth and 
Gopal, 2005). However, declination is also associated with health related problems such as 
nutritional deficiencies and infectious diseases (Prater, 2005). Therefore, health monitoring 
and scientific health management, disease diagnosis and treatment should be made 
mandatory for conservation of wildlife as the tiger is a key stone species and important 
member of forest ecology (Shrivastav, 2001).  

Haematological and biochemical studies are important tool for health evaluation and their 
interpretations to know the status of physiological functions of various organs. The 
concentration of biochemical constituents in tissues as well as in body fluid is fixed and 
during adverse conditions, it may be elevated or decreased (Douglas and Nelson, 1991). 
However, qualitative and quantitative analysis of corpuscles and chemical constituents of 
plasma or serum are closely linked with functional unit of the cell and their assessments 
may reflect the physiological disorders (Harvey, 1997).  

Nevertheless, several factors involved to transmit infectious diseases either mechanically or 
biologically through contaminated water, food or vectors (Lice, Flea, Ticks and Mites) and 
the pathogens may alter the normal physiology (Shah, 1983). Viral, bacterial and parasitic 
diseases are very common in tigers which can affect the haematological and biochemical 
normal values (Rao and Acharyjo, 2002). Types of anaemia and significant blood loss may 
be estimated through complete blood count (CBC) and physiological function of different 
organs by biochemical parameters (Jain, 1986). Qualitative and quantitative reduction in the 
blood commonly observed in captive felid particularly in cubs those maintaining on milk 
alone. The values of liver function test, elevated on repeated immobilization by sedative 
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drugs. It has been experienced that the values of serum enzymes increased after 72 hrs 
interval of 2nd immobilization by Ketamine and Xylazine mixture (personal 
communication, Shrivastav 2012). Sign of anemia such as pale mucous membranes 
weakness, fatigue and tachycardia may be observed depending on the severity of anemia. A 
variety of abnormalities may be noticed by analysis of blood, bone marrow cytology, serum 
chemistry and urine analysis.  

Wild felids are commonly injured in territorial fight or sometimes serious injuries and 
internal hemorrhages occur during hunting. If blood loss is above the 50% of total volume in 
short period may be fetal and tiger may die due to hypovolumeic shock. Information on 
haematology and blood biochemistry is meagre in wild animals. However, several studies 
on selected haematological parameters of exotic species of captive Felids have been 
reported. Currier and Russell (1982) studied the higher pack cell volume in wild and captive 
mountain lions (Felis concolor) and Fowler (1986) has reviewed the haematological and 
biochemical profile of Felids including captive tigers whereas Jain (1986) reviewed the 
information of the genera Panthera, Felis, Uncia and Acinonyx concluded that blood 
parameters were almost similar to that of domestic cat with exception of higher 
concentration of plasma protein and Pack cell volume (PCV). Seal et al. (1987) have studied 
the haematological and biochemical profile of captive Bengal tigers with emphasis of 
anaesthetic effect on blood parameters. Chandranaik et.al. (2006) also studied the 
haematology of physically restrained tigers that were kept in squeeze cages without using 
anaesthetics. However, the haematological and biochemical studies were made in twelve 
apparently healthy tigers in free ranges of Central India (Shrivastav et.al. 2011). 

Health monitoring, assessment of health during treatment and disease diagnosis in free 
range tigers needs baseline data on haemato-biochemical parameters. This baseline data is 
important especially for comparative health assessment of felids during out breaks of 
diseases between sylvatic and domestic cycle vice versa. It is also required, as the tiger is on 
top of the sylvatic food chain and to be protected for maintaining   balances in ecosystem 
(Gopal, 1993). 

2. Blood collection and investigation 

The collection of blood for laboratory investigations is comparatively difficult in both free 
range and captive tigers and only possible when animal is sedated or restrained properly in 
squeeze cage.  

Withstanding facts, chemical capture is comparatively safe, if accomplished by trained and 
experienced wildlife veterinarians. There are several drugs available for sedation. Each drug 
works in a different manner and is more suited to some species only. The time required for a 
drug to have an effect depends upon the factors such as route of administration, absorption 
rate, concentration and physiological status of the animal while it is difficult to generalize 
the choice of drug and doses (WII, 1985). It depends upon circumstances like species of the 
animal, age, sex, weight, location, temperature regimes in season, time of the day and 
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emotional state. Shrivastav et.al.(2011) have used Xylazine hydrochloride + Ketamine 
hydrochloride as sedative drugs with the help of Tel-inject projectile syringe to immobilize 
the tigers of free range while Yohimbine hydrochloride was used as reversal drug.  

Prior to collection of blood from immobilized animal, it is an essential protocol to obtain 
normal values only through free flow of the collected blood drawn from the animal either at 
rest or under conditions of least excitement to minimize the physiological variations in cell 
count (Jain, 1986). Normally the cephalic saphenous, femoral and jugular veins are used for 
collection of blood from dog, cat and non human primates while in tigers these sites are not 
convenient because the blood collector remained in front of face of the tiger. The caudal vein 
is convenient and safer site for blood collection (Shrivastav et.al.2011).  

From sedated free range tigers, 2-5 ml of blood is drawn by venipuncture of the caudal vein 
through 18 no gauge disposal syringe in a tube containing Ethylenediaminetetraacetate 
(EDTA at 2 mg/ml of blood) as the anticoagulant (Shrivastav et.al. 2011). The blood samples 
should be processed as soon as possible after collection. If a delay is anticipated, it should be 
refrigerated at 4oC (Jain, 1986).The blood sample should be mixed several times before a 
portion is removed for test procedure (Shrivastav and Sharma, 2000). Automatic devices 
providing a continuous rocking or circular motion have been found satisfactory, but 
prolonged mixing should be avoided, particularly on a device with circular motion, to 
prevent a mechanical trauma to various blood cells, especially erythrocyte. In any event, 
blood smear must be made immediately after blood collection, either directly from fresh 
blood or after anticoagulation. Blood films should be dried quickly and protected from dust 
and flies till stained (Shrivastav and Sharma, 2005). Blood films can be made on glass slides 
and on cover slips.The haematological analysis needs precautionary measures and blood 
smear is stained with Romanowsky stains and at least 200 white cells should be examined 
for the differential leukocytes count. Simultaneously, the blood smears must be screened for 
parasitic blood protozoa, flagellates and rickettsial infections. 

3. Haematology of Tiger 

3.1. Erythrocytes 

The morphology of erythrocytes varies with 2 to 7.6, 7.3 ± 0.45 µm in size; appears circular, 
discoid, central pallor with slight anisocytosis whereas the rouleaux formation(Plate- 2) is 
common in tiger’s blood. Chandranaik, et.al. (2006) also reported the mild anisocytosis in 
physically restrained tigers. However,  the range and mean (with one standard deviation) of 
total erythrocyte count (TEC) was 4.66 to 9.15, 7.9± 1.42 million /µl. Likewise haemoglobin 
concentration (Hb) was obtained 9.8 to13.5, 12.8 ±1.65 mg/dl in male and 7.8 to11.5, 10.8±1.05 
mg/dl in female tigers (Shrivastav et.al. 2011). 

Jain (1986) defined that the rouleaux formation is associated with erythrocyte sedimentation 
rate (ESR) and useful for evaluation of the disease status. Shrivastav et. al. (2011) 
encountered ESR (14 to 26, 21 ± 4.21 /hour) and PCV (36 to 45, 38 ± 4.45 %) in free range 
tigers (Table 1). The consequences of ESR and PCV up and downs mostly confined to 
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erythrocyte osmotic fragility that increased in case of immune-mediated hemolytic anemia. 
Taketa et. al. (1967) have assessed the oxygen affinity of the haemoglobin is much lower in 
felines than that of other mammals including humans.  
 

 Haematology Unit Range Mean SE (±) 

1 Red blood corpuscles (TEC) ×106/µl 4.66–9.15 7.90 1.42 
2 Total Leukocytes Count (TLC) ×103/µl 6.2–11.05 8.50 1.42 
3 Haemoglobin (Hb) g/dl 7.8–13.8 12.8 1.65 
4 Haematocrit (PCV) Ratio 36–45 38 2.54 

5 
Erythrocyte sedimentation 
rate 

(ESR) Hours 14–26 21 4.21 

6 Icterus index (II) u/l 2– 5 2 1.51 

7 
Differential leukocyte 
count 

%    

i Neutrophils –  57–75 60 5.08 
ii 
 

Lymphocytes –  18–35 30 4.56 

iii Monocytes –  2– 6 0.5 1.21 
iv Eosinophils –  2–6 0.4 1.30 

v Basophils –  0–4 0.1 1.21 

 
Blood plasma 
biochemistry     

1 Albumin (ALB) g/dl 2.1–4.6 3.50 0.99 
2 Total protein ( TPROT) g/dl 3.7–8.7 6.40 1.88 
3 Total bilirubin TBIL) mg/dl 0.4–3.2 1.90 1.21 
4 Creatinine (CRE) mg/dl 1.6–4.6 2.90 1.03 

5 
Blood urea nitrogen 
(BUN) 

mg/dl 6.5–48.2 27.90 13.77 

6 
Alanine Aminotransferase 
(ALT) 

IU/L 21.2–109.0 67.88 27.84 

7 
Aspertate 
Aminotransferase (AST) 

IU/L 14.4–84.0 57.96 17.27 

Table 1. Haematological and Biochemical Values of Bengal tigers (Panthera tigris tigris) 

Jain (1986) reviewed the haematological parameters of big cats including Panthera, Felis, Uncia 
and Acinonyx and found that the blood composition were almost similar. Among all cats few 
erythrocytes had single refractile structure (Heinz body) when stained with new methylene 
blue stain. The Heinz body appearance in erythrocytes is the unique feature of the family 
Felidae (Plate -1) while they are not visible usually in blood films with Romanowsky stain 
(Jain,1986). The reduction in erythrocyte count (TEC) and haemoglobin concentration (Hb) are 
generally associated with anaemia and classified on the basis of erythrocyte morphology, 
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pathogenetic mechanism and bone marrow erythroid response ( Jain, 1986).In wild animals 
the clinical signs and their magnitude depends on habitat and availability of nutritive 
materials. Prolonged nutritional deficiencies of protein vitamins and minerals essential for 
erythrocytes production lead to anaemia. The type of anaemia varies with the nutritional 
deficiency, blood loss and the animal species involved. Despite the nutritional consequences 
the blood loss may be encountered through traumatic injuries, complication in blood vascular 
system, thrombocytopenia, and coagulation disorders. A normocytic – nonchromatic, non 
responsive anaemia  is commonly found  in association with chronic infections, chronic 
infectious inflammatory conditions and some type of malignancies though microcytic-
hypochromic is the sign of iron deficiencies (Jain and Kono 1975). 

Several blood sucking parasites produce blood loss anaemia in tigers like Ancylostomes, 
Toxoscaris that may cause haemolytic anaemia while Trypanosomes, Babesia and 
Haemobartonella (Mycoplasm haemofelis) may alter the total blood as well as plasma volumes 
with acute blood loss. Chronic blood loss may lead to gastrointestinal lesions, ulcers, heavy 
parasitism like coccidiosis, neoplasm with bleeding into body cavity, deficiency of Vitamin 
K and prothrembin etc.  

 

 
 
Plate 1. Tiger Blood smear stained with Modified Wright Stain x1000. 
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Plate 2. Tiger Blood smear stained with Modified Wright Stain x1000. 

4. Leukocytes 

The total leukocytes count (TLC) and differential leukocytes count are important parameters 
to judge the body response against diseases. The TLC was 6.2 to 11.05, 8.5 ±1.42 thousand/µl 
in free range tigers while differential leukocyte counts (DLC) reflect the information of 
infectious manifestations. A leukocytosis may be physiologic mediated by endogenous 
release of epinephrine or corticosteroids or it may be pathologic response to a diseases 
process (reactive leukocytosis) or a result of a neoplastic change in the haematopoiesis 
(proliferative leukocytosis) while leucopenia is always pathologic event. Quantitative and 
qualitative changes in a particular type of leukocyte indirectly reflect the nature of disease 
process and the body response to it. 

Jain (1986) reported physiologic factors such as fright and “emotional” disturbances as an 
immediate effect on TLC and DLC and may confined  to interpretation of conditions. The 
normal response to the stress is decrease in lymphocytes and eosinophil numbers. In 
“emotional” leucocytosis, lymphocyte numbers are increased and equal or exceed 
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neutrophil numbers while eosinophil commonly not affected. Meyers-Wallen et. al. (1984) 
observed the young cats normally have high lymphocyte counts and hence a greater 
tendency to develop lymphocytosis than the adults. This observation may also be attributed 
in the case of tigers as they belong to the member of same family with wild habitat as an 
escape behavior. Increases in neutrophil numbers due to physiologic influences are more 
pronounced in felines than in canines because of the difference in the intravascular 
distribution of neutrophils. Prasse et. al.(1973) have observed 3 times mean marginal pool of 
neutrophils  of clinically healthy cats than the circulating pool whereas in dog  it was about 
equal or slightly greater.  

4.1. The neutrophils 

Neutrophils considered as first line of defense against microbial infections and are 
important participants in inflammatory reactions. Shrivastav, et.al. (2011) encountered 57 to 
75, 60 ±5.08 % with multi-lobed nuclei of 3-5 lobes while sometimes mono-lobed nuclei with 
pale to slightly pink granules in the cytoplasm in free range tigers( Plate3). Chandranaik, 
et.al. (2006) has also reported the segmented or multi lobed nuclei while Jain (1986) studied 
the sex chromatin in few neutrophils as the drumstick lobe in the female cats. 

The changes in blood neutrophil differential count (Haden, 1935) is associated with many 
consequences related to infectious diseases. Several functions have been suggested for the 
contents of granules, as neutrophils are phagocytic cells and regulating adhesiveness and 
aggression hydroxyl radical formation and generation of compliment derived chemotactic 
factors while azurophilic granules are involved in modulation of inflammatory process 
(Gallin, et. al.1982). Condensation of nuclear chromatin leads to formation of darker-staining 
plaques separated by delicate, light-staining areas with slight brown colour cytoplasm.  

4.2. The eosinophils 

Shrivastav et.al. (2011) observed eosinophils contained small, uniformly round bright 
eosinophilic granules almost occupying the entire and clear cytoplasm (Plate 3). These cells 
were encountered 2 to 6, 4 ±1.21 % in free range tigers (Table 1). The nuclei of the cells were 
generally less lobulated than those of the neutrophils. The eosinophils are slightly larger 
than neutrophils. Chandranaik, et.al. (2006) also observed the larger eosinophils larger than 
neutrophils and lobulated nuclei with orange cytoplasm in tigers. Jain (1986) reported the 
granules of the eosinophil are rod-like in domestic cats and Cheetah (Acinonyx jubatus) while 
round granules in the eosinophils of Lion and Leopard. The eosinophils are commonly seen 
in prolonged parasitic infections or allergic disorders.  

4.3. The basophiles 

The basophile is a numerically insignificant but functionally important leukocyte that 
resemble with mast cells and it believed to share similar function as it is associated with 
allergic reaction, inflammatory process and immunocompitancy to the body fluids. Galli et. 
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al. (1982) reported basophiles of cats have a limited capacity to phagocytised. Chadranaik 
et.al. (2006) have reported smaller basophiles than eosinophils with pale lavender pink 
stained cytoplasmic granules in physically restrained tigers. Jain (1986) observed the mature 
basophiles contains numerous small, round, lightly stained (pinkish or orangish) granules in 
light gray cytoplasm in experimental cats. The basophiles were rarely observed up to the 
size with 0 to 0.4 0.1 ±1.21 5 % in free range tigers. 

4.4. The lymphocytes 

The lymphocytes are comparatively smaller than eosinophils with round to oval nucleus 
occupying most space with spherical nucleus (Plate 3). Small and large lymphocytes were 
also seen in the blood smear. Some lymphocytes contained a few azurophilic granules in 
their cytoplasm.Jain (1986) reported small lymphocytes is common in cats with patchy 
nucleus and dense clumps of heterochromatin. In tigers, Shrivastav et.al.(2011) have report 
lymphocytes from 18 to 35, 30 ±4.56 % (Table 1& Plates 2). 

 
Plate 3. Tiger Blood smear stained with Modified Wright Stain x1000. 
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4.5. The monocytes 

The monocytes are usually larger than lymphocytes. Shrivastav et.al. (2011) encountered 2 
to 6, 5 ± 1.21% monocytes in free range tigers with distinguishing feature of the reddish grey 
nucleus and well defined vacuoles, the nucleus of the monocytes reported amoeboid and 
some time noticed horseshoe shaped nucleus while cytoplasm stained slightly blue and 
appeared foamy – vacuolated. (Plate 3). Jain (1986) has also observed similar monocytes in 
experimental domestic cats.  

The monocytes are associated with phagocytosis principally against intracellular bacteria, 
viruses, fungi and protozoa. The cells perform regulation of the immune response, 
phagocytic removal of tissue debris (affected cells, antibody coated cells and other foreign 
materials) as scavenger ( Jain, 1986).  

Rao and Acharjyo, (2002) have emphasized that macrophages, B-lymphocytes and bone 
marrow precursor cells are targeted cells for viral replication and commonly observed in 
Feline Pan-leucopenia (FPL), Feline Viral Rhinotracheitis (FVR), Immunodeficiency 
Syndrome (FIDS), Canine Distemper (CD) and Inclusion Body Hepatitis (IBH) etc. The body 
immune system is badly affected and gradually reduced. 

4.6. The platelets 

Platelets are abundant in blood smear and usually distributed in small to large clumps. 
Shrivastav et.al.(2011) reported that individual platelets are pleomorphic with rounded 
to elongated shapes with a central cluster of azurophilic granules (Plate 3). Jain (1986) 
has observed the clumping platelets in cat blood and emphasized that the platelets of the 
cats clump readily during excitement of 3 minutes caused a sudden increase in platelet 
counts. A slight decrease occurred in sympathectomized cats and a somewhat greater 
decrease reported in splenectomized cats.  

4.7. Blood biochemistry  

The concentration of biochemical compounds in tissues and body fluid can be measured 
in a colorimetery, as it is capable of absorbing light of a particular wave length (Singh, 
2004). Thus the health status of animal can be assessed by evaluation of Blood gases, acid 
base balances, electrolytes, metabolic intermediates, inorganic ions, enzymes and 
hormones.  

Shrivastav, et.al. (2011) have conducted blood biochemical analysis of free range tigers for 
Albumin, Total protein, Total bilirubin, glucose, creatinine, Blood urea nitrogen (BUN), 
Glutamic oxalo-transaminase (GOT/AST), Glutamic pyruvic transaminase (GPT/ALT) by 
using an ERBA Chem-5 plus auto-analyzer (Transasia Bo-medicals Ltd.) with standard 
ERBA reagent kits for respective plasma constituents. The statistical analysis of obtained 
data is expressed in range, mean and standard deviation. 
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4.8. Icterus index 

Jain (1986) reported an increase in the values of Icterus index in plasma is an indicative of an 
absolute increase in bilirubin concentration due to removal of aged erythrocytes from the 
circulation by the reticuloendothelial and liver. Shrivastav, et.al. (2011) reported 2 to 5, ± 
2.1.5 units. in apparently healthy tigers of free range.  

4.9. Total plasma protein 

Protein in plasma can provide information reflecting functional status of various organ and 
systems as blood is composed of approx 20 % of protein excluding haemoglobin. However, 
the total protein values gives the information on nutritional consequences or severe organ 
diseases as they transported the carrier of most of the constituents of the plasma, maintains 
the colloid osmotic pressure, act as catalysts in biochemical reaction and play important role 
in formation of fibrin polymers during clot formation (Richard, 1991). The total plasma 
protein in tigers was estimated 3.7-8.7 to 6.4, ± 1.88g /dl. The values are commonly increases 
in haemoconcentration and reduced in malnutrition, hepatopathy, less intake of protein and 
in neoplastic condition etc.   

4.10. Plasma albumin  

The liver produces all the albumin and globulins while a small amount of globulins is 
produced by reticuloendothelial tissue (Benjamin, 1979).Liver synthetic capacity or protein-
losing nephropathy can be measured by albumin estimation in the blood plasma or serum. 
It also can interpret high or low calcium and magnesium level since albumin binds about 
one half of each of the ions (Richard, 1991). However, it appears to be a direct correlation 
between albumin turnover and body size because it is clinically significant. It is usually 
constituted with two third of total plasma protein and also serve as mobile amino acids for 
the liver (Mc Pherson, 1991). Generally hypoalbuminism is observed in malnutrition, 
increased protein catabolism, nephropathy and chronic enterophathy. Shrivastav et. al. 
(2011) reported plasma albumin level 2.1 to 4.6, ± 3.5 g /dl, in free range tigers. Reduction in 
total albumin values is observed in malnutrition , liver diseases, stress, kidney dysfunction 
etc. 

4.11. Total bilirubin   

Bilirubin is a breakdown product of heme about 70 percent of which is derived from 
senescent red cells (Crawford et. al., 1988) however, 15 percent comes from hepatic 
cytoplasm and mitochondrial cytochromes and some from renal and other cytochromes, and 
some from defective red blood cell broken down in the bone marrow before release. 
Shrivastav et. al. (2011) reported 0.4 to 3.2, 1.90, ± 1.21mg /dl, total bilirubin in free range 
tigers. The yellow color of serum or plasma is due chiefly to the pressure of bilirubin. 
Increased concentration of bilirubin is commonly seen in haemolysis hepatocellular damage, 
biliary obstruction prolonged fasting reduced intake fluids etc. 
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4.12. Creatinine  

Creatinine is important in muscles metabolism in that it provides storage of high energy 
phosphates through synthesis of phosphocreatine (Benjamin,1979).It was estimated in tigers 
as 1.6 to 4.6, 2.9, ±1.03 mg /dl. Serum or plasma creatinine concentration and urinary creatine 
secretion are increased significantly by skeletal muscles necrosis or atrophy and defect in 
renal functions (Pennington, 1971)  

4.13. Blood urea nitrogen 

Urea is the end product of protein and amino acids and is generated in the liver through 
urea cycle (Woo and Cannon, 1991).Blood Urea Nitrogen is one of the important tools to 
know the renal function status. The values of BUN (6.5 to 48.2, 27.9, ± 13.7 mg /dl) was 
observed in free range tigers is commonly seen in malnutrition and hepatic insufficiencies, 
however, increased BUN is generally associated with renal disease congestive heart failure, 
shock, hypertension etc. Shrivastav et. al. (2011) observed the high rise might be also due to 
adlib intake of meat as the Royal Bengal Tiger can consume 35-40 kg meat of pray animal at 
a time (Prater, 2005).  

4.14. Hepatic enzymes 

The serum enzymes used routinely in clinical diagnosis are synthesized in liver (Schaffner, 
and Schaffner, 1991). In hepatocellular or in cholestatic forms of liver injury these hepatic 
enzymes are released in to the serum. The serum enzyme activities that are elevated in 
hepato cellulardamage are Alanine Aminotransferase (ALT) Aspertate Aminotransferase 
(AST) Ornithine Carbamoyltransferase (OCT), Glutamic Dehydrogenase (GD) Sorbitol 
Dehydrogenase (SDH) and arginase. The elevated serum activities that suggest cholestasis 
(intra hepatic or extrahepatic) are Alkaline phosphotase (AP), Gamma glutamyl 
transpeptidase (GGT) and 5’ nucleotidase (5’ND). The pathogenesis of the hepatic disease in 
carnivores especially in Felids are associated with viral hepatitis, parasitic infections or 
mechanical injuries (Rao and Acharjyo, 2002). The liver has great functional reserves and 
signs of hepatic failure often do not develop until 70% or more of the functional capacity of 
the liver is lost (Tennant, 1997).  

4.15. Alanine aminotransferase (ALT) 

Alanine Aminotransferase (ALT) was also termed as SGPT and used by many estimations 
and large number are found in Hepatocytes in cats, dogs and promates (Benjamin, 1979).The 
ALT was estimated 21.2 to 109.0, 67.9, 27.84 ± IU /L in free range healthy tigers (Shrivastav 
et. al, 2011).  

4.16. Aspertate aminotransferase (AST) 

Apart from liver, AST (Aspertate Aminotransferase) is also present in muscles and cardiac 
muscles. The higher value of AST though is not an organ specific but used as an indicator of 
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liver dysfunctions. Shrivastav, et. al. (2011) reported 14.4 to 84.0, 57.9 17.27± IU /L in the free 
range tigers.  

The haemato-biochemical profile of the Bengal tigers reported by Shrivastav et. al. (2011) 
was compared with the values of captive Bengal tigers (Seal et al. 1987), and no major 
differences were noticed except in ALT, AST and BUN. The mean values (BUN (27.90 ± 
13.77 mg/dl), ALT (67.80 ± 27.84 IU/L) and AST (57.9. ± 17.27 IU/L) in free range tigers 
(Table1)) are comparatively higher with the values of BUN (23.4 ± 0.70 mg/dl), and AST 
(26.5 ± 4.7 IU/L) as recorded by Seal et al. (1987).The higher values in free range tigers might 
be associated with beasts of prey, its variety and intake of flesh in natural habits and habitat 
while zoo tigers are locally dependent on monitored diet in captivity.  

Comprehensive information on haemato-biochemical parameters of free range tigers would 
be helpful for health monitoring and assessment of health status and prognosis of Bengal 
Tigers (Panthera tigris tigris) during treatment. 
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1. Introduction 
Reduced oxygen availability to the tissues (hypoxia) poses numerous challenges to animal 
life. Hypoxia occurs as a result of diminished partial pressure of oxygen, such as occurs with 
increasing altitude, or reduced oxygen percentage in the air capillaries of the lung. The 
oxygen partial pressure drops by approximately 7 mm Hg, i.e, approximately 2.5% in the 
case of atmospheric oxygen, for each 1,000 m increase in altitude, and thereby reduces the 
amount of oxygen available to the hemoglobin in red blood cells as blood passes through 
the lung.  

The hypoxia tolerance of birds has been suggested to be greater than that of mammals. Early 
studies found that lowland house sparrows (Passer domesticus) in a wind tunnel at a 
simulated altitude of 6100 m behaved normally and flew for short periods [1]. Such findings 
support the anatomical and physiological evidence that the O2 transport pathway of birds 
has several unique characteristics that help support energetic activity and aerobic 
metabolism during hypoxia.  

The O2 cascade from inspired air to the tissue mitochondria includes several convective and 
diffusive steps at which physiological adjustments can preserve the rate of O2 flux in spite of 
hypoxia, thereby ensuring an uninterrupted supply of O2 to the energy-producing 
machinery of the cells [2]. These steps include ventilatory convection, diffusion across the 
blood–gas interface, circulatory convection, diffusion across the blood–tissue interface 
(including myoglobin-facilitated diffusion), and O2 utilization by the tissue mitochondria.  
Breathing (ventilation) is stimulated when a decline in arterial PO2 is sensed by 
chemoreceptors in the carotid bodies. However, this hypoxic ventilatory response increases 
respiratory CO2 loss, causing a secondary hypocapnia (low partial pressure of CO2 in the 
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blood) and alkalosis (high pH) in the blood [3].  Hypocapnia reflexively inhibits breathing 
and causes an acid–base disturbance. It has been suggested that birds have a higher 
tolerance of hypocapnia than mammals [4], possibly because of an ability to rapidly restore 
blood pH in the face of CO2 challenges [5]. The significance of this tolerance is that it would 
enable birds to ventilate more deeply before depletion of CO2 in the blood impairs normal 
function, and thereby to enhance O2 transport to the gas-exchange surface. It seems that 
every step in the O2 transport pathway can be influential, and that the relative benefit of 
each step changes with the level of O2 availability. 

The acclimatization response to hypoxia generally involves increases in hematocrit (Hct) 
and in hemoglobin (Hb) concentration, but this adaptive erythropoietic response is 
complicated [6-9]. It is reasonable to expect that an increased Hct could confer a 
physiological advantage under hypoxia, by enhancing O2-carrying capacity, but 
experimental results do not support this [10,11]. A moderately increased Hct enhances 
arterial O2 content and therefore increases aerobic capacity [12-14], but the highest attainable 
Hct is not necessarily associated with the highest possible aerobic power output [15,16]. This 
is because the associated increase in blood viscosity increases the peripheral vascular 
resistance, and this might compromise cardiac output (Q), thereby reducing the O2 
consumption rate (VO2) [17,18].  

Another mechanism that can sustain/enhance O2 transport under hypoxia is alteration in the 
O2-binding properties of Hb in the blood. These alterations could be mediated by changes in 
the intrinsic Hb–O2 affinity, changes in the sensitivity of Hb to allosteric cofactors that 
modulate Hb–O2 affinity, and/or changes in the concentration of allosteric cofactors within 
the erythrocytes [19-22]. 

Numerous high-altitude birds, such as the bar-headed goose, the Andean goose [23], and 
the Tibetan chicken (Gallus gallus) [24], possess Hb with an increased O2 affinity. This can 
dramatically increase O2 delivery and pulmonary O2 loading in hypoxia by increasing the 
saturation of Hb and, consequently, the O2 content of the blood at a given O2 partial 
pressure. Thus it can greatly improve the O2 transport pathway [25]. 

Contrary to the hematological changes that are typically associated with the acclimatization 
response to hypoxia, genetically based changes in Hb structure that increase intrinsic O2 
affinity or that suppress sensitivity to allosteric cofactors are more important to hypoxia 
tolerance in naturally high-altitude birds [21,22,26], because in lowland birds an increased 
Hb–O2 affinity may hinder O2 unloading in the tissue capillaries.  

Although these distinctive characteristics of birds should enhance hypoxia tolerance by 
improving the overall capacity for O2 transport, being avian is not in itself sufficient for 
coping with hypoxia. Domesticated meat-type chickens (broilers) exhibit high O2 
requirements because of their very fast growth and, consequently, they may have a reduced 
blood O2 level, i.e., hypoxemia [27-31] resulting from vigorous digestion and metabolism 
which have high O2 requirements. When O2 demand increases, heart rate and cardiac output 
increase, thereby increasing the flow of blood through the lung and the pressure required to 
force blood through the arterioles and capillaries of the lung. The increased flow rate and 
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increased transit time may not allow the red blood cells to pick up a full load of O2, so that 
hemoglobin O2 saturation is not complete, which causes hypoxemia [32]. 

Hypoxia/hypoxemia directly stimulates the endothelial and smooth muscle cells in 
pulmonary blood vessels, causing vasoconstriction throughout the lungs and an increase in 
pulmonary blood pressure that can persist for a long time at high altitude [33,34]. This 
global vasoconstriction impairs O2 diffusion because it can divert blood flow away from the 
gas-exchange surface to pulmonary shunt vessels [35], and the resultant pulmonary 
hypertension can cause fluid leakage into the air spaces, which, in turn, causes a thickening 
of the O2 diffusion barrier [36,37]. Hypoxic pulmonary hypertension can also overburden 
the right ventricle of the heart and can contribute to pathophysiological conditions, such as 
chronic mountain sickness or ascites in broilers [9,38]. 

Ascites in fast-growing broilers: 

The commercial broiler of today represents the culmination of dramatic changes over the 
past 60 years. These changes were caused by genetic selection processes that focused mainly 
on production traits [39,40]; it has been reported that 85-90% of the changes in commercial 
broilers were directly related to genetic aspects [39-42]. Commercial broilers of 1991 were 
compared with the Athens-Canadian Random Bred Control Population, which represents 
the commercial broilers of 1957 [39,40]. Average daily weight gain of the 1957 and 1991 
broilers were 10 and 31 g/d, respectively, from hatch to 3 weeks of age, and 19 and 68 g/d, 
respectively, from 3 to 6 weeks. The higher growth rate (GR) is driven by a higher feed 
intake per unit time and higher metabolic rate and, consequently, a higher demand for O2, 
from the embryonic stage onward [43-45].  However, it appears that the increase in growth 
rate occurred without concomitant development in the efficiency of the cardiovascular and 
the respiratory systems [41,46]. 

Thus, the increase in metabolic rate, coupled with exposure to environmental conditions 
such as temperature, lighting and ventilation, and nutritional factors such as feed form or 
content, all seem to promote the development of ascites [47]. The primary cause of the 
ascites syndrome, however, is believed to be hypoxia/hypoxemia [48,49], when the bird's 
demand for O2 exceeds its cardiopulmonary capacity and causes pulmonary hypertension 
[50], which results in development of the ascites syndrome (AS) [51-53].    

The etiology of the syndrome was well documented previously [52,54,55], and is 
characterized phenotypically by increased pulmonary hypertension, right-ventricle 
hypertrophy, fluid accumulation in the pericardium and abdominal cavity, increased 
hematocrit that results from increased red blood cell production (erythropoiesis), and a 
decline in arterial blood O2 saturation [41,52,56,57]. 

An international survey in commercial broiler flocks showed that AS affected 4.7% of 
broilers worldwide [58]. Likewise, it was found that over 25% of overall broiler loss in the 
United Kingdom was a result of AS [59]. It is, therefore, apparent that this syndrome is a 
serious economic concern in the broiler industry. As the syndrome appears mainly at ages 
greater than 4 weeks, even 1% of mortality from AS causes significant economic losses, 



 
Blood Cell – An Overview of Studies in Hematology 246 

because it occurs toward the end of the growing period [58] and, therefore, affects heavy 
birds which have absorbed a considerable investment of labor and feed [60,61]. Two 
management approaches have been applied in order to minimize the actual AS mortality in 
commercial flocks: (1) increasing the broiler house temperature by means of heating and 
insulation, which are costly; and (2) reducing the actual growth rate and, therefore, the 
metabolic rate and demand for oxygen, by providing fewer hours of light so as to reduce the 
quantity of feed consumed, and using low-energy mash feeds to reduce intake of dietary 
energy [47,62]. Thus, while the genetic potential for rapid growth of commercial broilers has 
been continuously improved by breeding companies [41], its full expression is not allowed 
at the farm level, specifically to avoid morbidity and mortality of AS-susceptible birds. 
Consequently production costs are increased because of the longer period of rearing to 
marketing body weight.   

There are two alternative hypotheses regarding the association between GR of 
contemporary broilers and their susceptibility or resistance to AS. Many studies showed 
that AS does not develop in slow-growing chickens, egg-type Leghorns [see, e.g., 63,64], or 
slow-growing broilers [see, e.g., 65,66]. It has been suggested that high GR is the direct cause 
of AS, because of the consequent high demand for oxygen by tissues and organs of these 
birds. According to this hypothesis, alleles or genotypes that increase GR of broilers also 
increase their tendency to develop AS. Such a situation should be manifested in a 
symmetrical genetic correlation between GR and AS: genetic differences in GR – whether 
between lines or families, or between individuals within lines – should be associated with 
corresponding differences in %AS. Symmetrically, individuals that develop AS, or families 
with higher %AS, should have a genetic potential for a higher GR than their counterparts 
that remain healthy under the same rearing conditions. 

The second hypothesis asserts that broilers do not have to be the fastest growing birds in a 
flock in order to develop AS, but simply need to have their weight-gain rate exceed the 
growth rate of their pulmonary vascular capacity [67-71]. According to this hypothesis, there 
should be high-GR broilers that do not develop AS despite their high O2 demand, because 
they are genetically resistant. Similarly, there should be broilers with genetically low GR 
that, nevertheless, are susceptible to AS, although they require special environmental 
conditions to express this susceptibility. 

The hypotheses regarding an inherent association between AS and the genetic potential for 
high GR were tested by examining contemporary commercial broilers in 2002 and 2006, and 
an experimental low-GR slow-growing line [71]. All the lines were tested under the same 
experimental protocol, that allowed measurement of GR under standard brooding 
conditions (SBCs) up to d 19, and then efficiently distinguished between AS-susceptible and 
AS-resistant individuals, the latter being those that remained healthy under the same high-
challenge, ascites-inducing conditions (AICs) – conditions based on exposure to low 
ambient temperatures while receiving different forms of diet [72]. Ascites syndrome 
incidence was 31 and 47% in the 2002 and 2006 birds respectively, and 32% in the 1986 slow-
growing line (Table 1). Most broilers that remained healthy under the high-challenge AICs 
exhibited the same early GR and BW as those that later developed AS. These results, and the 
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relatively high incidence of AS in the slow-growing line, indicated that there is very little, if 
any, direct genetic association between AS and genetic differences in potential GR, which 
suggests that AS-resistant broilers can be selected for higher GR and remain healthy, even 
under AICs 
 

Age (d) 
2002 experiment 2006 experiment 
1986 broiler line 2002 broiler line 1986 broiler line 2002 broiler line 

Cumulative  
Mortality   

n1 (N = 91) % n1 (N = 42) % n1 (N = 78) % n1 (N = 97) % 

28 0 0.0 1 2.4 0 0 a 2 2.1 a 
35 5 5.5 2 4.8 3 3.8 b 10 10.3 a 
42 10 11.0b 9 21.4a 12 15.4 b 26 26.8 a 
542 22 24.2 -- -- 15 19.2 -- -- 
         
Morbidity3   42 or 54 7 7.6 4 9.5 11 14.1 20 20.6 
         
Total AS incidence 29 31.8 13 31.0 26 33.3 46 47.4 

a, b  Mortality or morbidity percentages per line within rows (ages), within experimental year, without common 
superscript differ significantly (2 test, P < 0.05) 
1 n = number of birds with AS; N = total number of birds in the line.  

2 The birds from the 1986 broiler line were kept under AIC through 54 d of age.  
3 Birds that survived to the end of trial (Day 54 for the 1986 broiler line; Day 42 for the 2002 and 2006 broiler lines) but 
were diagnosed with AS. 

Table 1. Cumulative mortality and morbidity due to the ascites syndrome (AS) at various ages in 
broiler lines of the years 1986, 2002 and 2006, all reared together under high-challenge ascites-inducing 
conditions (AICs) from Day 19 to end of trial (According to [71]). 

These results, supported by several previous studies [68,70-78], suggest that there is no 
"true" genetic correlation between the potential GR of broilers and their propensity to 
develop AS.  It seems that AS is not caused by the increased O2 requirement of a fast growth 
rate, but by an impairment of the O2 supply needed to sustain the fast growth rate.  

Thus, a better solution would be to select against AS susceptibility, because if all broilers 
were resistant to AS, management-induced reduction of growth rate would no longer be 
needed. Breeding against AS susceptibility should aim at identifying and eliminating all the 
AS-susceptible individuals in the selected population and selecting for high GR among the 
AS-resistant ones. 

The questions raised by the last hypothesis concern what might cause broilers to be 
susceptible to ascites, and whether it is related to physiological disorders of the 
cardiovascular system.   

This chapter will introduce readers to the physiological Ascites Syndrome and the complexity of 
the problems that highly productive broiler chickens face in coping with high-oxygen-demand 
conditions such as cold stress and high altitude. It will focus on: a. the ascites syndrome – its 
causes and etiology in broiler chickens; b. cardiovascular functioning and responsiveness in 
ascitic broilers; and c. genetic and physiological aspects of coping with the syndrome.  
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2. The Ascites syndrome: Its causes and etiology in broiler chickens 

Ascites physiology and etiology: 

The AS involves accumulation of fluids in the abdominal cavity [79], which prompted the 
common name of “water belly” to describe the syndrome; it occurs when broilers fail to 
supply sufficient oxygen to support their metabolic demands [80]. In the late 1970s AS was 
observed only at high altitudes [81], but since then it has been found also at low altitudes 
[82], mainly in broilers reared at low ambient temperatures and/or fed pelleted feed with 
high energy content.  

The general pathogenesis of AS has been well documented [52,54,83,84]. Rapid growth 
requires a high resting metabolic rate, which requires adequate O2 supply and utilization. 
The broiler chicken probably has more genetic potential for growth than it has potential to 
provide O2 to sustain that growth, and in some broilers the demand for O2 might exceed the 
cardiopulmonary capacity to supply sufficient O2, ultimately leading to an O2 deficit [85]. 
The heart responds by increasing its output of (deoxygenated) blood to the lungs for 
oxygenation. This increased blood flow causes an increase in the blood pressure required to 
push the blood through the capillaries in the lung which, in turn, causes pulmonary 
hypertension. This increase in work load results in an enhanced pressure load on the right 
ventricular muscle wall, to which the muscle cells respond by adding parallel sarcomeres, 
causing thickening (hypertrophy) of the right ventricular wall. The muscular right 
ventricular wall increases the pressure in the pulmonary arteries, arterioles and capillaries 
of the lung. This process continues, causing additional hypertrophy. Meanwhile, the right 
atrio-ventricular valve thickens and starts to leak, partly because the thicker valve is now 
less effective and partly because of the increasing back pressure from the pulmonary arteries 
and right ventricular chamber [86]. The leaking valve aggravates the excess pressure 
problem by admitting excess volume, the right ventricle dilates, and the wall-muscle cells 
lengthen by producing longitudinally arranged sarcomeres.  

The increased blood volume raises the pressure overload until valve deficiency occurs, 
causing a drop in cardiac output and pulmonary hypertension, but marked pressure 
increases in the right atrium, sinus venosus, vena cava and portal vein. This increased 
pressure in the sinusoids of the liver causes leakage of plasma from the liver into the hepato-
peritoneal spaces, i.e., ascites. The leaking valve and increased venous pressure result in 
hypoxemia and tissue hypoxia, and the kidney responds by producing erythropoietin in an 
attempt to increase the blood's O2 carrying capacity by intensively producing more red 
blood cells.  

Domestication had introduced several other insufficiencies into the cardiovascular 
system; among them is a thicker respiratory membrane than that in other birds, i.e., 
broilers have a thicker respiratory membrane than Leghorn-type laying  fowl. This leads 
to: a. lower efficiency of O2 transfer through the respiratory membrane; and b. lower 
hemoglobin oxygenation capability [62]. Research focusing on hemoglobin O2 saturationin 
meat-type chickens indicated that fast-growing broilers have lower saturation than slow-
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growing broilers [30,87]. These results suggested that some meat-type chickens were not 
fully oxygenating their hemoglobin, even at low altitude. This might have been the result 
of increased blood flow rate through the lung capillary bed, which would reduce the time 
available for hemoglobin to be oxygenated in the lung interface [32,88], or to presence of 
immature red blood cells in the system [89]. In order to overcome this situation an 
increase in erythropoiesis takes place. However, such an increase, if not coupled to 
plasma volume expansion would increase blood viscosity, followed by increased blood-
flow resistance [90]. The back pressure in the veins causes venous congestion, dilation and 
prominent vessels [50]. The lack of O2 in the heart muscle results in hypoxic damage and, 
finally, right-ventricular hypertrophy. As cardiac output is reduced and tissue hypoxia 
becomes worse, the left ventricle loses muscle mass, the wall thins (because of hypoxia 
and disuse atrophy), the valves thicken and the chamber enlarges. Heart muscle damage 
is caused by the excess workload and by the tissue hypoxia associated with circulatory 
failure, not by the tissue hypoxia that increases cardiac output and triggers pulmonary 
hypertension.  

Environmental causes of ascites syndrome: 

Altitude: The partial pressure of oxygen becomes lower with increasing altitude. The ability 
of chickens to oxygenate their hemoglobin fully as the erythrocytes pass through the lung 
depends on the transit time in the lung, hemoglobin- O2 affinity, the thickness of the air–
hemoglobin barrier and, especially, the partial pressure of O2 in the air [62]. The effects of 
high altitude or hypoxia on ascites and heart disorders in broilers were reported as early as 
the 1950s and 1960s [91-97]. Those reports indicated that birds raised at high altitudes died 
because of right ventricular hypertrophy, congested and edematous lungs, and 
accumulation of fluid in the abdominal cavity. Significant microscopic damage to the heart, 
lungs and kidneys was also found in birds reared at high altitude [95,97], as well as in 1-
week-old broilers raised at high altitude [98] and in birds exposed to simulated high altitude 
[99-101]. 

Because AS was first noticed in birds raised at high altitude, the use of natural or simulated 
high-altitude conditions was one of the first experimental protocols to be used [see, e.g., 
47,97].  The hypobaric chamber has been shown to be an effective tool for simulating high 
altitude and consistently inducing AS [102-106]; it simulates high altitude conditions by 
generating a partial vacuum, thereby reducing the partial pressure of O2. Anthony and 
Balog [106], by simulating an altitude of 2,900 m above sea level, successfully induced 66% 
AS in a commercial sire line. In six lines of commercial broilers that were reared in the same 
hypobaric chamber, 47% of the birds developed AS [107].  

When birds are exposed to low atmospheric O2 levels pulmonary blood vessels constrict and 
pulmonary vascular resistance increases [108]. This immediate increase in pulmonary 
arterial pressure can, over time, cause right ventricular hypertrophy and eventually result in 
the ascites syndrome [81,89,109-111]. Additionally, hypoxemia leads to an increase in 
hematocrit, which, in turn, increases blood viscosity and results in increased resistance to 
blood flow through the pulmonary blood vessels [90,112-116]. 
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Low temperature:  Temperature is the most-studied environmental cause of ascites [see, 
e.g., 117-125]. In endothermic animals (mammals and birds) body temperature (Tb) is the 
most physiologically protected parameter of the body; therefore, the thermoregulatory 
system in these animals operates at a very high gain, in order to hold Tb within a relatively 
narrow range, despite moderate to extreme changes in environmental conditions [126]. The 
ability to maintain a stable Tb springs from the mechanisms that control heat production 
and heat loss; mechanisms that changed in the course of evolution, to enable endothermia to 
replace ectothermia [127,128]. Birds mostly respond to acute or chronic cold exposure by 
increasing their metabolic rate and oxygen requirement [129,130]. It was reported that a 
drop in environmental temperature from 20 to 2C almost doubled the oxygen requirement 
of White Leghorn hens [131], and in another study there was a 32.7% increase in oxygen 
requirement in response to low temperatures [132].  

Low temperatures were found to increase ascites by increasing both metabolic O2 
requirements and pulmonary hypertension [122,133]. This increase in pulmonary arterial 
pressure was attributed to a cold-induced increase in cardiac output, rather than to 
hypoxemic pulmonary vasoconstriction [134]. As a result, low ambient temperature has 
been widely used to induce AS in broilers [60,66,73,115,122,134-140]. Various protocols were 
developed, ranging from exposure to constant low temperatures [60,73,122,135,136,140], 
through gradual stepping down of ambient temperature [66,122,137,139], to episodic 
protocols under which the birds were exposed to natural fluctuations of winter 
temperatures  [115,138]. The efficacy of a cold-exposure protocol depends upon its timing, 
duration and magnitude, as well as husbandry and the birds' genetic tendency to develop 
AS. 

The effect of the timing of a cold-stress application on ascites development in broilers 
indicates that exposure to low temperatures during brooding has a long-lasting effect on 
ascites susceptibility [62,120,125,137,141,142]. The consensus appears to be that cold stress 
during the first two weeks of life affects the birds' metabolic rate for several weeks, and 
increases their susceptibility to ascites [62,120,125,137,141,142]. A novel AIC protocol for AS 
[72] involved rearing the tested birds in individual cages from 19 d of age, so that they could 
not escape the challenge of the environmental conditions, which comprised fan-induced air 
movement at about 2 m/s and moderately low ambient temperatures (18 to 20°C). The 
effects of the environmental conditions were augmented by early use of high-energy 
pelleted feed to enhance rapid growth and by lighting for 23 h/d. Under this combination of 
conditions, %AS among the broilers was 44% – much higher than those reported for cold-
stressed broilers on litter, and similar to or slightly lower than that among broilers 
challenged by hypobaric chamber.  

The birds that developed ascites as a result of exposure to low temperatures exhibited the 
same pathological symptoms as those that developed it under low O2 partial pressure – 
symptoms including increased hematocrit, hemoglobin, heart weight, and right-
ventricle:total-ventricle ratios [70-72,122,124,143-147]. 
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3. Cardiovascular functioning and responsiveness in ascitic broilers 

Blood O2 transport, erythropoiesis and ascites 

The blood system provides the main systemic response to environmental changes and 
metabolic demands, either through the cardiovascular system or through alteration in O2-
carrying capacity. 

Reduced O2 availability in the blood (hypoxemia), reduces the O2 partial pressure (PO2) of 
the arterial blood (PaO2). In such a situation the blood system must maintain an adequate 
delivery of O2 to the peripheral tissues, while maintaining an adequate PO2 at the vascular 
supply source,, in order to permit O2 diffusion to the tissue mitochondria.   

Oxygen delivery can be enhanced by increasing the total cardiac output (Q) and by 
increasing the blood O2 capacitance coefficient (βbO2). The latter parameter is defined as the 
ratio (CaO2 – CvO2)/(PaO2 – PvO2), where CaO2 – CvO2 is the arterial–venous difference in O2 
concentration and PaO2 – PvO2 is the arterial–venous difference in PO2.  

With regard to maintaining an adequate PO2 at the vascular supply source, the lower critical 
PO2 can be expressed as PvO2 = PaO2 – [βbO2 × (Q/VO2)] – 1, in which VO2 is the rate of O2 
consumption by the tissues and the product βbO2 × (Q/VO2) is the specific blood O2 
conductance [148,149]. Because PaO2 is determined by ventilation and O2 equilibration at the 
blood–gas interface, this equation shows that an increase in specific blood-O2 conductance 
minimizes the decline in PvO2 under hypoxia, thereby maintaining an adequate pressure 
head for O2 diffusion to the tissue mitochondria [2].  

Under severe hypoxia, an increased blood-O2 affinity will tend to maximize βbO2. The 
resultant increase in the specific blood O2 conductance helps meet challenges of both 
delivery and supply: it minimizes the expected PO2 decrement in the tissue capillaries while 
preserving a constant CaO2 – CvO2 difference. Likewise, an increased hemoglobin 
concentration increases CaO2, thereby increasing blood O2 conductance if PaO2, Q and VO2 
all remain constant. With excessive polycythemia, however, potential advantages of an 
increased Hb concentration for O2-carrying capacity might be more than offset by a 
corresponding reduction in Q. 

Several significant alterations to the blood system in AS broilers were well documented: 
increased red blood cell numbers, through increased erythropoietin production [96,100,150-
153]; elevation of hematocrit values and blood viscosity [54,72,154], and central venous 
blood congestion [50,155]. These findings raised the question of the association between the 
plasma and the fluid that accumulated in the abdominal cavity, and whether the increase in 
hematocrit resulted from a decline in plasma volume caused by plasma leakage out of the 
blood vessels, or from increased erythropoiesis that occurred as a compensatory reaction to 
the lack of oxygen in the tissue. In ascitic broilers the composition of the abdominal cavity 
fluid was fairly similar to that of the plasma, with regard to osmolality, and total protein 
and albumin concentrations, which suggests a deficiency in the selective permeability of the 
blood vessels [89]. These findings resemble those in cirrhotic human patients with ascites 
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[156-158]. The escape of plasma fluid out of the blood vessels was probably due to increased 
pulmonary hypertension and central venous congestion – symptoms found both in humans 
[158] and in broilers [56]. As in the case of human ascitic patients [159], AS broilers exhibited 
conservation of plasma volume similar to that of the healthy ones. However, the PCV in the 
AS broilers increased significantly, by up to 80%, as a result of a significant increase in the 
number of erythrocytes, which also contributed to a significant elevation in blood volume. 
Thus, enhanced erythropoiesis, and not plasma volume reduction, was found to be involved 
in the hemodynamics of the ascitic broilers [89]. This finding could also account for the 
blood congestion and the increased blood viscosity [90] that contribute to the enhanced 
cardiac workload [103,134], blood pressure [103], and blood-flow resistance [111] in AS 
chickens. 

In AS birds, the high PCV, on the one hand, and the significant decline in blood oxygen 
saturation, on the other hand [30,57,66] raised the possibility of an impairment of blood O2-
carrying capacity. Increased erythrocyte rigidity appears to be another important factor in 
AS [54,62,113]: the nucleated erythrocytes will normally curl or fold to pass through lung 
capillaries [160], but hypoxemia and high hemoglobin concentrations decrease the 
deformability of erythrocytes [62].  Further calculations of hemoglobin content per 1,000 red 
blood cells revealed a significant reduction in the AS broilers compared with that in the 
healthy and control broilers [57,89]. These results suggest the possibility of inefficient 
enhancement of the erythropoiesis process. 

Ascites-induction conditions elicited enhanced erythropoiesis, which resulted in an 
increased proportion of immature erythrocytes in the bloodstream. However, whereas in the 
healthy broilers only a moderate proportion (7.2%) of immature erythrocytes was observed, 
in the AS ones, immature erythrocytes contributed up to 23.5% to the total erythrocyte count 
[89]. The significant increase in immature erythrocytes, coupled with the significant decline 
in hemoglobin content, might provide the explanation for the decline of O2 saturation in the 
blood of AS broilers [30,57,72,134]. 

The differences between healthy and AS chickens in their production of erythrocytes in 
general, and of immature erythrocytes in particular, suggest that erythropoiesis regulation 
in the ascitic birds is defective. 

The heart  

The avian heart is different from that of mammals in that the right atrio-ventricular valve is 
composed of a muscle loop made up mainly of muscle fibers from the right ventricle wall. 
The anatomy of this valve makes birds very susceptible to valve insufficiency [52,161,162]: 
when the right ventricle responds to an increased workload it becomes hypertrophic and the 
valve hypertrophies along with the ventricle [161]. This thickening of the valve interferes 
with its effectiveness and may lead to rapidly developing valve failure and ascites [161]. 
Although litter oiling did not reduce the average ascites score, litter oiling improved air 
quality significantly in the pens and also improved heart morphology by reducing the right 
ventricle area from 0.44 to 0.36 cm2 in ad libitum birds [163, 164].   
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Alterations in the electrocardiogram (ECG) are seen in conjunction with AS. Of most 
importance has been the finding that increased S-wave amplitude in standard limb lead II 
indicates increased susceptibility to AS [111]. However, there were no ECG readings 
indicative of primary pulmonary hypertension in most birds that developed ascites [165]. A 
slower heart rate (bradycardia) [55,116], as well as reduction in the pulse rate had been 
found in birds developing AS [55] and in acutely cold-exposed birds [116]. 

Heart rate on days 1 and 7 was found to be significantly higher in the AS-susceptible (AS-S) 
genetic broiler line than in the AS-resistant (AS-R) broiler line, with only the lowest quartile 
of individual heart rates in the AS-S line overlapping the highest quartile in the AS-R line 
[57]. These results were in agreement with those of Druyan et al. [166], who found that 
generation S3 chicks from their AS-S line had a significantly higher heart rate on day of 
hatch than that of generation S3 chicks from the AS-R line. It was reported [167] that heart 
rate began to increase shortly after hatch, and reached a peak close to 4 wk of age; thereafter, 
it declined slowly [168]. The AS-S selected line exhibited increased heart rate only between d 
1 and d 7, with a decline thereafter toward d 17, while the birds were kept under standard 
brooding condition [57].  Mild hypoxia was found to elicit an increase in heart rate [169,170], 
which suggests that the AS-S birds in that study experienced O2 shortage already at the time 
of hatch, even when kept under optimal conditions. A higher mean partial pressure of CO2 
in broilers' venous blood (a marker for lung ventilation rate) on d 11 was found to be 
associated with increased ascites susceptibility [171,172]. Those results indicate that AS-
susceptible birds suffer O2 shortage at an early age. However, it also suggests that as long as 
the susceptible birds are under SBC, higher heart rate can compensate for a mild hypoxemia, 
and no other physiological parameter would be affected. 

Effect on heart and blood vessels 

Birds with ascites induced by either low ventilation or cold temperatures exhibited 
hypertrophy of the medial layer of arteriols, which was probably a response to primary 
pulmonary hypertension [173]. In low, ventilation-induced ascites, the broilers had 
significant inflammation or osseous-nodule formation in the lungs [174,175], whereas in 
cold-stress-induced ascites, birds showed no inflammation [173]. Wideman et al. [50] 
suggested that increases in pulmonary vascular resistance initiate increases in venous 
pressure by challenging the capacity of the right ventricle to thrust all the returning venous 
blood through the lungs. An acute reversal of systemic hypoxemia was reported to have no 
effect on pulmonary hypertension – a finding that discounted the influence of hypoxic 
pulmonary vasoconstriction [176]. It was hypothesized that this reversal of systemic 
hypoxemia increased total peripheral resistance and normalized arterial pressure and 
cardiac output, but could not decrease pulmonary hypertension because of the 
overwhelming influence of sustained pulmonary vascular resistance [176]. Development of 
techniques to measure changes in pulmonary arterial pressure and changes in wedge 
pressure helped to clarify that changes in pulmonary arterial pressure contribute to the 
mismatch between pulmonary vascular capacity and cardiac output, and that pulmonary 
hypertension is initiated as a consequence of excessive pulmonary arterial or arteriolar 
resistance [177,178]. The difference between individual broilers' susceptibility to ascites may 
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be related to an innate or acquired variability in their pulmonary vascular responsiveness to 
vasoactive mediators [179]. 

4. Genetic and physiological aspects of coping with the syndrome  

The genetic control of susceptibility to AS 

Recent reports [71,72,107] indicate that about 50% of the broilers in commercial stocks 
develop AS under experimental protocols of high-challenge AIC. The term “high challenge” 
is used for AICs that apparently induce AS in all AS-susceptible individuals, whereas “low-
challenge” AICs induce lower rates of AS, probably only in the AS-S individuals whose 
higher growth rates necessitate higher O2 demands. The rates of AS reported in recent years 
are similar to those found under high-challenge AIC in the 1990s [68,73]. In recent years, 
however, actual AS mortality in commercial flocks has been significantly reduced or even 
completely eliminated by management practices that reduce feed intake and growth rate 
and, consequently, reduce the physiological O2 demand [47,62]. The problem with this 
approach is that it compromises the efficiency of broiler production. 

A better solution would be to select against AS susceptibility: once all the broilers were 
resistant to AS, a managed reduction in growth rate would no longer be needed. However, 
breeding is feasible only if there is an inherent susceptibility to AS and if effective selection 
against it can be applied. 

Several studies have found the tendency of broilers to develop AS to be under genetic 
control, with estimates of heritability ranging from 0.1 to 0.7 [72-74,180,181]. Significant 
heritability of 0.5 to 0.6 has also been found for the ratio of right ventricle weight to total 
ventricle weight (RV:TV) – a postmortem indicator for AS development and severity [72-
74,182]. These data indicate the feasibility of selecting against susceptibility to AS, but only if 
all the genetically susceptible birds are identified at the phenotypic level. Mortality or 
morbidity caused by AS provides the ultimate identification of AS-S individuals. 

However, actual development of AS in susceptible birds depends on environmental 
conditions that lead to hypoxemia, either by reducing O2 supply or increasing the O2 
demand [62]. It was found that a hypobaric chamber with a reduced O2 partial pressure, 
equivalent to that at 2,900 m above sea level, successfully induced 66% AS in a commercial 
sire line, suggesting full exposure of genetic variation in AS susceptibility [103]. Surgical 
inactivation of one lung induced AS in all or most of the susceptible individuals 
[32,68,183,184]. The AIC protocol for broilers housed in individual cages, where the tested 
broilers could not avoid the environmental conditions that were based on movement of cool 
air driven by a fan, combined with high-energy pelleted feed and 23 h of light per day, 
resulted in about 50% AS among commercial broilers [70-72], suggesting that all or, at least, 
most of the susceptible broilers developed AS. 

The successful induction of AS by means of any of these approaches suggests that breeding 
for AS resistance can be achieved by keeping all selection candidates under high-challenge 
AIC and awaiting mortality of all susceptible individuals. However, this direct-selection 
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approach has not been used by breeding companies, because it would force them to 
compromise the selection for more important traits, such as growth rate and meat yield, 
which are not fully expressed under AIC.  

Indirect selection against susceptibility to AS, cardiovascular indicators: 

Many studies focused on identifying reliable diagnostic indicators for AS in broilers. 
Hematocrit (HCT) is a marker for high rate of erythropoiesis in ascitic birds, therefore it is 
always significantly higher in AS broilers than in their healthy counterparts reared under 
the same conditions [30,54,60,115,124,125,139,154]. HCT values from broilers aged 35 and 44 
d were used to screen one sire line and two dam lines for AS susceptibility [154]: they were 
used to select individuals that were considered the most (> 36%) and least (< 29%) AS 
susceptible, and  the males and females with the highest and lowest HCT values, from the 
two dam lines, were selected and classified as high hematocrit (H) and low hematocrit (L) 
groups. These individuals were then reared under broiler breeder management conditions.  
Males and females within each group were mated, to create offspring that were HH, HM-no 
definition for HM, LM, and LL. The progeny underwent screening for hematocrit on days 6, 
42, and 49, and from d 33 onward birds were subjected to cold stress.  Differences in HCT 
values were seen at d 6: the HH chicks had significantly higher values than all other groups. 
On d 49 HCT values of the HH birds were significantly higher than those of the LL birds. 
Cold stress increased AS mortality in all combinations, but the HH birds had significantly 
higher AS mortality then the LL birds, which suggests that HCT value is heritable.  It was 
also suggested that HCT screening and selection based on HCT values could be effective in 
developing resistant populations of broilers. However, later studies revealed that the 
variation in HCT was a secondary manifestation of developing AS, therefore it could not be 
used as an early indicator of AS sensitivity under normal conditions [57,72]. Heart rate (HR), 
measured by pulse oximetry or by encephalography, was found to be lower in broilers 
suffering from AS than in healthy ones [111,163,185]. At 35 days of age, HR in feed-
restricted broilers was significantly higher than that in fast-growing broilers, and the HR of 
broilers suffering from congestive heart failure, which is associated with hypoxemia and AS, 
was significantly lower than that of feed-restricted, slow-growing broilers and healthy fast-
growing broilers [64]. Broilers with AS were found to have a significantly lower SaO2 than 
their healthy counterparts at the age of 6 weeks (62.1 and 86.0%, respectively) [30]. Broilers 
with AS induced by a pulmonary artery clamp had a significantly lower SaO2 and higher 
right-ventricle:total-ventricle weight ratio (hypertrophy of the right ventricle RV:TV) than 
those of healthy, non-AS broilers [32]. Therefore, low SaO2 was suggested to be a reliable 
genetic early indicator for AS susceptibility [186]. In recent years, some breeding companies 
have selected against broilers with low SaO2, as measured in selection candidates at 5 wk of 
age [187]. However, because of the low %AS in these unstressed flocks, high SaO2 levels are 
expected in susceptible individuals that do not develop AS; also, low heritability (0.15) was 
reported for SaO2 at 5 wk of age in commercial breeding lines [187]. Because of this low 
heritability and only moderate genetic correlation with actual manifestation of AS, the 
effectiveness of 5-wk SaO2 as an indicator for selection against AS susceptibility must be 
limited. All the cited findings suggest that there is a genetic component for AS mortality and 
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also for several parameters (e.g., RV:TV and HCT) that have been found to be associated 
with development of AS; however, the exact biochemical and physiological precursor 
factors related to the genetic propensity to develop AS are still not known. It is often 
difficult to determine whether a particular change is primary in nature, and therefore 
determinative, or is a subsequent secondary manifestation in the development of AS. If 
parameters to specifically predict AS susceptibility or resistance are sought, it is of 
paramount importance that the primary changes be determined and evaluated. Moreover, 
in order to assess their significance as criteria for selection, it is necessary to estimate the 
heritability of these parameters, and their genetic correlation with consequent AS 
development under AIC. 

In order to conduct advanced physiological and genomic research on AS, and to find the 
primary cause of AS, identification of all AS-susceptible individuals is crucial. This 
identification depends solely on mortality or morbidity under AIC. Under low- or medium-
challenge AIC, relatively slow-growing broilers or those that can better withstand cold 
stress, have a relatively lower demand for oxygen and, therefore, do not develop AS. 
Incorrect identification of AS-susceptible chicks as AS-resistant leads to biased findings 
regarding the true genetic association between the measured traits and the genetic 
difference in broilers' susceptibility to AS.  

To effectively select against AS susceptibility without interfering with the normal expression 
of other selected traits, one has to identify the genes responsible for the primary cause of AS 
or measure their phenotypic expression. There is evidence that the primary cause of AS is 
manifested in the prenatal or very early postnatal phases, when the cardiovascular system is 
being developed and is starting to function [188-190]. Measurements of such a 
manifestation, especially at the embryonic stage, necessitate sacrificing the investigated 
individuals, rendering it impossible to later determine, under AIC, if these individuals were 
susceptible or resistant to AS. Therefore, to conduct advanced physiological and genomic 
research on AS, one needs a pair of selected lines in which all the individuals are either AS-S 
or AS-R. Comparisons of tissues or functions of individuals from the divergent lines can 
help to identify the primary cause of AS and thereby to provide an effective indicator for 
selection against susceptibility. Resource populations derived from crosses between such 
divergent lines might facilitate genomic research aimed at identifying the genes involved in 
susceptibility or resistance to AS. 

Direct selection against susceptibility to AS 

Successful selection against AS susceptibility was conducted in a fully pedigreed elite 
commercial broiler breeder line [68,184]. Only males and females that did not develop AS 
following AS-inducing surgery, i.e., unilateral pulmonary artery occlusion, were used for 
reproduction. After two cycles of such selection, %AS among males that were exposed to 
low temperatures (14ºC) from 17 to 49 d of age was reduced to 4%, from 31% in the base 
population and 15% after one cycle. That study demonstrated the feasibility of selection 
based on mortality of AS-susceptible individuals under a protocol of high-challenge AIC. 
Divergent selection for AS mortality was conducted by Anthony et al. [78]: the AS was 
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induced in a hypobaric chamber where oxygen content was reduced to the level equivalent 
to 2,900 m above sea level. After 10 generations of divergent sire-family selection, %AS 
increased to about 90% in the AS-susceptible line and decreased to about 20% in the AS-
resistant line, thus reaching a divergence of about 70% [78]. Similarly successful divergent 
selection was applied by Druyan et al. [70]: the 1st selection cycle was based on progeny 
testing for AS mortality under low-challenge AIC, and two further cycles of full-pedigree 
progeny testing were conducted under a high-challenge AIC protocol [70,72]. Two 
divergent lines were established: AS-susceptible (AS-S) and AS-resistant (AS-R), with, 
respectively, 95 and 5% AS incidence, i.e., a divergence of 90%, when reared together under 
the same high-challenge AIC [70]. 

Genomic selection against susceptibility to AS 

The very rapid genetic divergence between the selected lines, along with pedigree analysis 
of %ASF within the AS-S- and AS-R-selected lines implies that a single or a few major genes 
were responsible for the difference in %AS between the lines [70]. It was concluded that one 
or more genes was/were involved in the response to a two-cycle selection against AS 
susceptibility [68]. Single-gene inheritance was also suggested after a complex segregation 
analysis of data on oxygen saturation of the hemoglobin in arterial blood (SaO2) [188], a trait 
known to be closely related to the AS [30,72]. Data on SaO2 from 12,000 males in fully 
pedigreed populations of a male line that had been closed for 30 to 40 generations were 
available for that study. The results suggested that a single diallelic dominant locus was 
responsible for 90% of the genetic variation in SaO2, with high levels of SaO2 indicating AS 
resistance and low levels indicating AS susceptibility. Data from test-crosses between fully 
divergent AS-S and AS-R lines suggested a model of complementary interaction between 
the dominant alleles of two unlinked major genes [77].  

If, indeed, only a few genes are involved in genetic control of susceptibility to AS, and in 
light of the current rapid development and application of genomic tools, the AS genes seem 
likely to be detected and mapped in the near future. Once mapped, with the help of current 
and future genomic methodologies, the causative SNPs (or closely linked ones, used as 
markers) in these genes will be identified. High-throughput genomic assays may soon 
facilitate efficient genotyping of these marker SNPs, and their routine utilization in 
commercial breeding programs. With availability of such markers, high-challenge AIC will 
not be needed to effectively select against susceptibility to AS, because breeders will be able 
to easily detect and cull individual birds, within the elite lines, that carry the alleles for AS 
susceptibility. All major broiler-breeding companies have been heavily involved in R&D 
efforts aimed at achieving this goal. 

5. Overall conclusions 

Broilers, being highly productive birds, have difficulties in maintaining a dynamic steady-
state balance between higher metabolic rate, on the one hand, and, on the other hand, the 
consequently higher demand for O2 – a demand that might exceed the cardiovascular 
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system's capacity to satisfy the O2 needs. This non-steady-state situation leads to the 
development of the physiological syndrome – ascites.  

Following exposure to AIC of birds from various backgrounds, birds that manifested AS 
were found to differ significantly from their healthy counterparts, in traits that were 
measured after initiation of the various AIC protocols, e.g., RV:TV ratio, hematocrit, 
erythrocyte counts, SaO2, heart rate, weight gain (WG). These differences are consistent with 
findings of numerous reports; they represent changes in secondary manifestations of AS 
and, therefore, could be useful in diagnosis of birds that are developing AS, but not in 
prediction of AS susceptibility. 

Only Druyan’s lines that were divergently selected for AS were found to differ significantly 
in heart rate during the first week of life, when reared under standard brooding conditions 
(SBCs). Heart rate was significantly higher in the AS-S line than the AS-R line, but before the 
manifestation of the syndrome no such differences were found between the sick and healthy 
birds from commercial flocks that were kept under SBCs.  Therefore, it appears that higher 
heart rate cannot be used as a general indicator to identify AS-susceptible broiler chicks.  

It is expected that the problem of AS will be solved by genetic eradication of the alleles for 
AS susceptibility. However, manifestation of AS by genetically susceptible individuals 
depends on environmental conditions as well as genetic variation in growth rate. Therefore 
genomic information is required for effective integration of selection against AS 
susceptibility into breeding programs of commercial broiler stocks. 
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The Effects of the Far-Infrared Ray (FIR)  
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http://dx.doi.org/10.5772/36005 

1. Introduction 

1.1. A far infrared ray (FIR) energy 

The power of the energy radiated from any material is dependent on the temperature. For 
example, the sun with the temperature of 6,000°C at the surface and ~15,000,000°C at the 
depths radiates the radio-magnetic ray with from the weak to the strong energy. The radio-
magnetic ray with strong energy is absorbed before the arrives at the surface of the earth. 
But, if a human bathe in the ultraviolet ray even if it arrives only about 0.6% of whole 
ultraviolet ray radiated by the sun, the surface of skin is burned and strongly damaged. If 
the cell is poured the large quantities of ultraviolet ray, the DNA of nuclear is injured to 
induce a liver spot, freckles and aging of skin. Still more, it is thought that the immunity is 
inhibited and a cataract and a skin cancer can be induced by the ultraviolet ray. It was 
thought that the sunlight arrived at the surface of earth was finally composed of the 
ultraviolet ray (UVA, UVB) of 6%, the visible ray of 52% and the infrared ray of 42%. It was 
well known that the energy of these lights bring a lots of the good effects for living bodies. 
The other sides, the materials on the earth we are living radiated the narrow range of energy 
from 5 to 50μm in FIR under 30°C by getting the energy of sunlight.  

In other words, thought the radiating energy on the earth creating a life was only FIR of 
5~50μm by getting the energy of visual ray and FIR, the earth was filled with the energy of 
only FIR of narrow range. It was means that the energy of FIR may make contribution to the 
birth of a life. The National Aeronautics and Space Administration (NASA) reported which 
ray indispensable for the maintenance of the life was FIR of 4~20μm as the artificial sun in 
the space station. Therefore, it comes to a conclusion that the FIR is the raising ray for the 
living body (Fig.1). Recently, there have been many studies of the effects of FIR on health 
and food preservation. The available evidence indicates that whole-body FIR irradiation has 
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biological effects [1-7]. Whole-body FIR irradiation is believed to improve human health and 
sleep by enhancing blood circulation in the skin [1, 2]. However, the effects of FIR on cells 
are not clearly understood. These thinking let me realize that there are a lot of natural 
materials radiating strongly the energy of FIR as a charcoal, stone, soil and tree. So, these 
natural materials were being used for our studies on the energy of FIR.  

 
Figure 1. The classes of the electromagnetic wave by the wave length μm 

2. The characteristics of rhyolite  

In order to study strictly the effects of the energy of FIR in 4~20μm on the living body, the 
radiating machine of the energy of FIR should be developed. In order to develop it, the 
selection of a good FIR radiator were started at first. The most noticeable effect of FIR energy 
radiation was the activation of water molecules. The change of the weight of the ultrapure 
water on the FIR ceramics containing the five natural stones, 4 chemical products of mineral 
oxide and charcoal was exactly measured with time at 37°C. Though it was made clear that 
some natural stones activated the evaporation of pure water, the rhyolite especially strongly 
activated. Then, the rhyolite (MATERA Inc. Toon, Ehime, Japan) mined at Toon, Ehime in 
Shikoku Island was selected as the FIR radiation ceramics for the development of the 
radiating machine of the energy of FIR (Fig.2). The characteristic of rhyolite was the volcanic 
rock containing 70% over silicate dioxide with the flowing patterns formed by the 
phenocryst of magma (Fig.2). Though the components are the quartz, feldspar and biotite, 
the rhyolite is similar the granite. When the FIR energy radiated from the rhyolite was 
measured by Fourier transformed infrared spectrophotometer, it was made clear that the 
rhyolite was radiated 90% over the ideal black body at whole range of 5~20μm (Fig.3). It was 
proved that the rhyolite was the excellent radiator of FIR energy of 5~20μm.  
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Figure 2. The photograph of the rhyolite 

 
Figure 3. The radiation energy of the far infrared ray from the radiator 

The powder of rhyolite showed the antibacterial action to the Staphylococcus aureus 
ATCC6538P at 1/5012. The adhesive sheet with the 15% powder of rhyolite showed at 
1/1995. Still more, the paint containg the 10 % powder of rhyolite showed the antibacterial 
action to the Methicillin-Resistant Staphylococcus Aureus MRSAIID 1677 at 1/5012.  
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The values of antibacterial action of the materials containing rhyolite are respectively 3.7, 3.3 
and 3.2. Though the values of antibacterial action over 2.0 was estimated as the antibacterial 
substance, the rhyolite was regarded to be the fairly mighty the antibacterial substance. Still 
more, the antibacterial action of rhyolite to the colon bacillus was verified in neutral 
condition at our laboratory also (Fig.4, Table 1). These results suggested that the 
antibacterial action of rhyolite did not depend on the change of pH. This graph showed the 
effects of rhyolite on the oxidation-reduction potential of water (Fig.5).  

Item The water 
treated with the 
powder of 
rhyolite  

The water 
treated with the 
stone of rhyolite 

Control 

Biochemical oxygen demand 
mg/1 

2.1 2.4 2.4 

Chemical Oxygen Demand mg/1 3.4 3.9 3.9 

Suspended solids 12 10 8 

Dissolved Oxygen 9 8.9 9.1 

Escherichia coli group number 
MPN/100ml 

0 2200 14000 

Conductivity 18.6 19.5 19 

Table 1. The chemical analysis of the rhyolite treated water  

 
Figure 4. The effect of the rhyolite on Escherichia coli; Escherichia coli (DH50) were cultured for 16 
hours in the sterilized pure water, the water containing the rhyolite and the water containing 0.1% 
rhyolite powder.  The proliferation of the Escherichia coli inhibited at 15.6% in the water containing the 
rhyolite and 69.9% in the water containing 0.1% rhyolite powder. 
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Figure 5. The change of the oxidation-reduction potential affected by the rhyolite. The oxidation-
reduction potential (The longitudinal axis shows ORP, mv) decreased depending on the contents of the 
rhyolite(The transverse axis shows %) after 0.5-48h. 

Though the oxidation-reduction potential of tap water is about 550, it decreased with time 
to be about 280 after 48 hours. When the powder of rhyolite was put into tap water at 
0.1%, 1%, 5%, the oxidation-reduction potential of tap water decreased respectively up to 
480, 340 and 220. Then, it decreased with time up to about 130 after 24 hours. It was 
thought that the high oxidation-reduction potential of the tap water caused by the 
residual chlorine. The reason why the oxidation-reduction potential of the tap decreased 
with time might be that the hypochlorous acid in tap water evaporated as the gas of 
chlorine with time. The oxidation-reduction potential decreased in the dependent upon 
the density of the rhyolite powder. It was thought that the reason was by the elution of 
any reducing agent from rhyolite. The small amounts of any elements with oxidative 
reaction were left in the ultrapure water. Therefore, the small amounts of rhyolite powder 
could reduce the most of oxidizers in the ultrapure water. The mighty oxidative powers of 
the residual chlorine attack the cell membrane of a microorganism and a virus to 
degenerate the inner protein and show the germicidal and disinfectant effects. It was 
thought that the reducer generally do not show a mighty antibacterial effect. Why the 
rhyolite shows the mighty antibacterial effects? Then, the 500g of rhyolite powder was put 
into 1l of ultrapure water. After keeping 18hours, the supernatant of the water was 
collected and filtrated with the filtering paper. Still more, the filtrate was centrifuged at 
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3000rpm for 10min. The supernatant of 600ml dried at 200°C for 5 hours up to get 13.4mg 
of white precipitates. The precipitates were analyzed by the x ray diffraction and the 
electron-micro analyzer. The results showed that the precipitates mainly consist of 
calcium and silicon (Fig.6). As the rhyolite contained 70% over silicate, the results 
suggested that the ceramics structure consist of silicate oxide should disintegrate. Then, 
the silicate radical molecule containing an additional electron could be formed. It was 
thought that the radical molecules are so active that the bacterium el.al was contacted to 
collapse the cell membrane with an antibacterial action. Though the mechanism to form 
the silicate radical molecule was not clear, the antibacterial effects of the rhyolite 
containing the 70% over silica were the experimental facts.  

 
Figure 6. The analysis by the x ray diffraction of the components in the solution  

3. The development of the FIR energy radiator  

In order to clarify the effects of the FIR energy radiation on the living body at the rebel of a 
cell and animal, the FIR incubator for cell culture and animal raising apparatus was 
developed utilizing the valid ceramics as the rhyolite and the pureblack that the resemble 
effects as the ideal black body are well known.  

The CO2 incubator must be exactly controlled the temperature inside of the incubator at 
37±0.5°C. Therefore, though the water jacket of about 40litter is equipped for the suppression 



 
The Effects of the Far-Infrared Ray (FIR) Energy Radiation on Living Body 277 

of heat loss, the equipment of incubator becomes solid and heavy. Then, 0.5% CO2 gas need 
be supply into the incubator to activate the culture cell breathing. Still more, the gas of 0.5% 
CO2 in air must be supplied though the water layer in order to keep the humidity near 
100%. So, we remodel the existing CO2 incubator. The heating system was changed to FIR 
panel heater for keeping the temperature in the incubator at 37±0.5°C. The five face at up, 
down, both side and behind in the incubator except the front glass were coated with the 
valid ceramics as the rhyolite and the pureblack close to black body for raising the efficiency 
of FIR radiation. The all shelves were also coated with the same ceramics. Still more, the 
water jacket was change to the simple insulation, because the FIR energy directly and 
instantly heats the surface of objects even if the air and space lie between the surface of 
incubator and the objects. As a result, the light and compact CO2 incubator that can 
continuously radiate the FIR energy for 24hours was developed with a great success (Fig.7) 
[8]. So, the strict comparative experiments on the effect of the FIR energy radiation on the 
culture cells become possible utilizing the same type of CO2 incubator without remodeling 
as control.  

 
Figure 7. The FIR CO2 incubator 

Then, the FIR animal raising apparatus with same FIR radiating system of the FIR CO2 
incubator to control the temperature inside 20-40°C at will and break down any smell 
chemical products by photo-degradation with the light catalyst of TiO2 could be also 
developed (Fig.8). The FIR animal raising apparatus has the two chambers which the upper 
chamber is coated with the valid ceramics as the rhyolite and the lower chamber is no 
coating [9]. So, the strict comparative experiments on the effect of FIR energy radiation on 
animals become also possible by using the FIR animal raising apparatus. 
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Figure 8. The FIR animal raising apparatus 

4. The effects of FIR energy radiation on water 

4.1. The volatility and fluidity of water 

Water is indispensable for human life. As water is generally present surrounding us, the 
characteristics of water is hard to be considered as a strange matter. But, the truth that a 
boiling point of water is 100°C is peculiar comparing with the other elements with the 
similar molecular weight. For examples, though a sulfur is next of oxygen in the periodic 
table of the elements, the boiling point of hydrogen sulfate (H2S) is -60.7°C. But, as the 
molecular weight of oxygen is smaller than that of sulfur, the boiling point must be 
smaller than -60.7°C. It is supposed that the boiling point of water should be theoretically 
at about -80°C. Then, the coagulating point of water is appropriate theoretically at about -
110°C. Well, why the boiling and coagulating points are respectively at 100°C and 0°C? The 
reason is by the formation of cluster through the pulling against each other among the 
water molecules by a hydrogen bond et al. The imaginary molecular weight inferred from 
the boiling and coagulating points is about 100 by which 5, 6 water molecules gathered. 
Then, a water molecule has as much as four hydrogen bonds. Moreover, it was thought 
that the shapes of the cluster shows a straight chain, from a square to eleven-cornered 
shape, and the average shape is the pentagon. Moreover, it was thought that the cluster of 
water is not stable for long time, but it was formed and broken at the cycles of 10-12 
seconds. But, this condition of cluster is only applied to the very pure water without any 
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ion and impurity. The real water actually contained various impurities. Even if the very 
pure water is kept in air, the condition of water changes moment by moment by melting 
of a gas and molecules from air. Then, in order to estimate the present conditions of 
energy in the water, the change of the weight of water is exactly measured for the 
indicator of the volatility. When the difference of volatility between the tap water and the 
deionized water are compared, the deionized water is clearly volatilized more quickly 
than the tap water (Fig.9).  

 
Figure 9. The change of the weight of the deionized water and the tap water 

The high volatility means that a lot of water molecules spring out of the surface of water. 
Therefore, it is supposed that the energy of the water molecules is high and its cluster is 
small. This graph shows the change of weight of the deionized water radiated FIR energy 
through the grass layer by keeping in the FIR incubator for 12 hours and the untreated 
deionized water (Fig.10).  Though the deionized water more quickly losses the weight 
than the tap water, the deionized water radiated FIR energy losses much bigger weight 
than the deionized water. In other words, it was made clear that the deionized water 
radiated FIR energy has high energy in the molecules to evaporate much easy. The results 
mean that the cluster of the water can become small by the FIR energy radiation. If that is 
the case, why the cluster formed by the water molecules changes by accepted the FIR 
energy? The water molecule consisting of two [O-H] bonds opening with 104°has three 
types of the vibration energies. One is the deformation vibration of 1594cm-1 and the 
others are the symmetrical and asymmetrical expansion and contraction energy of each 
3656 cm-1 and 3756 cm-1. When the energy were convert to the wave length, the 
deformation vibration is 6.27μm and the expansion and contraction energy are 2.74μm 
and 2.66μm [10]. If the FIR energy of 5~20μm radiated the water molecules, the 
deformation vibration of the water molecule was activated by the transmission of the 
energy through the resonance effect because the energy of deformation vibration was 
coincident with the radiating energy. Consequently, it was thought that the kinetic energy 
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of the water molecule increased to rush out of a cluster. The cluster in the activated water 
by FIR energy radiation ought to raise the volatility. On the contrary, the strength of FIR 
energy radiation by any materials can be estimated by measuring the change of the 
volatility. Then, when the boiling points of water was measured, that of FIR radiated 
water was 97.4°C and that of control water was 98.9°C. The boiling point of water 
decreased clearly by FIR energy radiation. These results also suggested that the water 
molecules are at the condition to rush out easy from the surface of water. Still more, when 
the viscosity of water was measured, it was clarified that the viscosity clearly decreased 
by the FIR energy radiation (Fig.11). These results also suggest that the water become to 
flow easy by the same change of the cluster in water. It is thought that the water radiated 
FIR energy increases the volatility and fluidity at the same time. It is a very important 
finding. For example, it is thought that the blood and lymph flow in the human body 
become smoothly and activates by radiation of the FIR energy. It is only natural that the 
collection of lymph fluid into a lymph vessel rides the swelling in the body. Then, a tear, 
sweat and digestive juices become similarly to flow easy also. It is suggested that the 
activation of the secretion of a tear stimulate the para-sympathetic nerve system. Still 
more, the activation of the secretion of a sweat stimulates the various metabolisms in 
whole body. The activation of the secretion of the saliva and digestive juices stimulates 
the digestive function to make the body vigorously.  

 

 
Figure 10. The change of the deionized water weight affected by the rhyolite as the FIR radiator 
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Figure 11. The change of the viscosity of water by the rhyolite as the FIR radiator  

4.2. The solubility of water 

It was found that the water radiated FIR energy by the rhyolite become to dissolve 
variable products. The plastic culture dish adhered proteins as bovine serum albumin 
(BSA) were prepared for the estimation of the solubility of water. The FIR energy radiated 
ultrapure water by the rhyolite and non-treated same water poured into the dish, and was 
collected for measurement of the UV absorbance for protein. The results showed that the 
FIR energy radiated ultrapure water could dissolve much more BSA than the non-treated 
same water (Fig.12). Not only protein but also sugar and sodium hydroxide were checked 
the solubility. The results showed that the FIR energy radiated ultrapure water could 
dissolve much more them. When the rhyolite powder was inserted into a fish tank at 
about 0.5%, the water in the tank became clear just after 4 days. These results were 
considered by which the deposited protein and other products in the tank dissolved in 
water to raise the degree of transparency by the FIR energy radiation from the rhyolite. It 
was confirmed that the fishes and shell fishes become live longer than usual and keep the 
freshness in the tank with the rhyolite. For the application of these effects of the FIR 
energy radiation on water, the development of the contact lens cleaner was tried. The 
force of cleaning in the FIR energy radiated ultrapure water were estimated to the contact 
lens attached the BSA on the surface. The results suggested that the force of cleaning of 
water was surely raised by FIR energy radiation from rhyolite. But, as the force of FIR was 
defeated to a detergent, the development of the contact lens cleaner was given up. 
However, it was expected that the effects of the FIR energy radiation from rhyolite, on 
which the force of solubilizing in water was activated, will be applied in various fields in 
future.  

**
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Figure 12. The solubility of BSA in the FIR energy radiated water 

5. Experiment 

5.1. The effects of the FIR energy radiation on an animal 

5.1.1. The effect of the FIR energy radiation on the change of body weight of an animal 

When the rats were raised by using the FIR animal raising equipment, the increase of the 
body weight of rats radiated FIR energy became gentler than that of control (Fig.13). Though 
the same experiments on the body weight of rats repeated five times, the results showed the 
same tendency that the FIR energy radiation inhibited the increase of the body weights. In 
some laboratories, the rats and the mice eat foods and drink water as much as wish. As a 
result, the rats and the mice naturally grow fat within a year. Therefore, it should be thought 
that the FIR energy radiation activates the exercise activity and keeps away the switchover 
to the obesity conditions.  

 
Figure 13. The change of the body weight affected by FIR. The growth of the rats was inhibited by the 
rhyolite as the FIR radiator. 
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5.1.2. The effect of the FIR energy radiation on the change of blood flow of an human 

The Rhyolite powder with a peak diameter of about 10μm was printed to the blanket cloths 
made in Japan at 15%, like polka dots of about 2 cm (MATERA Inc. Toon, Ehime, Japan). 
The Rhyolite containing blanket and the control blanket were applied to the healthy 
volunteers for application of FIR energy of 20 min at room temperature 22°C and room 
humidity 50%, after acclimation of the condition in the room for 10 min. The velocity and 
the quantity of blood were continuously measured by the laser Doppler blood perfusion 
monitor and imagers in the same way for 20 min. The order of the application between the 
FIR and the control blankets was often changed at the condition of double blind. The 
velocity and the quantity of blood flow were accelerated 32.2% (Fig.14) and 19.1% (Fig.15) 
by the application of the Rhyolite containing cloths.  

 
Figure 14. The change of the velocity of blood by the FIR blanket. This graph showed the velocity of the 
blood after 60 min of using the rhyolite containing blanket.  The velocity of the blood increased 32.2% in 
the rhyolite containing blanket compared with the control blanket.  

 
Figure 15. The change of the quantity of blood by the FIR blanket. This graph showed the quantity of 
the blood after 60 min of using the rhyolite containing blanket.  The quantity of the blood 
increased19.1% in the rhyolite containing blanket compared with the control blanket.  
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5.1.3. The effect of the FIR energy radiation on the change of blood catecholamine 

The amount of adrenaline, noradrenaline and dopamine in blood of the 40 mice keeping in 
the FIR and control animal raising apparatus for 40 days were measured at the blood center. 
It was shown that the amount of the dopamine in blood catecholamine significantly 
decreased, and the adrenaline and the noradrenaline in the blood catecholamine tend to 
decrease by radiated the FIR energy (Fig.16). These results suggested that the FIR energy 
radiation decreased the amount of the blood catecholamine in mice to inhibit the 
sympathetic nerve and activate the parasympathetic nerve. A mamma as a human body has 
the autonomous nervous system with the motor nervous and sensory nervous system. The 
autonomous nervous system distributes all internal organs to work in order to sustain a 
person’s life independent of his mind.  

 
Figure 16. The change of the concentration of catecholamine in the blood affected by the FIR energy 
radiation. The concentration of the adrenaline, noradrenaline and dopamine in the FIR group were 
significantly lower 14.4% 

There are the sympathetic nerves and the parasympathetic nerves in the autonomous 
nervous system which distribute every internal organ at the same times to control the 
function of each internal organ in spite of his mind. When the sympathetic nerves excited, 
the heart beat violently, the blood pressure increase, the breath become hard and the stress 
build up in the body. On the contrary, when the parasympathetic nerves excited, the feeling 
become confortable as at home to become feeling an appetite, sleep and sexual desire. It is 
thought that the rats and the mice radiate FIR energy become loss of the stress in the cage 
and lives the active and healthy life. In short, FIR energy radiation may avoid the stress and 
obesity. 

* 

   Dopamine   Noradrenalin   Adrenalin
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5.1.4. The effect of the FIR energy radiation on the biological macromolecules 

The effect of FIR energy radiation on the biological macromolecules is being made clear. The 
effects of FIR energy radiation on the activity of the enzyme can be estimated by using the 
FIR incubator developed by us. An enzyme is the special protein which has the various 
amino acids forming the three-dimensional structure with the various bonds to get a special 
role to a chemical reaction. In case that the activities of the 19 kinds of the enzymes appear 
in radiating FIR energy, it was made clear that the activity of some enzymes were 
accelerated or restrained. These results suggested that the efficiency of the enzyme activity 
changed because the various bond conforming the three-dimensional structure of the 
enzyme was affected by the FIR energy. In the enzymes measured by us, the results 
suggested that the activities of esterase, esterase lipase, lipase, leucin allylamidase, beta-
glucuronidase were accelerated and that of alkaline-phosphatase, acid-phosphatase, 
naphtol-AS-BI-phospho hydrase were restrained. Especially, esterase, esterase lipase and 
lipase are the enzymes to decompose a fat. Though the experiments were preliminary study, 
it was made clear that the FIR energy radiation changed the three-dimensional structure of 
the various enzymes to accelerate or restrain the activities. Still more, it was possible from 
the results that the increase of body weight restrained because some decomposition enzyme 
of fat were restrained by FIR energy radiation. These results suggested that the FIR energy 
radiation has a diet effect. 
 

 
. 

Figure 17. The change of activity of lipase by FIR energy radiation. The activity in the FIR radiation 
group was higher 40.5% than the control group at 530nm. 
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5.2. The effects of FIR energy radiation skin 

5.2.1. The effect of FIR energy radiation on skin repair 

The wound of circle with 8mm diameter was artificially made at the skin of rats keeping the 
FIR and the control animal raising apparatus. Then, the area of the wound was measured 
each several days. And the surface condition was observed. The results showed that though 
the surface of the wound in the FIR radiation group wet and soft, that of the control group 
was covered the hard scab (Fig.18).  

 
Figure 18. The surface of wound of skin affected by the FIR energy radiation. Control : (A) FIR energy 
radiation : (B) 

The repair area of FIR radiation group increased each 30.54%, 28.27% and 14.22% after 5, 6 
and 7days compared with control group (Fig.19). These results showed that the FIR energy 
radiation from out of body accelerated the wound healing at the surface of rat skin. Still 
more, the repair area of wound increased each 44.39% and 24.29% after 3 and 5 days by 
application of the ointment containing the 10% rhyolite as the FIR energy radiating 
ceramics. In other words, it was clarified that the FIR energy radiation promoted the wound 
hearing of skin, even if the radiation of FIR energy were by far from body or by contact with 
skin. If the blanket and sheet with FIR energy radiation effects were developed, the bedsore 
of the bedridden old persons or the sick persons in bed for a long time would be suppressed 
and restored to regenerate the skin and ease the pain of the patients. Now, though the rise in 
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a fee for medical treatment becomes a social problem, if the bedsore could be suppressed to 
shorten the term of the admission to a hospital, the fee for the medical treatment would be 
reduced in the future. Still more, if the space of the residence was constructed with the FIR 
energy radiating building material as the rhyolite, the metabolism of skin would be 
promoted to hinder the aging of skin. Then, the FIR energy radiating ceramics as rhyolite 
may be tied together with a development of the creams and cosmetics to hinder the aging of 
skin.  

 
Figure 19. The repair area of wound hearing. The speed of repair was accelerated affected by the FIR 
energy radiation. 

5.2.2. Effect of the FIR energy radiation on a atopic dermatitis 

The mouse naturally induced a crisis of the inflammation of the skin as the atopic dermatitis 
with the application of a picric acid as the material raising the inflammation was imported 
from the United States. Then, the effects of the FIR energy radiation on the induction of the 
inflammation of the skin were analyzed by using the mouse. No an inflammation of skin in 
the mouse radiated FIR energy was detected after the application of a picric acid, though the 
atopic dermatitis of control mouse in the same condition were all induced without the FIR 
energy radiation (Fig.20). It was made clear that the area of the inflammation of skin and the 
number of the mast cells at the inflammation of skin as an atopic dermatitis clearly 
decreased by the FIR energy radiation (Fig.21).  

These results suggested that the FIR energy radiation was effective for the prevention and 
the medical treatment to the inflammation of the skin as an atopic dermatitis. In the future, 
it is thought that the FIR ceramics as the rhyolite are tied together with the development of 
the medicine or the cure for the inflammation of the skin as an atopic dermatitis. 
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Figure 20. The change of the inflammation of the skin as the atopic dermatitis. The induction of the 
inflammation of the skin on all mice was suppressed by the FIR energy radiation 

 

Figure 21. The area of the inflammation of skin and the number of the mast cells at the inflammation. 
Though the area of the inflammation in control group was 1.96cm2, no inflammation was detected in the 
FIR energy radiation group (A). The number of must cells was smaller 26.9% in the FIR energy radiation 
group than the control group (B).  

B A 
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5.3. The effects of the FIR energy radiation on bone 

5.3.1. The effect of the FIR energy radiation on the cultured osteoblast-like cells  

The culturing osteoblast-like MC3T3-E1 cell (Riken Cell Banc, Tsukuba, Japan) were 
separated in the two groups in the FIR and the control CO2 incubator. After 1, 3, 5, 7, 10 and 
14days, the cell number of living cells in both groups were measured by a hematocytometer 
and observed by phase contrast microscope CK40 (Olympus, Tokyo, Japan). Still more, the 
gene expression of the 4 days culture cells in both groups was analyzed by the cluster 
analysis the microarray hybridization method (http://www.godatabase.org).  

The proliferation of the osteoblast-like MC3T3-E1 cells in FIR group significantly inhibited 
each 19.08% and 12.24% after 3day and 10days culture compared with control group. But, it 
was considered that the formation of the calcified nodules in the FIR group was more than 
the control group by the observation of the culture cells stained with von kossa and with a 
phase-contrast microscope (Fig.22).  

 
Figure 22. The effects of the FIR energy radiation on the bone nodules formed by MC3T3-E1 cells. The 
cultured MC3T3-E1 cells in FIR group (A) and control group (B) was observed by the phase contrast 
microscope CK40 (Olympus, Tokyo, Japan). Some samples after 4weeks culture were stained with Von 
Kossa method and observed by the same method. FIR group (C) Control group (D) Bar: 100μm 

The results showed that the number and the area of the calcified nodules of the FIR group 
were 148.8 and 158.8 μm2, though no calcified nodules was formed yet in control group after 
2 weeks culture. Still more, that of FIR group increased each 2.92times and 4.91times 
compared with the control group after 4weeks (Fig.23). Consequently, the formation of the 
calcified nodules was clearly promoted by the FIR energy radiation. On the other hand, it 
was made clear by the results of cluster analysis after 4 day culture that the genes expression 
of Interferon activated gene 205, 203 and Interferon α-inducible protein 27 in the cell to cell 
signal field were reinforced and the gene expression of Interleukin 1 family member 6, 
Interleukin 17D, 17 receptor C, 17B, and Interleukin 3 related with inflammation were 
oppositely dropped (Table 2).  

It was also made clear that the genes expression of Platelet-derived growth factor (PDGF) D 
polypeptide, Transforming growth factor β (TGFβ) induced and TGFβ inducible early 
growth response 1 in the cell proliferation field were reinforced, and the gene expression of 
PDGF B polypeptide and Fibroblast growth factor (FGF) 2, 21, 8 were oppositely dropped 
(Table 2). It was clarified by these data that the cell differentiation as the function of 
osteoblast estimated by the formation of calcified nodules were promoted by FIR energy 
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radiation, though the proliferation was inhibited by it. In short, the FIR energy radiation 
shorts the term of cell proliferation and advances the timing of cell differentiation on the 
osteoblast. Finally, it was considered that the FIR energy radiation control these genes 
expression to inhibit the cell proliferation and promote the cell differentiation of osteoblast 
[8, 9]. It was made clear by these facts that the differentiation of cultured osteoblast-like cell 
as an osteoblast is promoted by the radiation of FIR energy. 

Cell-cell signaling  
Gene Name 

 
Acc. No. 

 
Fold change 

Interferon activated gene 205 
Interleukin 15 receptor, alpha chain 
Interferon alpha-inducible protein 27 
Mitogen activated protein 3K 7 
Interferon activated gene 203 

NM_172648 
NM_008358 
AK010014 
BC006665 
NM_008328 

1.597 
1.422 
1.388 
1.365 
1.328 

Interleukin 1 family, member 6 
Interleukin 17D 
Heparin-binding EGF-like growth factor  
Interleukin 3 
Interleukin 17 receptor  
Interleukin 17B 

NM_019450 
NM_145837 
NM_010415 
NM_010556 
NM_134159 
NM_019508 

-1.348 
-1.393 
-1.395 
-1.471 
-1.481 
-1.631 

Growth  
Gene Name 

  
Acc. No. 

  
Fold change 

Platelet-derived growth factor, D polypeptide 
Transforming growth factor, beta induced 
TGFb Inducible early growth response 1 
Mitogen activated protein kinase kinase kinase 7 
Growth differentiation factor 15 

AK003359 
NM_009369 
NM_013692 
BC006665 
NM_011819 

1.555 
1.505 
1.383 
1.365 
1.322 

Fibroblast growth factor 8 
Fibroblast growth factor 21 
Epidermal growth factor receptor related gene 
Fibroblast growth factor 2 
Heparin-binding EGF-like growth factor 
Early growth response 3 
Growth factor receptor binding protein2-ap 
1(Gab1) 
Platelet-derived growth factor, B polypeptide 

D12483 
NM_020013 
M99623 
NM_008006 
NM_010415 
NM_018781 
NM_021356 
NM_011057 

-1.323 
-1.332 
-1.337 
-1.342 
-1.395 
-1.565 
-1.667 
-2.304 

Table 2. The cluster analysis of the gene expression in MC3T3-E1 cells affected by FIR energy radiation 
by the microarray hybridigestion method  These genes were reinforced and repressed at 1.3 over by the 
FIR energy radiation in the cluster of the Cell-to signaling and the growth. 
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Figure 23. The effects of the FIR energy radiation on the number and the area of the bone nodules 
formed by MC3T3-E1 cells. Each five samples stained with Von Kossa method after 1, 2, 3 and 4 weeks 
in both groups were measured the nodules (A) and the number of the area (B) by Bio-system 
microscope BX-51.  The measurement was analyzed by the average of five field of visions of each 
samples. Statistical analysis was carried out by t-test. *P<0.01  

5.3.1.1. The effects of FIR energy radiation on the titanium implant 

Pure titanium post (RTP post titanium #Ti, Dentech, Tokyo) were treated with the snowtech 
O solution (Nissan Chemical Industries, Tokyo) for 48 hours and immersed in MEM 
medium (Minimum Essential Medium Eagle, Sigma, St. Louis, MO, USA) for 5 days. 
Control group was only immersed in MEM medium at same condition. The 20 S.D. rats of 6 
weeks old were implanted the titanium post into the central position of the femur. Left side 
was control group and Right side was the snowtech O solution treated group. These rats 
were separated two groups which the FIR energy radiating group kept in the FIR animal 
raising apparatus and the control group was kept in the normal animal raising apparatus. 
The femur with the titanium post was extracted and measured the intensity between the 
titanium and the bone by the tension test with the small omnipotent testing machine 
(Autograph, Shimadzu, Kyoto) after 1, 2 and 4 weeks raising. The same experiments were 
repeated twice. Though the data were easy affected by the damage of the surgical operation 
and the extent of the inflammation, the identical tendency was shown. The tension intensity 
of the implanted titanium post with the snowtech O solution in the FIR energy radiating 
group significantly reinforced 2.68 times as much as the same implant in the control group 
after 2 weeks (Fig.24).  

** 
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Figure 24. The effect of the FIR radiation on the strength of the bone bonding to titanium. The bone 
bonding to titanium was clearly promoted by the FIR energy radiation. 

It was been thinking that FIR energy was too weak to permeate deep into the tissue of the 
living body. But, if the FIR energy radiation affects the water molecules in the blood as 
mentioned previously, the blood of the whole body was affected by FIR energy even if the 
deep position. The possibility is supported by the experimental results which the new bone 
formation inside of the femur was activated by the FIR energy radiation at the surface of the 
skin from outside of body. 

It is suggested that the deformational vibration of the water molecules in the blood affected 
by the FIR energy radiation was activated by the transmission of the energy through the 
resonance effect because the energy of deformation vibration was coincident with the 
radiating energy. It was proved that the blood containing the activated water molecules 
become quickly flow into the bone to activate the new bone formation. 

5.3.1.2. The effects of the feed containing the FIR ceramics on the growth of bone 

The powder of the rhyolite mined at the vein of ore located on the Median Tectonic Line 
around Ehime prefecture was utilized for this experiment. The composition of the 
ingredient is SiO2 66.8%, Al2O3 13.52%, Fe2O3 6.98%, K2O 4.19%, Na2O 3.98%, CaO 2.55%. 
The 60 rats of SD strain at 4 weeks old were separated the three groups of 0.01% and 
0.1%FIR treated and control. The each group was raised every 2 or 3 days with the standard 
feed containing 0.01% and 0.1% rhyolite and nothing for the each group in the measurement 
the amount of the eating feed. After 115days, all rats were killed by the over anesthesia and 
the femur and the tibia were measured at many parts of width and the length.  

By the results of experiments, the amount of the eating feed of 0.01% FIR treated group 
increased up to 6.3%, that of 0. 1% FIR treated group decreased on the contrary compared 
with the control group. The width of the right femur at distal, central and postal position 
significantly grew each 3.2%, 21.4% and 12.3% and that of the right tibia at central position 



 
The Effects of the Far-Infrared Ray (FIR) Energy Radiation on Living Body 293 

and the left femur at the distal position grew 1.3% also. The width of the right femur at 
central and distal position significantly grew each 3.7% and 6.1%, and that of the right tibia 
at central position and the left tibia at the distal position grew 11.8% also. Then, on the 
length of the long bone, the left tibia significantly grew 2.4% alone. The special affected parts 
were shown at Fig.25. It was clarified that the width of the femur and tibia quickly grew as 
shown in Fig.25.  

 
Figure 25. The effect of the eating the feed containing rhyolite on the growth of the bone. The 
measurement parts of the femur and the tibia were shown (A). The growth of the femur and the tibia of 
these three groups of 0.01% and 0.1%FIR treated and control were compared after 115days. Right : (B), 
Left : (C) It was clarified that the width of the femur and tibia quickly grew in the 0.01% FIR group.  

It was made clear by these results that the bone formation was promoted by the inside 
radiation from the digestive organs by eating the feed containing the FIR energy radiating 
ceramics as same as the outside radiation of the FIR energy. These results suggest that the 
FIR energy radiation from the digestive organs arrives easy the deep posited bone of the 
living body. Still more, it was thought that the growth of length was a little inhibited and 
that of width was promoted. In other words, the FIR energy radiation does not promote the 
intrachondral ossification but the intra-membranous ossification that the osteoblast directly 
differentiates from the undifferentiated cells. As the effects of the bone affected more 
sensitive than the cartilage with the blood capillary, it was thought that the bone formation 
by the osteoblast is promoted by the FIR energy radiation. The results also prove that the 
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FIR energy radiation affected the living body though the blood containing many water 
molecules. It was clarified that the FIR energy radiation promotes the bone formation 
though the energy transmission to water molecules.  

5.4. The Effects of the FIR energy radiation on the cancer 

5.4.1. The Effects of the FIR energy radiation on the culture cancer cells  

In order to clarify the effects of the FIR energy radiation on the culture cancer cells, A431 
human epithelial vulva carcinoma cells, Sa3 human gingival squamous carcinoma cells, 
HSC3 human tongue squamous carcinoma cells, A549 human lung carcinoma cells, and 
MCF7 human breast carcinoma cells were cultured for the analysis of the effects on the 
proliferation, the shape of cells and the induction of apoptosis.  

A431, A549, and MCF7 cells were cultured in Dulbecco’s modified Eagle’s medium/Ham’s 
F-12 nutrient mixture (Sigma, St. Louis, MO, USA). HSC3 and Sa3 cells were cultured in 
Eagle’s basal medium (Sigma). All culture medium was supplemented with 10% heat-
inactivated fetal bovine serum. The cells (5×104) were plated and measured on days 8 using 
0.2% trypan blue and the hemocytometer. Incorporation of 5-bromo-2’-deoxyuridine (BrdU) 
was used to determine the amount of DNA synthesis. Cells were observed with a CK40 
phase contrast microscope (Olympus, Tokyo, Japan), fixed, and stained with hematoxylin 
and eosin. Still more, apoptotic cells were identified using an Apo-BrdU in situ DNA 
Fragmentation Assay Kit (Bio Vision, Mountain View, CA, USA).  

Although the proliferation of A549, HSC3, and Sa3 cells was significantly suppressed from 
day 6 of culture (59.0%, 75.4%, and 76.2%, respectively) up to at least day 10, FIR irradiation 
had little effect on the growth of A431 or MCF7 cells. Measurement of BrdU incorporation 
on day 4 of culture also showed a significant suppression of growth by FIR irradiation in 
A549, HSC3, and Sa3 cells but not in A431 or MCF7 cells. Observation of the morphology by 
the phase contrast microscopy revealed that the cytoplasm and nucleus was enlarged in 
A549 cells. Some of the HSC3 cells also showed hypertrophy of the cytoplasm and nucleus 
and others tended to show atrophy. Finally, some of the Sa3 cells showed hypertrophy of 
the cytoplasm (to refer JEMAA 2010, 2, 382-394, Fig.1) [10] 

To determine whether the inhibition of proliferation by FIR energy radiation was associated 
with apoptosis or necrosis, cancer cells were subjected to FIR irradiation of 48 h and 
analyzed on day 4 by staining with annexin V-FITC and PI and by TUNEL (TdT-mediated 
dUTP-biotin nick end labeling) (to refer JEMAA, 2010, 2, 382-394, Fig.3)[10]. These results 
indicated that FIR did not induce apoptosis in A431, HSC3, or Sa3 cells. A few of the Sa3 
cells showed significant necrosis. These results indicate that the inhibition of proliferation by 
FIR in the cancer cells, particularly in HSC3 and Sa3 cells, was not due to apoptosis. Still 
more, in order to analyze all expressing genes induced by FIR energy radiation, the control 
and the FIR-irradiated samples after four days culture was monitored using a Qiagen 
RNeasy Mini Kit (Qiagen, Valencia, CA, USA) with elimination of low signal feature of 
background signal + 2.6 × SD, and P value < 0.01. Genes were further classified for process 
and function according to their  
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Table 3. The analysis of the extracted genes induced by the FIR energy radiation. The 10 most 
promoted genes and the 10 most inhibited genes in these changed genes showed 
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By the results that the significant changed genes of the 5 cancer cells by the FIR energy 
radiation were search, the cells inhibited the proliferation and showed that the many 
genes related the proliferation changed. The number of the inhibited genes by FIR 
energy radiation is more than that of the promoted gene except for the HSC3 cells. The 
10 most promoted genes and the 10 most inhibited genes in these changed genes were 
shown at Table 3. There is no common gene in the expressed gene of 5 cells. These genes 
contained mainly the transcriptional factor and the control factor of the transcriptional 
factor.  

5.4.2. The control system in the cancer cells for the FIR energy radiation 

At the process of the analysis of the gene expression induced by the FIR energy radiation, it 
was made clear that the gene expression of HSP (Heat Shock Protein) 70 was reinforced by 
the FIR energy radiation. Therefore, the hyper expression cells and the knockdown cells of 
HSP70 were formed to analyze the effect on the proliferation.  

 In order to directly determine whether HSP70 can protect cells from FIR-induced cell death, 
we developed A431 and HSC3 cell lines stably expressing human HSP70A (A431-HSP70A 
and HSC3-HSP70A cells, respectively). Control cells were transfected with empty 
pcDNA3.1 (A431-Neo and HSC3-Neo). In our initial experiments, we found that the 
exposure of HSC3 and Sa3 cells but not A431 cells to the FIR energy radiation causes 
G2/M arrest and induces partial hypertrophy to the necrosis (data not shown) [12]. To 
determine whether the increased expression of HSP70A confers protection against the FIR 
energy radiation, the cell survival was examined in FIR-irradiated A431-HSP70, A431-
Neo, A431-wt, and HSC3-HSP70, HSC3-Neo, and HSC3-wt cells. We found that over 
expression of HSP70A increased the cell proliferation in A431 and HSC3 cells. 
Furthermore, the proliferation of FIR-irradiated and control (unirradiated) A431-HSP70A 
cells was similar. The survival rate after 6 days of FIR irradiation was significantly higher 
in HSC3-HSP70A cells than in HSC3-Neo or HSC3-wt cells. In addition, the proliferation 
of FIR-treated HSC3-HSP70A cells was similar to that of control HSC3-HSP70A cells. The 
BrdU incorporation was significantly higher in FIR-irradiated or control A431-HSP70A 
cells than in A431-Neo or A431-wt cells. Although the BrdU incorporation of FIR-
irradiated HSC3-wt and HSC3-Neo cells was lower than in unirradiated HSC3-wt and 
HSC3-Neo cells, it was similar in FIR-irradiated and unirradiated HSC3-HSP70A cells (to 
refer Med.Oncol 2008, 25, 229-237, Fig.3)[9].  

HSP70 appears to be present in a variety of normal cell types and its expression may be 
induced by several stressors, such as hyperthermia, cardiac ischemia, infection, UV 
radiation, endotoxin, and nitric oxide to suppress or denature any foreign protein and 
restore an injured protein from lethal effects [13]. HSP70 seems particularly important for 
cancer cells. In human breast cancer, the expression of HSP70 correlates with increased cell 
proliferation, poor differentiation, lymph node metastases, and poor therapeutic outcome 
[14]. In vivo animal studies and clinical trials have revealed that hyperthermia may serve as 
a powerful tool in the treatment of prostate cancer [15-20]; at the cellular level, hyperthermic 
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stress induces HSPs. Moreover, chemotherapeutic agents such as cisplatin, adriamycin, and 
bleomycin, as well as γ-radiation induce HSPs. HSP70 participates in cytoprotection and is 
associated with cellular resistance to lethal external effects [18-21]. However, in the present 
study, HSP70 was never induced by FIR. These results suggested that FIR has anti-tumor 
activity without inducing HSP70 as an anti-stress factor. This characteristic indicates that 
FIR may be suitable for medical treatment. 

We next examined the effect of knocking down HSP70A and HSP70C mRNA and HSP70 
protein expression using siRNA. Transfection with HSP70A/C siRNA effectively 
decreased HSP70A and HSP70C mRNA (Fig. 4A) and protein levels in both A431 and 
HSC3 cells without affecting the level of HSP70B mRNA or protein. HSP70A/C siRNA did 
not suppress BrdU incorporation in unirradiated A431 cells, but it suppressed BrdU 
incorporation in cells irradiated with FIR. Similarly, the HSP70A/C siRNA enhanced the 
suppression of BrdU incorporation by FIR irradiation. FIR irradiation also significantly 
suppressed BrdU incorporation in HSC3 cells transfected with the negative control 
siRNA. These results indicate that a decrease in HSP70 protein mediates the ability of 
limited FIR to inhibit the proliferation of A431 and HSC3 cells (to refer Med.Oncol 2008, 
25, 229-237, Fig.4)[9].  

5.4.3. The effects of the FIR energy radiation on the implanted cancer cell to mice 

For experiments on body weight change, 10-week-old male skid mice (CB17/Icr-Prkdc) 
and 6- to 8-week-old male nude mice (Crlj:CD1-Foxn1) purchased from Charles River 
Japan (Yokohama, Japan) were housed with temperature control and a 12-h light-dark 
cycle. Male skid mice were weighed every 5 days, beginning at 10 weeks of age. FIR 
treatment by our developed animal raiser (FIR group), n=7 and control (control group), 
n=8.  

The log-phase cancer cells cultured in 10% FBS and DMEM/HamF-12 medium (Sigma, St. 
Louis, USA) resuspended at a cell density of 1×107 ml in PBS containing 500 μg/ml of 
MatrigelTM basement membrane matrix (Becton Dickinson Labware, Two Oak Park, 
Bedford, MA). The tumor cells (1×106) were suspended in 0.1 ml of PBS containing 50 μg of 
MatrigelTM and were slowly hypodermically injected in the back using a 25-gauge needle. 
After injecting tumor cells, mice were separated two groups: FIR group and control group. 
During the experiments, the long and short diameters of the resulting tumor were measured 
in five-day intervals, and tumor volume was calculated by the following formula: tumor 
volume (mm3) =1/2× (long diameter) × (short diameter) 2. 

For purpose of the ascertaining tumor organization change by the FIR energy radiation, the 
excised tumor was observed after stained with hematoxylin and eosin to detect tumor 
organization change after 30 days. 

Then we carried out immunohistochemical analyses to detect matrix metalloproteinases 
(MMP) members MMP-1, MMP-9, MMP-10 and MMP-13 [9]. The increase in tumor volume 
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after implantation was significantly suppressed by whole-body FIR starting from day 15, 
compared to the control group (to refer J Table1). The cDNA microarray analysis of tumor 
samples of control and FIR-treated showed that MMP-1, MMP-9, MMP-10, and MMP-13 in 
the MMP family were significantly down-regulated in the FIR group compared with control 
group (to refer ITEL 2005, 6(6), 597-601, Table1) [9]. The expression profiles obtained from 
cDNA microarray analyses as analyzed by quantitative real-time RT-PCR showed the 
control group to have highly significant overexpression of the genes for MMP-1, MMP-9, 
MMP-10, and MMP-13 compared to the FIR group (to refer ITEL 2005, 6(6), 597-601, Fig.4) 
[9].  

These results suggest that suppression of tumor volume increase by in vivo FIR radiation 
was due to inhibition of MMPs by FIR radiation. In other words, FIR suppresses invasion 
and metastasis of tumor cells by inhibiting the expression of MMP-1, 9, 10 and 13.  

As shown in (to refer ITEL 2005, 6(6), 597-601, Fig 5) [9], extensive portions of tumor tissue 
in the FIR group was encapsulated and necrotized in intra tumor division. On the other 
hand, in the control group tumor cells showed active proliferation and invasion into the 
surrounding muscular tissue. In addition, evaluation of the immunohistochemical 
expression of MMP-1, MMP-9, MMP-10 and MMP-13 using tumor tissues of control and FIR 
groups on day 30 after implantation showed MMP-1 and MMP-9 to be positively expressed 
in the tumor stroma of the control group, while MMP-10 and MMP-13 were strongly 
positive in tumor parenchyma (the part positively dyed at Cytokeratin10) (to refer ITEL 
2005, 6(6), 597-601, Fig. 6) [9]. However, these MMPs in the FIR group were not significantly 
expressed. The result of immunohistological detection for these MMPs was concordant with 
the results of cDNA microarray and QRT-PCR. That is, FIR radiation seemed to suppress 
invasion of tumor cells by inhibiting the expression of MMP-1, MMP-9, MMP-10, and MMP-
13. 

The increased expression and activity of MMPs is associated with tumor invasion, 
metastasis, and angiogenesis [22]. The role of MMP-1 in tumor invasion and metastasis has 
only recently been determined [23]. MMP-1 has been shown to cleave entactin, thus 
contributing to the degradation of basement membranes and hence potentially contributing 
to the transitioning across epithelial barriers by tumor cells [24]. Immunohistochemical 
detection of MMP-1 expression is also associated with increased invasive potential and poor 
prognosis in colon and esophageal cancers [25, 26]. The first barrier to tumor invasion is the 
basement membrane, and because one of its principle constituents is type I collagen, the 
gelatinases (MMP-2 and MMP-9) are thought to play important roles in its degradation [27]. 
MMP-10 (stromelysin-2) is known to degrade various components of the extracellular 
matrix, and though it has been reported that MMP-10 (stromelysin-2) expression by 
lymphoma cells accelerates the growth of thymic lymphoma [28], the role of MMP-10 in 
other types of tumor growth is relatively unknown. MMP-13 (collagenase-3) is expressed in 
breast carcinoma and in articular cartilage of arthritic patients [29]. In addition, MMP-13 has 
high collagenolytic and gelatinolytic activity, and MMP-13 may be of importance in 
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degradative processes involved in breast cancer progression [29]. In the present study, it 
was suggested that MMP-1, MMP-9, MMP-10, and MMP-13 are important for the invasion 
and metastasis of epithelial cancer of the human vulva A431 cell line in vivo and that the 
activities of MMP-1, MMP-9, MMP-10, and MMP-13 are selectively inhibited by FIR 
irradiation. 

In conclusion, FIR irradiation can suppress tumor growth and invasion of epithelial cancer 
of the human vulva tumor by inhibiting the expression of MMP-1, MMP-9, MMP-10, and 
MMP-13 without critical side effects. Inhibition of MMP expression was considered to be 
one of the mechanisms by which multiplication of A431 tumor cells was suppressed in FIR 
irradiation. 

6. Conclusion 

It was made clear that the motion of the water molecules was surely and physically 
activated by the radiation of FIR with the CO2 incubator and the animal raising apparatus. 
The analysis of the change of blood circulation conducted the conclusion that the FIR energy 
radiation activated not only the motion of water molecules but also the blood circulation in 
the living body. Still more, it was made clear that the activation effects on the water 
molecules developed the activation effects of the skin regeneration and the new bone 
formation. Moreover, the proliferation or metastasis of the various cancer cells were 
inhibited by the FIR energy radiation connected with the activation of blood circulation. It is 
expected that the present studies on the FIR energy radiation connect with the development 
of medical treatment for the regeneration of the tissue and organ as a skin and a bone, and 
the prevention medicine for cancer.  
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1. Introduction 

Over the last decade, there has been a significant increase in the number of clinical trials 
taking place in sub-Saharan Africa in a concerted effort to identify safe and effective 
prevention and treatment strategies to combat the heavy burden of infectious diseases in 
this region [1-3]. This is because numerous viral, parasitic and bacterial diseases are endemic 
in this region, including: 66% of the global HIV/AIDS infections, 31% of tuberculosis 
infections, and 86% of malaria cases [3, 4]. Routine capacity for clinical laboratory testing is 
also increasing in Africa. Clinical trials and clinical care in sub-Saharan Africa require 
accurate laboratory reference intervals for appropriate assessment of patients/participants, 
monitoring disease progression, and reporting of possible toxicity and adverse events.  

This is particularly important in phase I and II clinical trials. Phase I trials often enroll a 
small group of healthy participants in order to determine the metabolic and pharmacologic 
actions of drugs, side effects associated with increasing doses and early evidence of efficacy. 
Phase II trials on the other hand are controlled clinical studies conducted to evaluate efficacy 
of drug/vaccine for a particular indication in a larger group of participants and to further 
evaluate its safety. Many HIV vaccine trials are slated for Phase I–III trials in Africa. The 
inception of the US President's Emergency Plan for AIDS Relief in 2004, with a mandate to 
treat 2 million HIV infections with anti-retroviral therapy by 2008 has accelerated the 
implementation of lymphocyte immunophenotyping in urban and rural areas in Africa as 
initiation of therapy is often predicated on absolute CD4 T- lymphocyte counts. Central to 
any HIV vaccine and/or care and treatment program is the capability to measure absolute 
CD4 counts. CD4 counts are important in the context of breakthrough infections during HIV 
vaccine trials and informing treatment. Correct diagnosis in patient management often 
involves accurate interpretation of results from laboratory testing [5]. Hence it is critical for 
medical professionals to have access to an accurate management resource such as reference 
intervals. 
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Historically, clinical studies as well as routine clinical patient management in most African 
countries have relied on European-generated automated instrument values, US established 
reference intervals or the U.S. NIH division of AIDS (DAIDS) toxicity grading tables in 
assessing clinical parameters in study participants. The US-established reference intervals 
are obtained from the Massachusetts General Hospital reference values and serve as the 
standard reference interval comparison for most studies [6]. The DAIDS toxicity tables, also 
derived from a Caucasian population, are used for grading the severity of adult and 
pediatric adverse events, whether or not they are considered to be related to the study 
intervention [7]. DAIDS provides guidelines for estimating severity of adverse events using  
specific reference intervals (Table 1) as criteria for determining what is ‘normal’ and among 
abnormal values, how to grade the severity of the abnormality. 
 

PARAMETER GRADE 1 
MILD 

GRADE 2 
MODERATE 

GRADE 3 
SEVERE 

GRADE 4 
POTENTIALLY 
LIFE-THREATENING 

HEMOGLOBIN  10.0 – 10.9  g/dL 9.0 – 9.9  g/dL 7.0 – 8.9  g/dL < 7.0  g/dL 

NEUTROPHILS 
1.0 – 
1.3 x 109 cells/L 

0.75 –  
0.999 x 109cells/L 

0.5 –  
0.749 x 109cells/L < 0.5 x 109cells/L 

Adult and pediatric values for age >57 days, HIV-negative from the DAIDS toxicity tables version 1.0, December 2004; 
clarification August 2009. 

Table 1. Examples of DAIDS criteria of estimating severity grading based on laboratory parameters. 

Reference values, in general, refer to the value or test result obtained by the observation or 
measurement of a particular type of quantity on an adequate number of persons (reference 
sample group) selected to represent the general population. Reference values are usually 
presented as reference intervals which refer to the interval between, and including two 
reference limits i.e., from the lower reference limit to the upper reference limit defined by a 
specific percentage (usually 95%). In certain parameters such as absolute counts of 
monocytes, eosinophils and basophils, only one reference limit (decision limit), more often 
the upper reference limit is of biological significance hence the lower reference limit 
assumes a value of zero.  

Reference values go hand in hand with toxicity grading or decision limits, which can be 
defined as specific levels of the analyte that correspond to mild to life threatening clinical 
situations. Toxicity grading is particularly useful in the decision-making process of 
interpreting a measured value and assessing the health status of the subject being tested. For 
this reason reference values or toxicity grading are routinely used in clinical trials at 
enrollment to determine eligibility, establish baseline measures, and also during the course 
of the trial to monitor the participants’ health. Moreover, several analytes are used either as 
markers for the possible presence of a disease or as direct evidence for that disease. 
Reference values, especially hematological and immunologic indices, are influenced by such 
factors as genetics, dietary patterns, pregnancy, gender, age, ethnic origin and prior 
exposure to environmental pathogens. Thus, it is important to consider these factors when 
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applying reference intervals in diagnostics as well as in recruitment in clinical trials. 
According to the Clinical Laboratory and Standards Institute (CLSI) guidelines [8], it is 
recommended that laboratories establish their own reference intervals from the local 
population or validate the use of those obtained from a different setting. Despite this, 
clinicians and researchers in Africa have continued to use reference values of European or 
North American populations. Our group in Kenya has recently published reference 
intervals based on the CLSI guidelines and are currently assisting regional laboratories to 
establish their own reference intervals[9]. 

In this chapter, we give a brief background on the current status of participant recruitment 
in clinical trials and patient management in Africa. We will also describe how to select a 
reference population from which to derive the reference sample group. In addition, we 
describe various studies advocating the establishment of reference intervals performed in 
different regions of the African continent including our own. These studies show differences 
in hematological, biochemical and immunologic parameters between various African 
populations but these differences are statistically insignificant. However, most 
hematological, biochemical and immunologic parameters considered in the African studies 
are significantly different when compared to American and European derived values. This 
chapter will also discuss the proposed partitioning of adolescent males from adults given 
their increased recruitment into clinical trials. Adult males have significantly higher values 
for most hematological and biochemical parameters and we provide an explanation why 
this is so. While pregnant women and infants undergo physiological processes that alter 
their hematological and biochemical parameters, the partitioning of these cohorts has been 
slow. We discuss how pregnancy induces these changes and describe the particular 
parameters affected. We also highlight the dynamic changes in these parameters during 
infancy and how they differ from western-derived values. In this chapter, we also illustrate 
the downside of using inappropriate reference intervals in the recruitment of participants in 
clinical trials and patient management. We show how the use of such values results in 
exclusion of clinically healthy participants from clinical trials and may lead to inappropriate 
reporting of adverse events during the course of these studies.  This potentially results in 
escalation of costs in the conduct of clinical trials. In this book chapter, we also propose the 
development of laboratory-derived African toxicity grades that, in addition to the already 
developed reference values, would be used for reporting adverse events in clinical trials and 
for determining critical values in routine health care.   

2. Use of reference intervals, consequence of misclassification and 
selection of a reference population 

2.1. The use of reference intervals 

Reference intervals are useful both in the clinical and research environment. Medical 
laboratory reference intervals are primarily used for clinical purposes. They can be used as 
an indicator of good health. Alternatively, reference intervals/limits can be used to screen for 
physiological or pathological conditions hence important in routine health assessment, 
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particularly for screening of anemia, blood disorders and diseases of the immune system. 
Reference intervals are important for accurate interpretation of laboratory data and provide 
assistance to the clinician in creating a more comprehensive clinical perspective for 
diagnosis and management of patients [10]. Of particular importance is the use of reference 
values as surrogate markers for monitoring disease progression and response to 
antiretroviral therapy in HIV-infected individuals [11]. For example, decisions to initiate, 
continue, or change antiretroviral therapy regimens are determined using CD4+ T-
lymphocyte cell (CD4) counts, while drug toxicity is monitored using liver function tests,  
renal function tests, and full blood counts (FBC) [12, 13]. The hemoglobin concentration is 
used as a marker of anemia. As part of the management of anemia, the clinician conducts 
additional tests to identify a reversible etiology for anemia (eg, iron deficiency, infection) 
and if present treats it appropriately. However, in the clinical environment, the statistical 
definition of reference intervals may not allow certain clinical uses. Because these reference 
intervals have been derived statistically from a healthy population, they may not be used to 
rule in or rule out specific medical conditions. The statistically derived 95% reference 
interval would mean that 5% of normal subjects would have abnormal laboratory values. 
This is erroneously interpreted that 95% of diseased individuals would fall outside the 
derived reference interval. It is recommended that the number of diseased individuals who 
fall outside the defined 95% reference intervals be determined through a study of the 
distribution of such persons with the target condition [14]. Thus, it is necessary to confirm 
the validity of the proposed reference intervals with clinicians using a particular test to 
manage patients. 

In the research environment, however, the aim is to define a reference population that is as 
similar as possible to that for which a particular test will be applied with the exception of the 
presence of the disease. During clinical trials, reference intervals relevant to the study of 
interest are required to interpret normal values of standard laboratory test results from the 
target population [15]. This is particularly important during phase I/II safety trials where 
healthy individuals are assessed without a control group [15-17]. Moreover, clinical 
reference intervals are necessary in order to accurately assess potential adverse events 
observed during the course of clinical trials. 

2.2. Consequences of misclassification 

A majority of clinically healthy participants have been excluded from several clinical trials 
in Africa because laboratory hematological and biochemical parameters are classified as 
abnormal [18-20]. Unnecessary exclusion of potential participants generally results in 
increased cost for study recruitment to achieve the target sample size. Accurate reference 
intervals are required for monitoring adverse events during vaccine and drug trials to limit 
misclassification that might otherwise lead to discontinuation of such trials or erroneous 
conclusions that the trial interventions are associated with adverse events. A study 
documented that the expense of adverse event investigation and reporting accounted for at 
least one-third of the study cost, irrespective of the adverse event grade [18].  To overcome 
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these challenges, there is a need to establish accurate, locally derived reference intervals for 
the target population. Within the last decade, several studies in sub-Saharan Africa have 
attempted to establish hematological and biochemical reference intervals for use in clinical 
monitoring and patient management. 

2.3. Selection of a reference population 

The selection of a reference population is as per described in the Clinical Laboratory 
Standards Institute (CLSI, Wayne, PA, USA) guidelines [21]. The guidelines state that 
reference individuals selected for the determination of reference intervals should closely 
resemble the patient population undergoing medical examination and should be of similar 
age to be clinically significant [21]. The reference individuals should not be hospital or clinic 
patients unless absolutely necessary. The guidelines describe two selection methods for a 
reference population: a priori and a posteriori. A priori sampling method involves selection of 
reference individuals based on well-defined exclusion and partition criteria. The entire 
selection process takes place before any blood sample is drawn and a sufficient number of 
reference individuals are targeted to provide statistical validity. A posteriori sampling 
method involves selection of the reference population after the analyte has been tested. The 
CLSI guidelines recommend a minimum of 120 individuals to allow 90% confidence limits to 
be non-parametrically calculated for the reference limits [22]. Partitioning of reference intervals 
either by gender or age is recommended if clinically useful or physiologically well grounded. 
Even though 120 samples remains the recommended standard, an efficient laboratory, by 
considering the CLSI revised guideline strategies [8], can determine reference intervals using 
fewer samples [23]. Alternatively, a laboratory can adopt reference intervals established from 
another laboratory if the values are verified using the procedures set out in the guidelines.  

In our study [9] of adolescents and adults living in rural western Kenya, all participants 
were screened by a review of medical history, a physical examination, tested for HIV and 
pregnancy (for females), and treated for any illnesses diagnosed. Participants were included 
if they were a permanent resident of the study area, between 13 and 34 years of age and able 
to provide informed consent or assent if a minor. Participants were excluded if they were 
HIV-seropositive, pregnant, exhibiting febrile symptoms or on any medication. Blood 
samples were therefore obtained from clinically healthy participants selected to generate 
hematologic and biochemical reference intervals. Data were partitioned by age (<18 years of 
age as adolescents and ≥18 as adults) and gender; median and 95th percentile intervals were 
calculated. The lower 95% reference limit was defined as the 2.5th percentile while the 
upper limit was defined as the 97.5th percentile. A Wilcoxon rank-sum test was used to test 
for age and gender differences.  We compared our data against reference intervals from the 
Massachusetts General Hospital (MGH-USA) [6] and the U.S. NIH Division of AIDS 
(DAIDS) toxicity tables [7] to determine the number of study participants with values 
outside the MGH ranges or who had any adverse event as graded by the DAIDS criteria. 
However, while the CLSI guidelines recommend a description of the population from which 
reference intervals are derived, the DAIDS and Massachusetts General Hospital reference 
values do not provide such information. 
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3. Current status of reference values in Africa 
Reference intervals for clinical laboratory parameters have traditionally been obtained from 
European and North American populations [2]. However, differences have been reported 
between these values when compared to healthy African population values  [16]. These 
include lower hemoglobin, red blood cell counts, hematocrit, mean corpuscular volume, 
platelets and neutrophils, and higher monocyte and eosinophil levels for African population 
compared to their Western counterparts [16,24-26] and Africans of European decent [27, 28]. 
Moreover, variations in several indices have been reported between different African ethnic 
groups [26, 29-31]. These differences are postulated to occur due to factors such as genetics, 
dietary patterns, gender, age, ethnic origin and environmental pathogens which are known 
to influence hematological and immunologic indices [32-35].  

While the differences observed in some laboratory parameters between African and 
Caucasian/Western populations may be attributed to nutritional differences, genetic 
polymorphisms, or more intense environmental exposure to endemic pathogens, it must be 
stressed that these reference values are being derived from population-based statistical 
analyses of norms among healthy persons.  For example, healthy Africans tend to have 
lower white blood cell counts than Caucasians, but there is no evidence that they suffer any 
additional risk of developing severe infection or other sequelae.  Also, African American 
populations, with environmental exposures more like their white American counterparts, 
tend to have lower ‘normal values’ in hematologic parameters than Caucasian Americans, 
suggesting a genetic basis for these population differences. 

3.1 Variation in specific laboratory parameters 

a. Hematologic parameters 

The normal values of red cell counts and indices (i.e., hemoglobin concentration, hematocrit,  
mean corpuscular volume, red blood cell count), white cell counts and platelet counts are 
known to vary with age, sex and pregnancy [9, 16, 20, 31, 36]. In addition, genetic and 
environmental factors can also affect the reference intervals in certain populations [32-34, 
37]. It is of particular importance that these differences in reference intervals be considered 
by clinicians in different settings. 

i. Red blood cell (RBC) components 

African RBC component values were significantly lower when compared to reference 
intervals obtained from the Massachusetts General Hospital [6] from a North American 
population, and thus a significant proportion are misclassified when the NIH DAIDS 
toxicity tables are applied [9, 34, 38]. Differences observed in the RBC components between 
African and Caucasian populations may be attributed to lower dietary iron intake, genetic 
polymorphisms such as thalassemia and sickle cell trait or chronic exposure to endemic 
parasites including helminths, malaria and schistosomiasis.   

Statistically significant differences in median RBC, hemoglobin concentration (Hb) and 
hematocrit (Hct), mean corpuscular volume (MCV) and mean corpuscular hemoglobin 
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(MCH) by gender have been observed in several African studies, with adult males having 
higher values than adult females in East Africa [9, 16, 20, 31, 39, 40], Southern Africa [20, 36], 
West Africa [41] and Central Africa [42]. These gender differences in RBC parameters as 
illustrated in our findings (Table 2), are consistent with previously established evidence that 
males have higher values than females for these parameters and is partly attributed to the 
influence of the androgen hormone on erythropoiesis [43, 44] and to menstrual blood loss in 
women [16, 25, 39, 42, 45]. It has been reported that estrogens lower the Hb through 
hemodilution while testosterone increases the plasma volume but increases circulating RBC 
to an even greater extent [46]. 

 

  Age 13-17 years Age 18-34 years 

Parameter Gender  n 
Median (95th

percentile) 
p-value 
(gender)

n 
Median (95th

percentile) 
p-value 
(gender) 

p-value  
(age) 

Hemoglobin 
(g/dL) 

Female 57 12.2 (8.1 - 14.2)  <.0001 83 12.1(8.0 – 14.2) <.0001 0.3243 

Male 76 13.1 (10.6 - 15.6)  77 14.2 (11.4 - 16.9)  <.0001 

Hematocrit 
(%) 

Female 57 35.6 (24.8 - 43.1) <.0001 83 35.8 (23.2 - 44.3) <.0001 0.8015 

Male 76 38.8 (29.3 – 48.1)   77 41.7 (32.6- 51.5)  <.0001 

RBC (x1012/L) 
Female 57 4.7 (3.3 -  5.4) 0.0001 83 4.5 (3.4 - 5.7) <.0001 0.2638 

Male 76 4.9 (4.1 - 5.8)   77 5.3 (4.3 - 6.5)  <.0001 

PLT(x109/L) 
Female 57 233 (134 – 439) 0.2958 83 220 (88 – 439) 0.0222 0.4034 

Male 76 224 (103 – 386)   77 201 (102 -307)  0.0094 

WBC (x109/L) 
Female 57 5.2 (3.9-10.2) 0.6359 83 5.6 (3.3-9.7) 0.0189 0.2038 

Male 76 5.6 (3.3-8.3)  77 5.3 (2.5-7.4)  0.6382 

Lymphocytes 
(x109/L) 

Female 57 2.2 (1.1 - 3.1) 0.9820 83 2.2 (1.3 - 3.8) 0.6901 0.9388 

Male 76 2.2 (1.0 - 4.2)   77 2.2 (1.0 – 3.5)  0.585 

Ab 
Neutrophils 
(x109/L) 

Female     57 2.0 (1.0-6.2) 0.4991 83 2.3 (1.3-5.4) 0.0004 0.0576 

Male      76 1.9 (0.8-5.0)   77 2.0 (0.8-3.9)  0.6575 

CD4: 
Absolute 

Female 58 934 (465- 1553) 0.4074 83 866 (440-1602) 0.0141 0.509 

Male 76 874 (367-1571)   77 811 (462-1306)  0.0209 

CD8: 
Absolute 

Female 58 506 (195-1068) 0.4506 83 472 (262 - 1167) 0.8706 0.9213 

Male 76 468 (195-988)   77 468 (201-1104)  0.4194 

CD4/CD8 
ratio 

Female 58 1.8 (0.9-3.2) 0.9215 83  1.8 (0.8-3.0) 0.0728 0.4879 

Male 76 1.8 (0.8-2.8)   77 1.6 (0.8-2.8)   0.0543 

Table 2. Test of difference in hematologic and immunologic parameters between gender and age-
groups from healthy 13-34 year olds in a rural western Kenya cohort (2003-2005). 
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Age-related differences in the RBC component have also been observed among male 
participants, with adults (≥18 years) having higher levels of Hb, Hct and RBC compared to 
male adolescents (13-17 years) as shown here (Table 2) [9]. This age variation is similar to that 
reported in a study of Caucasian adolescents [34]. This difference could be attributed to higher 
levels of androgen hormones among older males. This explanation is further strengthened by 
the absence of age-related hematological difference among female participants. It has also been 
postulated that an increase in the size and mass of muscle fibers as occurs in males is 
associated with an increase in the number of circulating red blood cells [47].  

There are limited data comparing reference intervals for hematologic values among African 
children compared to Caucasian children and also few studies on relevant local reference 
values for African infants. However, these studies, similar to the adult studies, have 
highlighted differences in RBC components compared to values obtained from Caucasian 
children [48]. The lower RBC parameters, as in the adolescent and adult groups, may be 
attributed to impaired hematopoiesis as a result of lower dietary iron intake, chronic blood 
loss due to hookworm infestation or chronic malaria infection [25]. Endemic sickle cell trait 
(HbS) and α-thalassemia may also play an important role [49]. 

ii. Platelets 

In general, lower platelet counts are more common in African than in Western populations. 
While the lower platelet counts in African populations are consistent in several African 
studies [24, 25, 30, 31, 40], its etiology is unknown. Possibilities such as dietary, 
environmental and genetic factors have been proposed [24, 30, 31]. Nevertheless, the 
significant difference in the lower limit of the reference interval between African and 
Caucasian populations warrants consideration when interpreting platelet counts in patients 
or during clinical trial recruitment in African populations. 

Among Africans males, significant age-related differences have been observed in platelet 
counts with adults having higher platelet counts compared to adolescents [9]. This variation 
is observed as a progressive increase with age from adolescence to young adulthood. In 
comparison, there is little age variation in platelet counts among females. However, females 
have higher platelet counts than males both in adolescence [9] and adulthood [9, 16]. These 
gender differences in platelet counts have been attributed to hormonal influences [50]. 
Platelet count have been observed to falls at the onset of menstruation while peak values are 
obtained in mid-cycle indicating that hormonal influences and/or menstrual blood loss may 
be involved [27]. While platelet levels remain stable during pregnancy, a decrease has been 
reported immediately after delivery, likely due to consumption during separation and 
delivery of the placenta. 

iii. White Blood Cell (WBC) components 

A high proportion of participants in the African studies have WBC counts below the lower 
range of the Massachusetts General Hospital US population-derived values [9, 20]. This 
phenomenon is consistent with a number of studies that have reported lower WBC counts in 
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African populations and those of African ancestry, including African Americans, than in 
Caucasian populations [24, 30, 51-53]. Because the reference interval for WBC counts is 
significantly different from that of Caucasian populations, it is advisable to use appropriate 
ethnic group intervals when interpreting blood counts [31]. 

Gender differences in the WBC counts exist in both African and Caucasian populations with 
females having higher values than males [9, 20, 54]. Age-related difference in WBC counts 
has been reported in several African studies [9, 25, 33]. Adolescents have higher WBC 
counts compared to adults as shown in our study (Table 2) [9].  

1. Neutrophils 

Within the U.S., lower neutrophil counts are more common among blacks compared to 
Caucasians [28]. Thus, it is not unsurprising to observe a higher proportion of African study 
participants (22.5-35%) having neutrophil counts below the lower range of Massachusetts 
General Hospital’s population-derived reference interval [9]. It is estimated that about 25% 
to 50% of Africans have “benign ethnic neutropenia,” maintaining consistently low absolute 
neutrophil counts with no evidence of increased susceptibility to infection or other adverse 
events [28]. Possibile explanations for the lower neutrophil count include diet, genetic or 
environmental influences [53, 55].  

In general, there are significant differences in neutrophil counts between male and female 
adults, with the females having higher neutrophil counts than males. This increase in 
neutrophil counts observed in women may be related to estrogen since a decrease in counts 
has been reported after menopause [39]. Oral contraceptives have also been implicated in 
neutrophilia [56].  

Additionally, several studies in southern Africa have documented high rates of neutropenia 
in infants of women receiving Prevention of Mother to Child Transmission interventions 
[57-591]. Evaluation of neutropenia in infants receiving antiretroviral prophylaxis or 
treatment (directly or indirectly through maternal exposure in utero or through 
breastfeeding) remains a challenge. Neutropenia is a known side effect of zidovudine [60] 
and trimethoprim/sulfamethoxazole, which is often prescribed for prevention of 
opportunistic infections in HIV-infected and/or HIV-exposed infants/children. This 
problem is further compounded by the paucity of normative data for hematologic values 
in African infants.  

2. Basophils and eosinophils 

Basophil and eosinophil counts in African populations are significantly elevated in both 
genders when compared to the US-based reference intervals [9, 20]. This may be due to a 
high prevalence of parasitic infections in the environment including schistosomiasis, 
helminthic infections, perennial malaria and exposure to a broader range of environmental 
antigens [25, 39]. However, the eosinophil counts do not vary significantly by gender or by 
age, as assessed between adolescent and adult  African participants [9, 34]. 
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3. Monocytes 

Generally, no ethnic or age differences are observed between Caucasian and African 
populations [46]. Monocyte counts in Eastern and Southern Africa are comparable to the US 
derived valuesand thus there is no need for separate reference intervals [9, 20]. 

In the African studies, no differences are observed in absolute monocyte counts between 
adolescents and adults or by gender [9, 20]. Previous studies from Eastern and Southern 
African populations indicate an increase in monocyte counts in males compared with 
females but the difference is not significant [3, 24, 26, 29, 30].  

4. Lymphocytes 

Among healthy, HIV-uninfected persons, there are no significant differences in lymphocyte 
counts between Caucasian and African populations but females generally have higher 
lymphocyte counts than males [54]. This is corroborated by studies within Africa that 
indicated higher CD4 cell percentage and absolute CD4 counts in females compared to 
males [9, 26, 61].  

However, geographical variation exists in lymphocyte counts with some populations in 
Southern African showing significantly lower reference values than other parts of Africa 
[62]. In assessing age-related variability, younger age is associated with higher CD4 cell 
counts and a higher CD4:CD8 ratio. However, the differences are not significantly except for 
CD4 cell counts between male adolescent and male adults [9]. These age and geographical 
variations need to be considered when interpreting lymphocyte counts. 

b. Clinical chemistry parameters 

Most African studies [9, 15, 16, 20] report reference intervals for most parameters (creatinine, 
direct bilirubin, amylase and albumin) that are in agreement with reference intervals 
published in the United States [6]. However, certain parameters such as Creatine Kinase 
(CK) and Lactose Dehydrogenase (LDH) have upper intervals that are substantially higher 
than those published in the Massachusetts General Hospital intervals [16, 20]. Other 
parameters with a similar trend include total bilirubin (T-bil) and blood urea nitrogen 
(BUN). The upper range for T-bil is about twice as high as that of the US-derived upper 
reference limit while the lower range for BUN is a about a third of the US-derived lower 
reference limit [9, 15, 20]. The etiology of high T-bil in the African population may arise 
from a number of factors including RBC hemolysis caused by malaria infection or sickle cell 
disease, malnutrition or physical exertion. Moreover, the presence of similar trends among 
other African populations is suggestive of a common environmental or genetic factor.   

Our findings indicated gender and age variations in blood chemistry analytes of liver and 
renal function among African adolescents and adults. Male adolescents and adults had 
higher values for alanine aminotransferase (ALT), aspartate aminotransferase (AST), T-bil 
and creatinine than females adolescents and adults (Table 3). These gender differences were 
significantly greater for T-bil and creatinine in both adolescents and adults while for AST, 
the difference was significant only among the adolescents. However, these differences were 
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not clinically significant. There were no gender differences in BUN and glucose levels for all 
age groups and no significant differences in T-bil, AST, ALT and glucose between the two 
age groups for both males and females.  However adult men and women had higher values 
for creatinine and BUN compared to adolescent males and females, respectively.  
 

   Age 13-17 years   Age 18-34 years   

Parameter Gender n 
Median (95th

percentile)  n 
Median (95th

percentile) 
p-value 
(gender) 

p-value  
(age) 

AST/SGOT 
(μ/L) 

Female 62 22.6 (12.0 – 43.1) 0.0102 82 22.2 (13.5 - 48.5) 0.0822 0.5905 
Male 77 26.9 (17.0 – 59.2)   77 26.7 (12.5-69.3)  0.9147 

ALT/SGPT 
(μ/L) 

Female 62 17.4 (4.2-65.3) 0.6289 82 18.9 (10.7-61.3) 0.2247 0.1305 
Male 77 20.5 (4.9-42.4)   77 22.4 (12.0-80.6)  0.0901 

Total 
Bilirubin 
(μmol/L) 

Female 62 9.7 (3.7-38.5) 0.0331 82 11.5 (5.8-36.1) 0.0368 0.7132 

Male 77 13.9 (5.7 – 62.6)   77 13.8 (5.3 - 50.7)  0.6662 

Creatinine 
(μmol/L) 

Female 62 64.5 (48.0-87.6) 0.0229 82 70.7 (52.4-96.8) <.0001 0.0013 
Male 77 66.3 (49.6-103.7)   77 83.1(54.2-137.8)  <.0001 

Table 3. Test of difference in clinical chemistry parameters between gender and age-groups from 
healthy 13-34 year olds in a rural western Kenya cohort (2003-2005). 

4. Should establishing separate normal ranges for African adolescents 
and pregnant women be considered? 

A number of studies similar to our published data [9], have reported age-related variation 
between male adolescents as compared to adults for Hb, Hct and RBC levels [25, 34, 45]. 
This observation is physiologically grounded on hormonal influence and as per the CLSI 
guidelines, partitioning reference intervals by age (or other subgroup considerations) may 
be appropriate. While these observations may not be of any medical significance, it should 
be taken into consideration whenever clinical trials target this population. To satisfy the 
statistical requirement for partitioning, there is need for further research on reference values 
among adolescents, as their participation in clinical trials increases.  

Other than the RBC components mentioned above, no significant age differences have been 
observed in other laboratory parameters measured among males or in any parameters 
measured among females except for creatinine and BUN. Thus, for such parameters for 
which no differences are reported, adult values can be used in clinical trials involving 
adolescents. 

With the advent of antiretroviral therapy for HIV and other interventions to improve 
maternal and child health, pregnant women and infants have become the focus of many 
health programs. However, few data exist regarding these important populations, despite 
increased clinical trials aimed at reducing mother-to-child HIV transmission. Although 
pregnancy-induced changes occur in hematological values including Hb, Hct and RBC 
count, very few laboratories provide specific reference ranges for pregnant women [63, 64]. 
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In pregnancy, blood volume increases resulting in hemodilution. While the red cell mass 
increases during pregnancy, the plasma volume increases more resulting in a relative 
anemia. This leads to a lower Hb level, Hct and RBC. Hb is known to vary with gestational 
age with the highest values within the first and last trimesters and lowest during the second 
trimester. Similarly, the Hct and RBC decreases with gestational age.  A stable higher upper 
reference limit for WBC count during pregnancy has been reported [65, 66]. WBC count is 
known to peak at delivery, thus limiting the use of this parameter as a marker for infection 
during delivery. This increase in WBC count results primarily from an increase in neutrophil 
counts and a slight increase in lymphocyte counts.  Currently, there exists no African study 
designed to establish reference intervals during pregnancy and most laboratory information 
systems report reference values based on samples obtained from non–pregnant women 
which may not be useful for clinical decisions during pregnancy. Thus, there is an increased 
risk of overlooking important physiologic alterations resulting from pathological conditions 
and of misinterpreting normal changes as pathological events [64]. It is therefore important 
to develop reference intervals for women during pregnancy and the postpartum period for 
use in patient monitoring and management.  

5. A case for African/ Region specific toxicity tables? 
Under a research-based approach, applying the US Massachusetts General Hospital derived 
reference intervals to our reference population from western Kenya during screening for a 
clinical trial (Table 4), over 58% of the volunteers would have been excluded from the trial 
despite having laboratory results consistent with the general population from which they 
were derived. This erroneous screening out of otherwise healthy volunteers would have 
important implications on study costs, work load and time, as more volunteers would be 
need to be screened in order to meet the required target [15].  

Similarly, applying the DAIDS toxicity tables to our population, some of our calculated 
reference intervals fall between the normal, and grade 1–2 toxicity grading in the DAIDS 
system (Table 4). Using the clinic based approach, 40% of our otherwise healthy study 
participants would have erroneously been considered to have at least one laboratory-based 
grade 1–4 toxicity adverse event. The lower range for Hb, neutrophil counts, as well as the 
upper range for eosinophil counts and bilirubin would be considered as grade 2 adverse 
events, for example.  Even though studies have documented these findings, this information 
is not widely known and as a result, DAIDS has issued only 1 set of “standard” toxicity 
tables without considering racial or ethnic differences [57]. Thus, during international 
clinical trials, these tables are used as guidelines in the conduct of such trials. This may 
result in a situation where the results of a clinical trial cannot be generalized to the 
population in question since a majority of otherwise healthy participants are screened out. 
Moreover, given that the investigational product is intended for use within the same 
population being sampled, this may complicate post-market analysis or application of the 
product for the general population. Unfortunately, there are no comparable tables from 
Africa on which such clinical decisions can be based. It is therefore important that African 
countries carry out large studies in different regions of Africa for such parameters to 
establish African toxicity tables. 
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MGH USA  reference 
intervals 
(25th percentile)[6] 

Division of AIDS (DAIDS) toxicity grading 

  
out of range 
Comparison 

Grade 1 Grade 2 Grade 3 Grade 4 

Parameter n 
95th

percentile
n % n % n % n % n %  

Hemoglobin  Males (g/dl) 140 13.5-17.5 65 46 2 1.3 0 0 2 1.3 0 0 
Hemoglobin  Females 
(g/dl) 153 12-16 61 40 11 7.9 8 5.7 14 10 0 0 

Hct (females) (%) 140 36-46 74 53         
Hct (males) (%) 153 41-53 88 58         
RBC (males) (1012 cells/L) 140 4.5-5.9 29 19         
RBC (females) (1012 cells/L) 153 4.0-5.2 32 23         
MCV (fL) 293 80-100 157 54         
Platelets (109 cells/L) 293 150-350 53 18 6 2 6 2 0 0 0 0 
WBC (109 cells/L) 293 4.5-11.0 66 23 2 0.7 0 0 0 0 0 0 
Lymphocyte count 
(109 cells/L) 

293 1.0-4.8 6 2 0 0 0 0 0 0 0 0 

Neutrophil count 
(109 cells/L) 

293 1.8-7.7 110 38 25 8.5 9 3.1 1 0.3 0 0 

Eosinophil (109 cells/L) 293 0-0.5 130 44 60 20.5 12 4.1 0 0 0 0 
Basophil count (109 cells/L) 293 0-0.2 5 2         
Monocyte count  
(109 cells/L) 

293 0-0.8 0 0         

ALT (SGPT) (U/ L) 293 0-35 30 10 12 4.1 1 0.3 0 0 0 0 
AST (SGOT) (U/ L) 293 0-35 40 13 9 3.1 3 1 0 0 0 0 
Total Bilirubin (μmol/L) 293 5.1-17.0 90 30 37 12.7 27 9.2 4 1.4 1 0.3 
Creatinine (μmol/L) 293 0-133 4 1 4 1.4 0 0 0 0 0 0 
Glucose mmol/L 293 4.2-6.4 210 71         
BUN (mmol/L) 293 3.6-7.1 246 84         
*CD4 (Cells/ μl) 293 404-1612 6 2 3 1 1 0.3 0 0 0 0 
*CD8 (Cells/ μl) 293 220-1129 13 4         

*Reference ranges provided by Becton-Dickinson with the MultiTEST IMK Kit Reagent package (12/2000;23-3602-02) -
DAIDS- Division of AIDS tables for grading the severity of adult and pediatric adverse events [26] - MGH-
Massachusetts General Hospital weekly case records [25] 

Table 4. Frequency of adverse events and out of range values comparing western Kenyan cohort to 
DAIDS and North American derived MGH values 

6. Conclusion 
While it is desirable to generate reference intervals for different populations, the procedure 
remains a challenge due to the prohibitive cost involved in performing these studies and the 
limitation in identifying suitable healthy reference individuals. Thus, the CLSI 
recommendation that all diagnostic laboratories should determine and maintain their own 
reference interval for each laboratory parameter is impractical. The revised CLSI guidelines 
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have recommended that if it is not possible to establish detailed reference studies, then 
validation of published reference intervals can be performed using methodology tailored for 
the population served by the laboratory. As few as 20 specimens can be used to validate 
reference values within each laboratory by performing a formal outlier test. 

Given the number of clinical trials and persons receiving clinical services is expected to 
increase substantially in sub-Saharan Africa, there is a need for the establishment of locally 
derived clinical laboratory reference values to ensure appropriate general health assessment, 
treatment monitoring, and efficient implementation of clinical trials. Even more important is 
the need for the establishment of toxicity grading tables for application in clinical care 
among Africans based on the documented differences between laboratory reference values 
from African populations and Caucasians or Western populations of mixed ethnic origin.  
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1. Introduction 

The aim of this chapter is to present a revised overview of small and large animal 
transfusion medicine based on a review of the veterinary literature. Blood transfusion has 
become more performable in small and large animal practice. By donor selection and the 
availability of blood component substitutes, usage of the blood products improved. The use 
of blood component therapy safely needed knowledge of blood groups, antibody prevalence 
and the impact of blood groups on veterinary transfusion medicine. Animal blood 
transfusions antibodies against blood group antigens also play a role. In addition 
knowledge of the means to decrease the risk of adverse reactions by using proper donors 
and screening assays that simplify detection of serological incompatibility is important. The 
clinical significance of blood group antigens in veterinary medicine is generally in the areas 
of transfusion reactions and neonatal isoerythrolysis (NI). This chapter includes an update 
on canine and feline, horse, donkey, cattle, sheep, gaot, pig, llama and alpaca blood groups 
and known blood incompatibilities, donor selection and blood collection, storage of blood 
components,  available equine blood products and indications for transfusion, whole blood 
(WB) and blood product transfusion in ruminants and camelids, blood component and 
blood substitute therapy, administration, and adverse reactions in small and large animal 
blood transfusion.  

2. Blood types in dogs and cats 

Blood types are classified according to specific antigens on the surface of erythrocytes. 
Platelets, leukocytes, and body tissues and fluids may also consists of erytrocyte antigens. 
[1]. In immunogenicity and clinical significance these antigens can differ. They can serve as 
markers of disease in some cases and taking part in recognition of self. The clinical 
significance of blood group antigens is generally noted in transfusion reactions and neonatal 
isoerythrolysis (NI) in veterinary medicine [2]. These antigens can characteristically trigger a 
reaction caused by circulating anti-erythrocyte antibodies in the opposite host or donor. 
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These antibodies can occur naturally. Also they can be induced by a previous transfusion. 
Interaction leads to the destruction by hemolysis of red blood cells (RBCs). This is one of the 
severe and potentially life-threatening situation. [3].  

The dog erytrocyte antigen types or blood types are categorized by the DEA (Dog 
Erythrocyte Antigen) system. DEA 1.1, 1.2, and 1.3 are termed A system. There are also DEA 
3, DEA 4, DEA 5, DEA 6, DEA 7 and DEA 8. [2]. In the United States the incidence of DEA 
1.1 is approximately 45% and DEA 1.2 is 20% [4]. DEA 1.3 is common in German shepherd 
dogs and has been reported only in Australia [5]. Frequency of DEA 1.1 in Kangal Dog was 
found as 61.1% in Turkey [6]. In Croatia where the closest data studied the rate was 66.7% 
[7]. The rate was also 56.9% in Portugal [8] and 55% in Japan [9]. Approximately 60 % of the 
canine population is in DEAs 1.1 and 1.2 group. DEA 1.1 is the strongest antigen in the dog. 
Two membrane proteins of 50 and 200 kD has been identified by a monoclonal antibody to 
DEA 1.1 using immunoprecipitation techniques. [10]. Presenting in a single band DEA 1.2 
has been found to be an 85-kD protein [11].  

DEA 1.1 is the most antigenic group in respect to transfusion medicine. Little is investigated 
about DEA 3, 4, 5 and 7 in comparison to DEA 1.1. In literature, the frequency of DEA 3 is 
lower in comparison to DEA 1.1 blood type. In the United States it is determined that 
approximately 6% of the general dog population is DEA 3 positive [12]. This rate is reported 
as 13% in Brazil [13]. In Turkey, DEA 3 is most found blood type in the Kangal Dog [6]. In 
the canine blood groups DEA 4 is the most common type. In USA, it is indicated that overall 
98% of the general dog population have DEA 4 blood [12]. In Brazil, all dogs blood type 
were positive for DEA 4 [13]. The molecular weight of DEA 4 present in a single band has 
been found to be 32 to 40 kD using immunoprecipitation techniques [11].  

In the United States typing sera can be commercially obtained only for DEA 1.1, 1.2, 3, 4, 5, 
and 7 [4]. In Brazil a report studied on German shepherd dogs determined that 14% of the 
dogs were positive for DEA 5 and 8% were positive for DEA 7 [13]. The frequency of DEA 5 
and 7 positive dogs was 55.5% and 71.7% respectively in Turkey [6]. Also, DEA 7 may cause 
an antibody response in dogs that lack it. A system of nomenclature about antigen Tr has 
described. The Tr antigen system is a 3-phenotype, 6-genotype system [14]. The molecular 
weight of DEA 7 present in 3 distinct bands has been found to be 53, 58, and 63 kD by using 
immunoprecipitation techniques [11].  

An exact definition of a canine universal donor is not agreed among veterinary transfusion 
experts. Well excepted description of the universal donor is that a dog negative for DEA 1.1, 
1.2, DEA 3, DEA 5, DEA 7, and positive for DEA 4. It is difficult to find DEA 4 negative dog 
because 98% of all dogs are positive for DEA 4. Thus there is a very little chance to influence 
donor selection. If the dog is DEA 7 positive, some other experts do not exclude it from the 
donor pool [15]. In most populations the incidence of DEA 4 blood type is more than 98% 
[16]. Because of this in transfusion medicine these dogs are the best candidate for being a 
donor. If other donors are known to be compatible with the recipient they can also be 
utilized [17]. DEA 3, 5 and 7 negative dogs have naturally occurring antibodies to DEA 3, 5 
and 7 positive red cells. However during the first transfusion these blood groups do not 
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possess a major transfusion reaction [4]. In Turkey, the most common blood types were 
DEA 1.1, 4 and 7. Because all Kangal dogs have DEA 4 positivity it does not seem to be 
important in respect to transfusion medicine. The prevalence and antigenic properties of 
DEA 1.1 and 7 are significantly important. If unmatched transfusion is performed in Turkish 
Kangal dogs they can constitute acute hemolytic transfusion reactions [6]. Dogs with DEA 
1.1 or 1.2 are called group A positive. Adversely, dogs do not have DEA 1.1 or 1.2 are called 
group A negative [1].  

A blood group system described as N-acetylneuraminic acid and N-glycolylneuraminic acid 
present on gangliosides (hematosides) of the RBC membrane in Japan [18]. It is referred as 
the D system. This system is consist of two antigens, D1 and D2, with phenotypes, D1, D2, 
and D1D2. The D1 and D2 antigens are codominanat factors. Anti-D1 is identical to anti-
DEA3. The importance of this system in transfusion medicine pointed out by transfusion of 
D2 type blood into a D1 type patient, or of D1 type blood into a D2 type patient consistently 
cause severe acute transfusion reactions [19, 20]. RBCs of some dogs designated as type C at 
titre sup to 128 are aglutinated rather than lectin extracted from seeds of Clerodendron 
tricotomum. Type C is completely negative for other dogs. C system was compared to the 
DEA system and determined to be different [10, 19, 21]. Specific IgG alloantibodies in 
previously sensitized Dalmatian dog by blood transfusion is described as the Dal blood 
type. The frequency is not known. Typing sera for this antigen also is commercially not 
available [2, 22, 23].  

Three blood types are described in the feline AB blood group system and mik group system. 
In cats a new blood group defined as Mik. It is named after the alloantibody identified in the 
first blood donor cat, Mike. In three cats that had not previously received transfusions Mik 
antibodies were detected. They are defined as a cause of incompatibilities between donor 
and recipient blood that are not related to the AB blood group system [24].  

The phenotypes type A, type B, and type AB are occured. A null phenotype is not exist. The 
most common blood type is Type A. Type B is less common. Type AB is rare [2, 25]. Type B 
is indicated in Australia (26.3%), and Greece (20.3%) ([26] , [27] ). In large studies of both 
pedigree and non-pedigree cats in the USA distribution of type AB cats is demonstrated to 
be rare (0.14%) ([28] ). Type AB were 0.4% in Australia (([26]). In Scotland the incidence of 
AB cats is 4.4% ([29] ). 

Type B is indicated in Australia (26.3%), and Greece (20.3%) ([26, 27]. In large studies of both 
pedigree and non-pedigree cats in the USA distribution of type AB cats is demonstrated to 
be rare (0.14%) [28]. Type AB were 0.4% in Australia [26]. In Scotland the incidence of AB 
cats is 4.4% [29]. 

In Turkey, 60 % of Van cats and 46.4 % of Angora cats are type B [30]. And 220 (73.1%) 
nonpedigree domestic cats had type A blood, 74 (24.6%) had type B and seven (2.3%) had 
type AB [31] in Turkey. Except type AB group, cats have naturally occurring alloantibodies. 
It is known that cats have naturally occurring alloantibodies (isoantibodies) against the 
blood type they are lacking. Because of this to prevent blood incompatibility reactions in 
cats feline blood typing is important in clinical practice. Blood type incompatibility can 
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especially result in two fatal reactions. The first is acute haemolytic transfusion reactions, 
occur particularly in cat transfused with type A blood [32]. Feline neonatal isoerythrolysis 
(NI) is the second incompatibility reaction. It occurs when type A or AB kittens born to type 
B queens are nursing. Naturally occurring anti-A alloantibodies result in blood 
incompatibility reaction in the type B queen’s colostrum and milk [25, 30].  

Cats constitute non-self antibodies in contrast to dogs. As a result of this non-self antibodies 
potentially fatal antibody-mediated reactions can occur towards non-self red blood cells. 
Nearly 20% of type A cats have anti-B antibodies. These antibodies are usually weak. All 
type B cats have strong anti-A antibodies. In contrast AB cats do not have alloantibodies 
[32]. In previously unsensitized cats naturally occuring isoantibodies are responsible for 
transfusion reactions. Nearly all type B cats have highly titered anti-A agglutinins and 
hemolysins. RBCs can be destructed rapidly in type B cats taking type A blood. In type B 
cats the high titres of naturally occurring anti-A antibodies cause rapid intravascular 
destruction of transfused type A red blood cells [33]. This can be mediated by IgM, 
complement fixation and the release of potent vasoactive compounds. As a result of this 
shock can develop usually due to possessed antibodies towards the transfused RBCs [3, 34]. 
This can cause severe transfusion reaction and death even if as little as 1 ml of type A blood 
is administered to a type B-cat [2, 35]. Because of their endotheliochorial placenta newborn 
kittens have no alloantibodies. Nevertheless colostral transfer of immunoglobulin (Ig) G and 
a small amount of IgM occurs. Neonatal isoerythrolysis develops in cats. It is one of the 
cause of the fading kitten syndrome. Kittens that are type A or AB and those that are born to 
type B queens are at risk.  In affected kittens Clinical sings can range from unapparent, to 
severe hemolytic anemia with hemoglobinuria, icterus, and death [1, 36, 37, 38].  

3. Transfusion therapy 

Packed red blood cells (pRBCs) and fresh frozen plasma (FFP) are components generally 
provided for canine transfusions. If processed at once, 1-4 each unit (450 mL) of whole blood 
can be seperated into 1 unit of pRBCs and 1 unit of FFP. It is difficult to prepare components 
from a small volume of blood. Because of this cat blood transfusions are usually 
administered as fresh or stored whole blood. If patients requires specific components like 
pRBCs and FFP, in this case whole blood can be separated into them [39]. 

In veterinary medicine, red blood cell transfusions are used more frequent recently. They 
are the integral part of lifesaving. They are used in critically ill as advanced treatment. 
Situations required transfusions include life-threatening anemia from acute hemorrhage or 
surgical blood loss, hemolysis from drugs or toxins, immune-mediated diseases, severe 
nonregenerative conditions, and neonatal isoerythrolysis [40]. 

Indications of red blood cell transfusions are in the treatment of anemia caused by 
hemorrhage, hemolysis, or ineffective erythropoiesis. Oxygen is poorly soluble in plasma. 
Because of this oxygen in blood is mostly carried by hemoglobin (Hgb). In anemic patient, 
RBC transfusions increase the oxygen-carrying capacity. Therefore inadequate delivery of 
oxygen to tissues with consequent tissue hypoxia are prevented or treated [41]. 
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The treatment of severe anemia caused by hemorrhage, hemolysis, ineffective 
erythropoiesis, auto-immune hemolytic anemia, or neoplasia is primary indication for blood 
transfusion. Lethargy and altered mentation, increased respiratory effort, pale mucous 
membranes and tachycardia are the clinical signs of anaemia. The body carry out a number 
of adaptive responses physiologically, to maintain carrying of oxygen to the tissues [42, 43]. 
The solution of oxygen in plasma is weak. Because of this hemoglobin (Hgb) carries 
approximately whole oxygen in blood [41]. The decision to conduct a RBC transfusion is 
generally based on a measurement of the patient's packed cell volume (PCV), hematocrit 
(Hct) or Hgb concentration (Hgb) and especially on clinical evaluation of the patient [41]. 
Clinically animals should be evaluated individually. Generally when the hematocrit is less 
than 10%, the treatment of anemia is transfusion. However, animals with acute-onset 
anemia usually require transfusion before their hematocrit decreases to 15%. This contrasts 
with the situation in animals with chronic anemia. Other indications for transfusion are 
hypovolemia, thrombocytopenia, clotting factor deficiency, and hypoproteinemia [1]. 
Electrocardiographic signs of myocardial ischaemia are similar to those identified in human 
patients with myocardial infarction. It can ocur with anemia [44]. 

The usage of administration of FFP are for the treatment of a single or multiple clotting 
factor deficiency, vitamin K deficiency or antagonism, surgical bleeding or where a massive 
transfusion is required [45]. Hypoalbuminaemia and coagulopathies especially due to liver 
disease are the main reported indications for FFP transfusions in cats [46].  

Stored blood is more than 8 hours old. The length of storage depends on the 
anticoagulant/preservative solution used. It varies from 48 hours for 3.8% sodium citrate (no 
preservative) to 4 weeks for CPD-A1 (citrate, phosphate, dextrose, and adenine). Acid citrate 
dextrose (ACD), citrate phosphate dextrose (CPD and CP2D), and citrate 
phosphatedextrose-adenine (CPDA-1) are mostly used as preservatives. The viability of 
RBCs is provided by the added dextrose, phosphate, and adenine. Due to the preservative 
used, the storage can extend up to 3 to 5 week ([3, 41, 47]. 

In patients that are hypothermic or receiving large volumes of blood, refrigerated RBC 
products should be prewarmed to temperatures between 22°C and 37°C immediately before 
transfusion. In the routine practice of RBC products to normovolemic anemic patients, 
refrigerated blood components do not need warming before transfusion. Warming may 
accelerate the deterioration of stored RBCs and may cause rapid growth of contaminating 
microorganisms [48].  

In clinical practice advances in safety of blood transfusion is important in preventing 
transfusion-transmitted infections (TTI). The most frequent severe infectious outcome of 
transfusion has been known as bacterial contamination of platelets, with resultant sepsis in 
the recipient recently. Using automated or semi-automated blood culture devices, apheresis 
platelets and prestorage pooled platelets are most often tested [49]. 

Generally, before a blood transfusion is given to animals, blood typing and/or cross-
matching of the recipent and donor should be done to avoid the likelihood of a transfusion 
reaction. Also, ineffective therapy is caused by shortened survival of transfused mismatched 
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red cells. In order to prevent primary sensitization and risk of developing hemolytic disease 
in breeding females, cross-matching and/or blood typing is important. In general veterinary 
practise, blood typing for canine DEA 1.1 and for feline types A and B is applied [1].  

To decrease adverse reactions one sould pay attention to blood typing and crossmatching 
procedures as much as monitoring. There is always risk in blood transfusions. For this 
reason, they should be performed only when warranted. When taking history, previous 
transfusion therapy should be asked and in a history of previous transfusion therapy cross-
matching is necessary [1, 50].  

Depending on availability and indication for transfusion, whole-blood or blood-component 
therapy may be administered. RBCs, white blood cells (WBCs), platelets, all the coagulation 
factors, albumin and immunoglobulins constitute whole blood (WB) [51].  

In cats, fresh whole blood is the most common product used recently. Stored whole blood, 
packed red blood cells and fresh frozen plasma (FFP) are also given as transfusions [45]. 

The heavier cellular elements from the supernatant plasma are sedimented by centrifugation 
of whole blood sediments. Due to separation of blood collection within 8 hours all protein 
activity and concentration are maintained in the plasma. The obtained supernatant usually 
frozen. For subsequent transfusion, it is stored as fresh frozen plasma (FFP). In addition it 
can also processed to provide cryoprecipitate and cryosupernatant. It can also be transfused 
immediately as fresh plasma [52, 53]. Fresh frozen plasma have to be stored frozen at -30°C 
before used. Also it should be identified with the donor blood type, name and collection 
date. Samples thawed and not used sould discarded or stored in a fridge and used within 
12-24 h and should not be refrozen [43].  

Recently an ultra-purified polymerised bovine haemoglobin solution is the only 
commercially available alternative to red cell transfusion (Oxyglobin). It is not licensed in 
cats but it has been used in treatment of anaemia in cats and also in therapy of carbon 
monoxide poisoning [54, 55].  

Hemostatic protein deficiencies lead to hemorrhagic disorders and the treatment is done 
principally by plasma components [56]. In animals with von Willebrand disease (vWD) and 
hereditary coagulation factor deficiencies active hemorrhage is controlled by plasma 
components. Plasma components are also used for preoperative prophylaxis in these 
diseases [53].  

For preparation of plasma components sterile plastic bags are used. After that they are 
stored and transferred as frozen in individual boxes. Products have to be stored at -20°C or 
lower. Just before transfusion they warmed to 37°C in a water bath or incubator. Preferred 
route of administration is the intravenous transfusion of plasma components. If attempts at 
vascular access have failed, intraosseous transfusion can be used in emergency situations. 
When acut allergic reactions occur transfusion is stopped and antihistamines and/or short-
acting steroids are given [53, 57].  

Cats have antibodies to non-self blood types within the plasma. Because of this only type-
specific plasma should be administered to cats in contrast to dogs. Using one of the 
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commercially available systems whole blood can be separated into FFP and packed red cells 
if it is taken aseptically. The blood spun at 3800 rpm at 10˚C in a refrigerated centrifuge for 
12 mins. Using a plasma extractor the plasma is extracted and stored at –20°C [57].  

In hypoalbuminemic dogs and cats, human serum albumin has been used for therapeutic 
use [58]. 

3.1. Platelet transfusion 

Correction of coagulation by fresh platelets are shown by in vitro coagulation studies. 
Freshly collected platelets correct thrombocytopenia, control associated hemorrhage, and 
prevent death from bleeding. Hemorrhagic diathesis are prevented by platelet replacement 
for thrombocytopenia [59]. 

Severe thrombocytopenia or thrombopathia result in bleeding. Platelet transfusion is used 
for the control of this bleeding. In veterinary medicine platelet transfusion has been used 
rarely compared to red blood cell (RBC) and plasma transfusion. In dogs, reports related 
to platelet transfusion are generally associated with experimental hematopoietic stem cell 
transplantation. Platelet-rich blood products consist of fresh whole blood (FWB), platelet-
rich plasma (PRP) and platelet concentrate (PC). They are used for aggressive anticancer 
therapy and treating complex hematologic disorders. Centrifugation of whole blood 
constitute platelet-rich plasma (PRP) and centrifugation of platelet-rich plasma constitude 
platelet concentrates (PC). Platelet activation is induced by centrifugation so that the 
resuspension of the platelet pellet during PC preparation from dogs is difficult. The 
preparation efficiency of PC from dogs can be improved by addition of PGE1 in PRP 
before the centrifugation of PRP. Also therapeutic efficacy of the platelets are maintained. 
In 10-28 kg body weight dogs plateletpheresis has been used successfully. On the canine 
donor thrombocytopenia and hypocalcemia are the main adverse effects of 
plateletpheresis [60-62]. 

At room temperature (RT) (20-24°C), PRP and PC can be stored for 5-7 days with continuous 
or intermittent agitation. At RT FWB can be stored for up to 8 hours. The interest in freezed 
(4°C) storage of platelets is increasing because of the increased risk of bacterial proliferation 
at RT storage. Storage of human PRP and PC are limited to 5 days because of prevention of 
bacterial proliferation at room temperature [60- 63]. 

Platelet transfusions as with RBC and plasma components should be performed with 170 
µm filters standard blood administration sets. Transfusion sets which can bind platelets 
should be exempt from latex [60]. 

The most common reaction to PC are febrile reactions. The frequency is decreased by pre-
storage leukoreduction. In immunocompetent dogs receiving multiple transfusions, 
alloimmunization to platelet antigens occurs. Leukocyte reduction and ultraviolet B 
irradiation are recently accepted methods for preventing the development of platelet 
alloimmunization [64-66]. 
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Recently platelet cryopreservation are used to provide long-term storage and immediate 
availability of platelet products for transfusion. When fresh platelets are unavailable 
cryopreserved platelets can be activated in vitro and provide therapeutic benefit [63]. 

3.2. Granulocyte transfusion 

Granulocyte transfusion can be used as supportive therapy. It is used in patients with life-
threatening neutropenia caused by bone marrow failure or in patients with neutrophil 
dysfunction. Granulocyte transfusions is shown to be useful in treatment of infections in 
patients after treatment with high-dose chemotherapy. It is helpful especially in the 
chemotherapy associated with conditioning for hematopoietic stem cell transplant. By using 
granulocyte colony-stimulated factors higher doses of granulocytes for transfusion are 
produced. Thus recently the use of therapeutic granulocyte transfusion has been increased. 
The outcome of transfusion are effected by the type of infection being treated, the likelihood 
of recipient marrow recovery, and recipient alloimmunization [67]. 

In small animals therapeutic granulocyte transfusions have been used especially in 
experimental models of myelosuppression and neonatal sepsis. In clinical veterinary 
medicine they have been used rarely. Granulocytes can be used to identify the site of 
inflammation. Beside leukapheresis, centrifugation of FWB, with or without colloid-
facilitated sedimentation, may be used to isolate canine and feline buffy coats. Only 
sedimentation may also be used in the cat. At RT granulocytes are stored immobil for 24 
hours. The dose for beginning is 1 x 1011 granulocytes/kg in a volume of 15mL/kg. It is used  
once to twice in a day [68-70].  

4. Donor selection 

To select permanent blood donors, blood typing have to be performed. Donors should be 
healthy young adults. They undergo routine physical check up and hematology and clinical 
chemistry evaluations are done. They should never taken a blood transfusion and should be 
free of blood parasites and other infectious diseases [1]. 

Nulliparous and spayed female dog and cat donors have to be chosen. Blood have be 
collected via jugular venipuncture aseptically. Acepromazine interferes with platelet 
function. Because of this donors should not be sedated with it [1]. 

Every 3 to 4 weeks, dogs can donate between 13 and 17 ml of blood per kilogram of body 
weight. Features of donors sould include well nourished, supplemented with oral iron, bled 
less than once per month to prevent iron deficiency, greater than 25 kg, and negative for 
antigens for DEAs 1.1, 1.2, 3, 5, and 7. Donors should not have heartworm disease, 
babesiosis, brucellosis, ehrlichiosis, and Rocky Mountain spotted fever. Donors have 
appropriate neck skin that allows easy entrance to the jugular vein, have a packed cell 
volume that is at least 0.40 L/L, have demonstrated a good temperament and be in good 
physical condition, have no past time history of transfusion or pregnancy, and have got 
sufficient levels of von Willebrand factor (vWF) [1, 3].  
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The ideal feline blood donors should be healthy, indoor-only cats with an agreeable 
temperament for easy handling and restraint. Owned pet cats should be donate maximum 
once every 2 months [43]. The features of feline donor sould be as follows; weigh more than 
4.5 kg, have a packed cell volume that is at least 0.35 L/L, have demonstrated a good 
temperament, and be in good physical condition [3]. Donor cats can donate between 10 and 
12 ml/kg. Adult healthy cats can donate 50 ml every weeks. Donors have to be type A. Type 
B donors may be demanded depending on breed prevalence and geography. Feline 
leukemia virus, feline immunodeficiency virus (FIV), feline infectious peritonitis, heartworm 
disease, and Hemobartonella sp have to be excluded in donor cats [1]. 

For appropriate care of donors some processes needed. These are current vaccinations, if 
there is contact with new animals every 6 mo fecal floatation, monitorization of hemogram 
every year, analysing clinical chemistry, screening for infectious diseases and in the dog 
preventative heartworm therapy in areas where it is necessary. When blood collection is 
taken the donor's weight, temperature, and packed cell volume have to be analysed [3, 71]. 
PCV or Hb are measured by taking a blood sample.  Preferentially cats with a PCV of 30–
35% are used but cats with low–normal PCVs should not be used [43].  

In the cat, blood can be taken by using a 19- to 20 gauge needle or butterfly into a syringe via 
jugular vein venipuncture. The region over the jugular vein is clipped and prepared 
aseptically and sedation is administered. It is prefered to use a 1:1 combination of ketamine 
100 mg/ml and midazolam 5 mg/ml. It is made up in a small syringe and given 
intravenously up to a maximum dose of 5 mg/kg ketamine (0.1 ml/kg of combination). 
Syringe consists of either ACD, CPD, or CPDA- 1 (1 mL/9 mL of blood), or heparin (5 
units/mL of blood). Before a preservative solution is used it can be placed in a small blood 
bag. To access the jugular vein a 19-21G butterfly needle is used. The blood is collected over 
a total of 10 15 mins. At once a maximum of 10-12 ml/kg blood can be donated. Isotonic 
crystalloid fluid therapy post-donation at a rate of 60 ml/h for 3 h is given to the cat [3, 43]. 

5. Administration 

Precaution is necessary to prevent damage of the blood product and harm to recipient. 
Blood typing or crossmatching have to be carried out to provide compatibility before RBC 
transfusion [41].  

Transfusions of red blood cell should be administered through a filter. The filter is arranged 
to remove clots and particles which are potentially harmful to the patient. Blood infusion 
sets have in-line filters. These filters trap large cells, cellular debris, and coagulated proteins. 
The pore size range from 170µm to 260µm. A filter may be used to administer 2-4 units of 
blood to a patient or for a maximum time limit of 4 hours according to human blood 
banking standards. High protein concentration at the filter surface and room temperature 
conditions promote proliferation of any contaminating microorganisms. The rate of flow 
slowed down by accumulated material. After 5 days or more of refrigerated storage 
constituted microaggregates composed of degenerating platelets, white blood cells (WBCs), 
and fibrin strands in blood. They are removed by other blood filters with a pore size of 20-40 
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Jim. For transfusions of RBCs primarily microaggregate filters are designed. In 
administering small volumes of blood (<50 mL WB or <25mL pRBCs) to cats and small dogs 
a pediatric micro-aggregate blood filter (18 um pore size, priming space <lmL) is especially 
helpful. Because of a progressive decrease in pore size due to increased blood filtered larger 
volumes of blood administration can result in hemolysis [41]. 

If plasma is taken from blood preservative solutions can be put in. Blood preservative 
solutions are dextrose, adenine, mannitol, and the sodium chloride. They are necessary for 
RBCs to carry on their energy metabolism and viability during storage [3]. Canine pRBCs 
stored in a RBC preservative can be applied directly. Other pRBC products have to be 
diluted by putting 10mL of saline feline pRBCs or 100mL of saline to the blood bag so that 
the viscosity of the donor blood decreased [41]. 

In the dog, if sedation is needed, butorphanol (0.1 mg/kg BW, IV) is generally used for 
sedation. But acepromazine should not be used because it may cause platelet function 
disturbance [72]. In the cat, ketamin may be used 2 to 4 mg/kg BW, IV for sedation. In 
addition to ketamin is very successful when it is used together with 0.1 to 0.2 mg/kg BW 
diazepam [3]. Also combinations of ketamine hydrochloride, midazolam and butorphanol 
tartrate, or mask administration of sevoflurane can be used [73, 74]. 

Generally, intravenous administration is used for RBC transfusions. In addition  
intraosseous administration is a perfect alternative. Peripheral veins may be preferred to 
central veins because of an increased bleeding predisposition [41].  

Blood is administered through administration sets containing 0.9% saline intravenously. 
Contraindications include hypotonic saline, 5% dextrose in water and lactated Ringer's 
solution. Cardiac arrest may be caused by injection of undiluted citrate containing 
anticoagulants [1]. 

Using a syringe driver or by hand the transfusion should begin slowly at 0.25 ml/kg/h. If no 
adverse affects are encountered after the first 30–60 mins of administration the rate can be 
increased. Due to the urgency of the requirement for whole blood and any underlying 
concurrent disease the rate of administration can vary [75].  

With a PCV of 20%, dogs and cats with chronic anemia can be cardiovascularly stable [76]. 
Conversely in patients with an acute onset of anemia and continuing blood loss or 
hemolysis, transfusion to a higher PCV is necessary for stabilization. Generally 
administration of 2mL/kg of WB or lmL/ kg of pRBCs will increase the patient's PCV by 1% 
if there is no continuing hemorrhage or hemolysis [41]. 

Patient's overall condition determine the rate of blood administration. The maximum rate of 
transfusion is 10-20mL/ kg/h in normovolemic anemic patients, to avoid circulatory 
overload [41]. 

To provide blood volume again fluid therapy with crystalloids or colloids is necessary.  If 
the patient's total blood volume do not decrease under 20% this is usually enough for losses. 
If losses are more than 20% whole blood or packed red cell transfusion is used. Between 20% 
and 50% of blood volume losses are treated by crystalloids and packed RBCs [3, 77]. 
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Blood components like cryoprecipitate and platelet-rich plasma are used infrequently. 
Cryoprecipitate contains vWF, factors VIII, XIII, fibrinogen, and fibronectin. In vWF-
deficient patients cryoprecipitate is recommended particularly when surgery is planned or 
patient affected by blood loss. Bleeding hemophilia A patients, or patients having hypo or 
dysfibrinogenemia are the other indications for choosing it [3, 78].  

Sometimes platelet-rich plasma is used in veterinary practice. In small-sized animals it is 
more useful because in larger dogs it is difficult to gain enough volume and management of 
platelet count. An alternative to platelet-rich plasma are frozen platelet concentrates [79]. 

For expansion of plasma volume, different types of colloids as dextrans and hetastarch are 
used as alternatives to blood products. Altering hemostasis is one of the problems of 
dextrans and hetastarch. Oxyglobin is a hemoglobin-based oxygen carrier. It is approved for 
use in the dog in 1998. In emergency situations it is used instead of blood products when 
there is limited time for preparing it or performing compatibility testing [3, 80].  

In clinical signs of anaemia and as a therapy for carbon monoxide poisoning oxyglobin is 
used in cats. Because it is a potent colloid (colloid osmotic pressure 43 mmHg), the main risk 
associated with administration is volume overload. In patients with normovolaemic 
anaemia conservative administration rates are needed such as as low as 0.2-0.4 ml/kg/h and 
to a maximum of 1 ml/kg/h. Careful monitorization of patients with paying particular 
attention to their heart and respiratory rate is recommended [81, 82].  

A recent study described the clinical outcome in dogs experiencing massive transfusion. 
Also this study documented predictable changes in electrolytes and coagulation status. 
Massive transfusion is different from usual transfusions in terms of volume and rate of 
blood transfusion and blood components administered. Transfusion of a volume of whole 
blood or blood components has been described as massive transfusion. The administrated 
blood is greater than the patient's predicted blood volume within a 24-hour period or 
arranged as replacement of half the patient's predicted blood volume in 3 hours. In a study, 
massive transfusion receiving dogs were investigated and in this study the mean volumes of 
pRBCs was 66.5mL/kg and FFP was 22.2mL/kg. As a result of this mean plasma, RBC ratio 
was 1:3. After transfusion clinicopathologic changes consists of electrolytes disturbances, 
dilutional coagulopathy, ionized hypocalcemia and hypomagnesemia and progressive 
thrombocytopenia and prolongation of prothrombin and activated partial thromboplastin 
times [41, 83].  

6. Preparations used for transfusions and blood transfusions indications 

The gold standard approach is that the donor and recipient are cross-matched before 
administration. Administration is maintained mainly intravascular with the use of 
peripheral or centrally placed catheter. Also intraosseous catheters can be used to 
administer all blood products. It is useful in collapsed neonatal patients where vascular 
access is difficult [43, 75, 84]. 
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In acute hemorrhage, anemia, decreased red cell mass, severe methaemoglobinaemia, 
paracetamol toxicity, chronic non-regenerative anaemia, coagulation disorders, and 
thrombocytopenia fresh whole blood is used [1, 45].  

The reason of anaemia in cats requiring transfusion are haemorrhage and primary immune-
mediated haemolytic anaemia. Hemorrhage is caused as a result of peri- or postoperative 
bleeding, trauma, gastrointestinal bleeding, abdominal neoplasia, primary immune-
mediated thrombocytopenia and coagulopathies [85, 86, 87]. Also in a number of infectious 
diseases anaemia is reported such as especially feline immuno-deficiency virus (FIV) and 
feline leukaemia virus (FeLV) infections, and feline infectious peritonitis [88, 89]. Other 
infectious diseases which cause anemia are Ehrlichia species, Bartonella species, 
Haemoplasmas (Mycoplasma haemofelis, ‘Candidatus Mycoplasma haemominutum’ 
and ‘Candidatus Mycoplasma turicensis’), Anaplasma phagocytophilum, Neorickettsia 
risticii, Cytauxzoon felis and Rickettsia felis have additionally been associated with 
anaemia [43, 90]. 

The indication of whole blood is in a patient whom needed several blood components or has 
acutely lost more than 50% of its total blood volume. When 50% of total blood volume is lost 
oxygen carrying capacity and oncotic activity should be recovered. In anemia, stored whole 
blood is used. For anemic animals packed erythrocytes especially those with volume 
overload are prefered. For tissue reoxygenation the transfusion of packed RBCs are used. 
They are also useful for normovolemic, anemic patient. Before administration, to dilute any 
potentially damaging antibodies these erythrocytes can be washed with saline. Refrigerated 
whole blood should be warmed to room temperature. Before administration it sould be 
gently agitated to resuspend the red blood cells.  Infusion rate is limited by colder blood 
which has a higher viscosity [3, 41, 91].  

The usage of transfusion of fresh-frozen or stored-frozen plasma (FFP) are as follows; lack of 
coagulation factors associated with hepatic insufficiency, disseminated intravascular 
coagulation (DIC), vitamin K deficiency, rodenticide toxicosis, liver insufficiency, biliary 
tract obstruction, sepsis/multiple organ dysfunction syndrome, pancreatitis, 
hypoalbuminemia, and DIC without associated laboratoryproven coagulopathy, 
malassimilation syndrome, chronic antibiotic use, a need for plasma volume expansion, or a 
massive blood loss within a few hours. Other It is also used in congenital or a hereditary 
deficiency in coagulation factors (i.e hemophilia A, B, or von Willebrand's disease and 
hypoproteinemia), [1, 3, 39]. Plasma (FP or FFP) is used especially in the emergency 
conditions like excessive protein loss such as enteropathy, nephropathy, exudative 
dermatitis or inadequate intake. It is not appropriate for using as long-term source of 
protein in these patients [3, 92]. In cats, reactions have not been reported following 
transfusions of FFP [46]. 

The collection and re-transfusion of the cat’s own blood is called autotransfusion. It is a 
useful technique in an emergency situation. It can be obtained when animals bleed into 
body cavities. It should not be used if the blood is contaminated with urine, bacteria or bile. 
Blood is collected from the body cavity in a sterile manner. After that it re-transfused into 
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the patient through an appropriate fitler. To prevent clotting anticoagulant like acid citrate 
dextrose should be included at a ratio of 1:7 [39, 43]. 

7. Transfusions reactions  

The indication of transfusion reactions can be immunologic or nonimmunologic. They can 
be immediate or delayed. Antibodies to surface antigens of transfused erythrocytes cause 
immune-mediated hemolytic reactions. According to surface antigens canine blood is 
grouped. For six of these antigens typing is available. Except DEA 4, canine universal donor 
is negative for all dog erythrocyte antigens (DEAs). Universal donors should be examined. If 
other donors are known to be compatible with the recipient they can be also used. Acute 
hypersensitivities mediated by IgE antibodies are one of the possible immunologic reaction. 
The other can be leukocyte or platelet sensitivity caused by recipient antibodies to the 
donor's white cells or platelets. The mechanisms of nonimmunologic reactions are various. 
According to the specific reaction the type and severity of clinical signs vary [17] Adverse 
reaction occurs in 2 types. First one is immediate reaction and following transfusion it 
occurs within 1 to 2 h. Second is delayed reaction and it may begin within days, months, or 
years later [17]. Adverse reaction varies from mild (fever) to severe (death). Transfusion 
reactions can be acute or delayed. In animals receiving incompatible transfusions, acute 
intravascular hemolysis with hemoglobinemia and hemoglobinuria may be seen. Acute 
hemolytic reaction is the most serious transfusion reaction that can be prevented. It is an 
immunological reaction and it happens when circulating natural or acquired antibodies 
towards donor erythrocytic antigens are given. Hemoglobinuria, vasoconstriction, renal 
ischemia occur due to intravascular hemolysis. Intravascular hemolysis determine clinical 
signs. Disseminated intravascular coagulopathy (DIC) can be caused by release of 
thromboplastic substances. Secondary to the release of vasoactive substances, hypotension 
and shock can ocur. Also acute renal failure and death can develop. After transfusion a 
decrease in hematocrit between 2 days and 2 weeks resulted in suspicion of delayed 
hemolysis. As a result of extravascular hemolysis, hyperbilirubinemia and bilirubinuria may 
occur. In dogs clinical signs are as follows: fever, tachycardia or bradycardia, hypotension, 
dyspnea, cyanosis, excessive salivation, tearing, urination, defecation, vomiting, collapse, 
opisthotonos, cardiac arrest, hemoglobinemia, and hemoglobinuria. When an acute 
hemolytic reaction occured transfusion sould be interrupted at once and shock should be 
treated. Also blood product being used sould be checked out and the steps that led to the 
transfusion sould be examined [1, 3, 17, 93].  

To detect transfusion reactions earlier requires careful evaluation of patient's behavior, vital 
signs, and perfusion before, during, and after a RBC transfusion. Pre- and post-transfusion 
measurement of PCV and total solids for example instantly and at 24 hours are needed. Also 
evaluation of the plasma and urine for the presence of Hgb is done [41].  

In the dog the acute hemolytic reaction is rare because in this species naturally occurring 
anti-erythrocytic antibodies prevalence is low [3]. Alloantibodies against the common canine 
erythrocyte antigens 1.1 and 1.2 do not exist in dogs. As a result of this generally first 
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transfusion can be safely given without regard for donor blood type. Thus the recipient can 
be sensitized to immunogenic antigens (i.e 1.1, 1.2, 7, and others). On first transfusion it can 
cause shortened survival times of the transfused cells. Subsequent predisposition to severe 
transfusion reaction can develop. DEA 1.1 which is the strongest antigen in dogs, leads to 
the most severe transfusion reaction [1]. In the second transfusion especially when DEA-1 
type blood is applied twice to a DEA- 1-negative dog there is more risk [3].  

In cats receiving typed or crossmatched transfusions low rates of transfusion reactions have 
been indicated. Transfusions with whole blood or packed red blood cells transfusion reactions 
were reported [45]. But transfusions with FFP no reactions have been reported in cats [46].  

Initial or subsequent AB-mismatched transfusions in cats can cause acute hemolytic 
incompatibility reactions. Erythrocytes are destroyed immediately in cats because of 
alloantibodies. On the contrary in dogs, delayed transfusion reactions are more often occur. 
A type B transfusion to type A cat causes mild signs. In this situation shortened erythrocyte 
survival can occur. This causes ineffective therapy. Acute hemolytic transfusion reaction 
with massive intravascular hemolysis with serious clinical signs occurs in type A 
transfusion to a type B cat. These symptoms may occur even if it is the first transfusion. 
Type AB or A blood can be received by type AB cats safely [1, 94].  

The transfusion should be stopped immediately if a transfusion reaction is suspected. The 
recipient sould be monitored continually for follow up. The most severe is acute haemolytic 
transfusion reactions developing as a result of naturally occurring alloantibodies [32]. 

Clinical signs are restlessness, vocalisation, tachypnoea, bradycardia, tachycardia, 
hypotension and hypertension. Pyrexia is seen frequently as a result of reactions to donor 
leukocytes, platelets and plasma proteins. As a result of binding by citrate, there is potential 
for hypocalcaemia when administering large volumes of blood products. Thus, if the patient 
is showing clinical signs of hypocalcaemia calcium should be measured [38, 43]. 

The next hour after transfusion nonhemolytic fever can ocur as adverse reactions. If 
contaminated blood products applied by mistake, fever may occur in an acute hemolytic 
reaction in association with septicemia. Vomiting or diarrhea can be seen after plasma 
administration. Rarely urticaria may cause trouble to patient. It can be treated with 
antihistamines, with or without glucocorticosteroids. If whole blood is administered with 
rapid administration of a large volume of blood component to normovolemic cats or small-
sized dogs hypervolemia can be observed. Hypervolemia can result in pulmonary edema. 
Cough, tachypnea, dyspnea, or cyanosis can occur due to hypervolemia. Treatment can be 
done by stopping the transfusion, administering diuretics (furosemide) to reduce 
pulmonary edema, and providing oxygen support [3,72, 93]. 

The recipient should be carefully examined before the procedure. Its heart rate, respiratory 
rate, mucous membrane colour, capillary refill time and temperature sould be recorded. 
Also the PCV and total plasma protein should be recorded [43, 51] . 

Delayed adverse transfusion reactions are consist of delayed hemolytic reaction, 
transmission of infectious disease, and posttransfusion purpura. Posttransfusion purpura 
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has been reported in the dog. It is characterized by the appearance of severe 
thrombocytopenia in the week following a second transfusion. [3, 95, 96].  

Anemia, regardless of  underlying cause, is troublesome for clinicians in respect to 
stabilising and supporting the patient. The survival rate of all reasons for a transfusion is 
84% in the first 24 h. It is 75% for blood loss anaemia and 49.6% for ineffective erythropoeisis 
at 10 days [43, 97].  

8. Cross-Matching blood 

The incompatibilities between the donor’s red blood cells and recipient’s plasma are 
identified by major cross-match. The incompatibilities between the donor’s plasma and 
recipient’s red blood cells is identified by a minor cross-match [43]. 

Cross-Matching usually is identified as either ‘‘major’’ or ‘‘minor’’ cross-matches. A major 
cross-match include putting patient serum into donor cells and determine the presence of 
agglutinating and/or hemolytic antibodies in the patient aganist the donor antigens. The 
principle of this test is hemolytic or agglutinating reaction. In this test the reagent or 
antibody reacts with the RBCs. Serological discordance between a candidate donor and the 
patient is identified by the crossmatching. It does not determine the blood group [3]. A 
positive in vitro reaction is caused by the presence of antibodies. In patients that had no 
antibodies at the time of transfusion, a mild reaction can be seen in 4 to 14 days after 
mismatched transfusions. When blood is transfused to a patient in which antibodies are 
already present, a severe reaction occurs. This antibody can be developed by either naturally 
occurring or as a result of a previous mismatched transfusion. Furthermore, high 
concentrations of antibodies can be caused by isosensitization from transplacental 
immunization. In dogs that have received transfusions before, a crossmatch should always 
be performed. A minor cross-match include putting donor serum into patient erythrocytes. 
This step is not necessary for the donor whom previously tested negative for antibodies. 
Transfusing packed or washed erythrocytes rather than whole blood can prevent 
administration of antibodies in donor blood against patient erythrocytes [1]. 

Before transfusion the reason of analysis with these methods are to prevent acute hemolytic 
reaction due to transfusion, to provide optimal lifetime of the transfused RBCs, to prevent 
next discordant blood transfusions and to prevent neonatal isoerythrolysis [3].  

Because there are blood types that have not been described and it is not possible to type for 
Mik it is recommended that cross-matching is performed before any transfusion. If the 
recipient has received a transfusion before more than 4 days cross-matching should be 
performed [98]. 

9. Principles of blood transfusion in horses 

Horses have eight RBC groups or systems: A, C, D, K, P, Q, U, and T. The first seven 
systems are recognized by the International Society of Animal Blood Grouping Research. 



 
Blood Cell – An Overview of Studies in Hematology 336 

Blood-typing antiserum is not readily available for horses. Because of this to identify 
suitable donors equine blood-group testing can be performed by only few diagnostic 
laboratories. Over 30 different factors have been identified within these seven equine 
systems.  Experimentally many more systems have been identified [99, 100]. Red cell 
antigens Ca, Aa, and Qa are play an important role in transfusion reactions and neonatal 
isoerythrolysis. There is no universal equine blood donor. Because of this to prevent 
inadvertent sensitization of brood mares against the two most common alloantigens (Aa and 
Qa) involved in neonatal isoerythrolysis, the preferred donor should be negative for factors 
Aa, Qa, and Ca [100, 101]. Aa and Qa alloantigens are most immunogenic, and most 
neonatal isoerythrolysis cases are associated with anti-Aa or Qa antibodies. The horse is 
clinically relevant for blood group incompatibilities. It is the only livestock species for this 
situation. Blood group antibodies can laed to transfusion reactions or NI and can be found 
in horses either ‘‘naturally’’ or as a result of a blood group incompatible pregnancy [2]. A 
donkey RBC antigen that has not been found in the horse has been identified, it is unique to 
the donkey and the mule [1]. 

In horses, requirement of blood transfusion include correction of anemia arising from acute 
blood loss secondary to trauma, surgical complications, ruptured uterine artery, guttural 
pouch mycosis, and neonatal isoerythrolysis [99, 102]. 

Generally, whole blood transfusions are applied to horses that have acute blood loss caused 
by trauma, surgery, or some other conditions like splenic rupture or uterine artery 
hemorrhage. The transfusion recovers blood volume and oxygen-carrying capacity in cases 
of blood loss. There is no certain indicative variables for the beginning of transfusion so that 
physical examination and clinicopathologic parameters should be used to make the 
transfusion decision. In cases of acute hemorrhage one sould remember that the packed cell 
volume (PCV) may be normal for up to 12 hours because of the time required for fluid 
redistribution and the effects of splenic contraction. As the horse is rehydrated with 
intravenous fluids, serial monitoring of PCV and total protein (TP) can estimate the amount 
of blood loss. The transfusion decision is made by suspection of large volume blood loss, 
together with tachycardia, tachypnea, pale mucous membranes, lethargy, and decreasing 
TP. During an acute bleeding episode when the PCV fall under 20%, blood transfusion is 
probably required. In acute severe cases, transfusion may be required before there is a 
significant fall in PCV. PVC shows the need for beginning of transfusion in chronic anemia 
better whereas in acute hemorrhage, with transfusions proposed for horses with 
demonstration of tissue hypoxia and a PCV less than 10-12% [103, 104].   

Blood is collected and stored in glass bottles containing acid–citrate–dextrose (ACD). The 
method traditionally used for collecting blood from donor horses. Glass bottles containing 
ACD are easy and suitable for rapid vacuum blood draw. Because of this they are 
recommended for equine whole-blood collection. For equine whole blood the optimal storage 
method is commercial citrate–phosphate–dextrose with adenine (CPDA-1) bags [105, 106]. 

Packed RBCs (pRBCs) are specified for normovolemic anemia (i.e neonatal isoerythrolysis, 
erythropoietic failure, and chronic blood loss). Markers of tissue oxygenation, for example 
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lactate and oxygen extraction are useful in chronic or hemolytic anemia cases. In horses, 
disseminated intravascular coagulation, clotting factor deficiency, hypoalbuminemia, 
decreased colloid oncotic pressure, and failure of transfer of passive immunity (FPT) are 
treated by plasma [104].  

Colloid is usually used in patients with a total protein less than 4.0g/dL or serum albumin 
concentration less than 2.0g/dL. When there is oncotic pressure less than 14 mmHg, clinical 
symptoms like ventral edema, and conditions which increase microvascular permeability 
like sepsis are other indications for colloid usage [104]. 

According to plasma obtained by plasmapheresis and centrifugation preparations,  plasma 
prepared by gravity sedimentation contains greater numbers of erythrocytes and leucocytes. 
The risk of a transfusion reaction can be increased by these cells. During storage leukocytes 
can degranulate and fragment and release pyrogens and proinflammatory substances [107, 
108, 112]. 

Multiple hyperimmune plasma products are avaible with bacterial or viral specific 
antibodies. For the treatment of equine endotoxemia, the efficacy of E. coli (J5) and 
Salmonella tiyphiimiriuni hyperimmune plasma has proved to be useful in some reports; in 
contrast, there are some reports which disapprove the utility of such products. For the 
protection of R. equi, the use of Rhodococcus equi hyperimmune plasma has also been 
controversial. For treatment of specific disease additional plasma products like botulism 
antitoxin, West Nile virus antibody, and Streptococcus equi antibody are usable. In general 
equine practice plasma is administered to neonates to provide protective immunoglobulins. 
Protective immunoglobulins are used for treatment of failure of transfer of passive 
immunity or prophylaxis against Rhodococcus equi. Also, the albumin content of the 
plasma used as a colloid for circulatory volume support and in the treatment of protein-
losing enteropathies. In horses heritable and acquired coagulopathies can occur. Specific 
coagulation factors are not available for supplementation. Also indications include 
coagulopathies, protein-losing nephropathy and protein loss through third spacing into a 
body cavity (occurring with peritonitis or pleuritis) [104, 109-113]. 

Fresh frozen plasma must be separated and frozen within 8 hours of blood collection. Then 
it can be colder at -18 °C and stored for up to 1 year. Frozen plasma is considered as plasma 
separated any time after 8 hours of blood storage [112, 114, 115].  

9.1. Blood donor selection 

Healthy, young gelding weighing at least 500 kg is the ideal equine blood donor. Donor 
horses should be performed current vaccinations. To prevent from equine infectious anemia 
donors should be tested each year. RBC antigens Aa and Qa are the most immunogenic 
antigens. Because of this in the ideal donor, the Aa and Qa alloantigens should be absent. 
There are breed-specific blood factor frequencies. Thus a donor of the same breed as the 
recipient, particularly when blood typing is absent may be preferable. Horses that have 
taken blood or plasma transfusions and mares that have had foals are not appropriate as 
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donors. Because they have a higher risk of carrying RBC alloantibodies. Donkeys have a 
RBC antigen known as "donkey factor". Horses do not have this antigen. Thus donkeys or 
mules should not be used as donors for horses because horses can develop anti-donkey 
factor antibodies if transfusion takes place [1, 104, 116]. 

An immediate blood transfusion can be applied for the first time in an emergency situation 
with a very minor risk of serious transfusion reaction. Horses can develop alloantibodies 
within 1 week of transfusion. Thus blood typing and crossmatching are recommended 
before a second transfusion is given. A second blood transfusion may be given confidently 
without a blood crossmatch within 2-3 days of the first transfusion. Blood typing and 
alloantibody screening can be used for the transfusion needed patient to find the most 
suitable donor horse. Blood typing and antibody screening before initial transfusion are 
more important for horses. Because subsequent blood transfusions are anticipated and if 
sensitized to other blood group factors broodmares may produce foals with neonatal 
isoerythrolysis (NI). For detection of equine RBC antigens Ca and Aa, a rapid agglutination 
method has been developed. It can be more suitable for pretransfusion testing [99, 103, 104]. 

9.2. Collection techniques  

Blood is collected from the jugular vein of the donor horse. For this purpose two way used; 
direct needle cannulation or catheteri-zation. When a large volume of blood is required, a 10 
or 12 gauge catheter is recommended. A 14 gauge catheter is also sufficient. Plastic bags and 
vacum-collection glass bottles in sizes ranging from 450 mL to 2 L are suitable for blood 
accumulation. Anticoagulation with 3.2% sodium citrate is enough when blood is received 
for immediate transfusion. In saline-adenine-glucose-mannitol solution red blood cell 
concentrates stored and they can be used for transfusion for up to 35 days after blood 
accumulation. Equine blood storage condition resemble to canine and human blood storage 
condition. According to both in vitro tests and human parameters after 35 days of storage 
equine erythrocytes remain appropriate for transfusion. Fresh frozen plasma is obtained by 
separation of erythrocytes and plasma. Both of them can be used alone. RBC survival 
evaluation sould be doen in vivo [104, 117].  

To allow separation of red blood cells by gravity sedimentation the blood is stored in a 
refrigerator at 5 °C for 48 hours in an upright position. Then the plasma is decanted into a 
sterile 3-L bag with sterile plastic connecting tubing using gravity. 3-L bags containes a 
constant weight of plasma (3.4 kg). The red cell fraction is thrown out. The plasma bags are 
sealed, labeled with the horse’s name and the date of decantation. They are stored at -20 °C 
until needed for plasma transfusion [112, 118]. 

9.3. Administration 

In acute blood loss cases, PCV is usually impractical for estimation of volume to be 
transfused because it does not exactly indicate blood loss. Instead of this the volume of 
blood needed are predicted by estimation of blood loss and evaluation of clinical 
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parameters. Fluid shifts will replace much of the circulating volume so between 25% and 
50% of the total blood lost should be replaced by transfusion. Pay attention sould be give to 
that up to 75% of RBCs lost into a body cavity like hemoperitoneum are within 24-72 hours 
autotransfused back into circulation. Thus in cases of intracavitary hemorrhage lower 
percentages of blood volume replacement can be needed. To remove small clots and fibrin 
blood and plasma products should be given with an in-line filter [104, 119]. 

9.4. Adverse reactions 

Blood should be given at a rate of approximately 0.3mL/ kg over the first 10-20 minutes for 
monitoring the transfusion reactions. Heart rate, body temperature, and respiratory rate 
sould be monitored. Additionally horses have to be monitored for signs of muscle 
fasciculation, piloerection, and urticaria. Urticaria, hemolysis, pruritis, edema, tachycardia, 
tachypnea, pyrexia, colic, changes in mentation and acute anaphylactic reactions are adverse 
reactions indicated in horses taking blood transfusions. The rate of adverse reaction to WB 
transfusion has been reported as 16% which are mild urticarial reactions and worsening 
hemolysis. Also 1 of 44 horses (2%) exhibit a fatal anaphylactic reaction [103, 113].  

Transfusion reactions may vary from mild urticarial reactions to anaphylaxis. They are 
divided into immunogenic and nonimmunogenic reactions. Immunogenic reactions include 
anaphylaxis, hemolysis, fever, hives, acute lung injury, posttransfusion purpura, 
immunosuppression, and neonatal isoerythrolysis. Nonimmunogenic reactions include 
circulatory overload, bacterial contamination, citrate toxicity, coagulopathy, 
hyperammonemia, and transmission of disease. In horses that have received fresh frozen 
plasma serum hepatitis has been observed [52, 93, 112, 120].  

In a second plasma or blood transfusion there exists risk for severe adverse reactions in 
dogs. Also there is a risk of development of neonatal isoerythrolysis in gravid mares. The 
risk is much more in whole blood transfusions [26, 33, 112]. 

In horses suffered from normovolemic anemia polymerized ultrapurified bovine 
hemoglobin (PUBH)  improves hemodynamics and oxygen transport parameters. During 
infusion to be informed about any adverse reactions patients should be monitored closely. 
Intense pruritus, tachycardia, and tachypnea can be resolved shortly after stopping the 
infusion [121]. 

10. Principles of and indications for blood transfusion in ruminants and 
camelids 

Eleven blood groups have been classified in cattle. The greatest clinical relevance is in 
groups B and J. The B group is extremely complex, thus closely matched transfusions are 
very difficult. Newborn calves do not have the J antigen. During the first six months of life 
they generally acquire it. Cows can be sensitized to erythrocyte antigens by vaccinations of 
blood origin like some anaplasmosis and babesiosis vaccines. As a result of this neonatal 
isoerythrolysis in subsequent calves occur. [1].  
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Seven blood groups have been classified in sheep. The B group in these animals is resemble 
to the B group in cattle, and the R group is resemble to the J group in cattle. For example, 
antigens are soluble and soluble antigens passively absorbed to erythrocytes. In the goat, 
five blood groups are identified which resemble to those of sheep [1]. 

Blood group A–O expression is affected by 16 porcine blood groups and the S gene. 
Carbohydrate antigens like AO blood group antigens and minor histocompatibility antigens 
can be important targets for the immune response to transplanted organs or tissues. These 
antigens remain an unknown and untested variable in many transplant studies using pigs. 
Depending, on work performed in some Europian country pig blood groups developed and 
expanded largely. The source of blood typing reagents is especially from isoimmune sera. 
Most antibodies behave as agglutinins and a few as hemolysins. Internationally sixteen 
genetic systems are recognized [2, 122-124]. 

In two domestic South American camelids, Ilama and alpaca, our knowledge is little about 
group variation. Six blood groups factors were identified (e.g A, B, C, D, E and F) . from iso- 
and heteroimmune sera constituted for these animals [2]. 

In ruminants and camelids indications for WB and plasma transfusion are similar to horses. 
Chronic anemia may be a more common problem in ruminants. Gastrointestinal parasites, 
particularly Haemonchus contains, and ectoparasites (e.g. Haematopinus spp. and 
Linognathus spp.) are causes of chronic blood loss anemia, and iron-deficiency anemia. 
These can affect neonatal calves [104, 121, 125].  

Studies with camelids and bovines has showed that the neonatal intestine can only 
successfully absorb colostral immunoglobulins for 12–24 hours postpartum. Passive transfer 
(FPT) is failed in 19% to 24% of neonatal camelids. A common indication for plasma 
transfusion in neonatal calves and crias is failure of transfer of passive immunity. 
Hyperimmune serum products are existing for subcutaneous and intramuscular dosing in 
ruminants. These are products with antibodies against E. coli, Pasturella, Aercanobacter 
pyogenes, Salmonella typhimurium and Clostridium [104, 126-129]. 

An integral component of neonatal camelid care is IV plasma transfusion. It is used for the 
purpose of antibody supplementation and fluid resuscitation in critical illness. Neonates are 
immunocompetent at birth but due to initial postpartum absorption of colostrum for passive 
acquisition of immunoglobulins (especially IgG) they are severely hypogammaglobulinemic 
[130, 131].  

In cattle, the first blood transfusion should usually be safe, regardless of the donor. J-
negative donor is ideal. Because agglutination reactions do not develop, routine 
crossmatching is not useful in ruminants. First transfusions are usually safe to apply 
without a blood cross-match but crossmatching is recommended when more than 48-72 
hours have passed away since the first blood transfusion. Blood donors should not have 
disease like bovine leukosis virus, anaplasmosis, and bovine viral diarrhea virus [104]. 

Total blood volume estimated in cattle is 80 mL/kg. From the donor animal up to 20-25% of 
total blood volume can be removed. Usually needle cannulation or jugular catheterization 
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used in this situation. Blood can be collected into bottles or bags using citrate anticoagulant 
(e.g CPDA-1) in equine transfusions [104]. 

Blood samples can be taken from the jugular vein in sheep. A 500 ml transfer bag system 
including a needle can use for the storage. These bags include 70 ml of CPDA-1-stabiliser. 
Then the blood should be put into four 150 ml transfer bags. These bags can be stored on a 
horizontal shaker. It shows the best preservation of platelet function. Also it can be used for 
the storage experiment consecutively [132]. 

Platelet count and aggregability of CPDA-1-stabilised ovine blood is kept most covenient at 
room temperature. It provides adequate haemostatic function for ex vivo experiments for 
one working day. In ovine blood functional loss and high percentage of platelets within 
aggregates can be observed at refrigerator temperature. This should be considered in blood 
transfusion in sheep [132].  

10.1. Administration and adverse reactions 

In order to monitor transfusion reactions blood should first be transported slowly. 
Ruminant blood type discordance result in primarily complement-mediated hemolysis. 
Volume overload should not be given. Also in neonates and small ruminants volume should 
carefully be given [104].  

Intestinal absorption of antibodies declines sharply within the first 24 hours postpartum. For 
treatment of crias with failure of passive transfer (FPT) IV or intraperitoneal administration 
of 20–40 mL/kg of camelid plasma is recommended. In compromised neonates requiring 
fluid resuscitation IV administration of plasma is generally preferred. It is used for the 
correction of FPT and colloid support. In foals during extensive plasma volume expansion 
careful monitoring is needed to prevent cardiopulmonary complications. Following IV 
plasma administration the cardiovascular and pulmonary effects of plasma volume 
expansion have not been specifically worked out in camelids. But in several species (i.e 
sheep and cat) plasma volume overexpansion depending on excessive IV fluid 
administration has been associated with reduced lung function and pulmonary edema 
formation in clinical and experimental settings. In addition according to measures in 
presumed hypovolemic human patients administration of colloids can induce a greater 
reduction in lung function than crystalloids [130, 133-137].  

Measurable plasma volume expansion and a concurrent reduction in pulmonary functional 
residual capacity (FRC) is caused by IV administration of 30 mL/kg camelid plasma to 
neonatal crias. In healthy neonatal crias administration of this quantity of plasma seems to 
be safe. But with underlying cardiopulmonary or systemic disease changes in lung volume 
associated with plasma administration could create risks for crias (131). 

Adverse effects of transfusing blood stored for prolonged periods in lamps is encountered 
more often in patients with reduced vascular nitric oxide levels because of endothelial 
dysfunction. These patients can benefit from transfusion of fresh PRBC if available. Also 
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inhaled nitric oxide supplementation can prevent pulmonary hypertension associated with 
transfusion of stored PRBC [138]. 

In previously untransfused pigs, hemolytic transfusion reactions do not appear to develop. 
But there have been two reports about adverse reactions in pigs undergoing liver 
transplants by the use of A–O incompatible transfusions. Pulmonary hypertension and 
decreased fibrinogen with an associated increase in fibrin degradation products occured in 
pigs that received A–O incompatible transfusions [139]. In a study, two pigs that 
administered A–O incompatible blood transfusions during liver transplants died because of 
disseminated intravascular coagulation (DIC), bleeding and progressive hypotension [140]. 

11. Conclusion 

Vital part of veterinary emergency and critical care medicine is transfusion medicine. It is 
also therapy of some disease of patient. Blood and blood products can be obtained through 
the purchase of blood products or donors. Potentially fatal adverse transfusion reactions risk 
is higher in cats than in dogs. Also, adverse transfusion reactions are very important for 
large animals. By using known donors and screening assays that permit detection of 
incompatibility of  blood typing or crossmatching, the risk can be decreased in both species.  
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