
 

 

Investigation of Methemoglobin Contribution in 
Host Pathology and Drug Toxicity During Malaria 

 

A thesis submitted in partial fulfilment of the requirement for 
the degree of 

Doctor of Philosophy 
By 

S.N. Balaji 

 

 
 

 

 
 

Department of Biosciences and Bioengineering, 
Indian Institute of Technology Guwahati, 

Guwahati-781039, Assam, India. 
 
 
 

TH-1568_126106029



Dedicated to my Parents, Siblings and my 
beloved Wife  

who have stood beside me, with patience and faith 
in all my journeys and ventures towards 

success…

S. N. Balaji

TH-1568_126106029



Indian Institute of Technology Guwahati. 
Department of Biosciences and Bioengineering. 

 
 

 

Statement 
 

I hereby declare that the matter embodied in this thesis entitled 
“Investigation of Methemoglobin Contribution in Host Pathology and 
Drug Toxicity During Malaria” is a cumulative account of the results 
of investigations carried out in the Department of Biosciences & 
Bioengineering, Indian Institute of Technology, Guwahati, India, under 
the supervision of Dr. Vishal Trivedi. 

 

In keeping with the general practice of reporting scientific 
observations, due acknowledgements have been made wherever the 
work of other investigators are referred. 

 
 
 
 
 
 
 
 
 

   S.N. Balaji 
 
 
August 2016 Roll no: 126106029

TH-1568_126106029



Indian Institute of Technology Guwahati. 
Department of Biosciences and Bioengineering. 

 

 

 
It is certified that the work described in this thesis entitled, 

“Investigation of Methemoglobin Contribution in Host Pathology 
and Drug Toxicity During Malaria”, by Mr. S.N. Balaji (Roll no: 
126106029), submitted to Indian Institute of Technology, Guwahati, 
India, for the award of the degree of Doctor of Philosophy, is an 
authentic record of results obtained from the research work  carried 
out under my supervision at the Department of Biosciences & 
Bioengineering, Indian Institute of Technology, Guwahati, Assam, 
India. This work has not been submitted elsewhere for a degree. 

  Dr. Vishal Trivedi 
       (Supervisor) 

Certificate 

TH-1568_126106029



Acknowledgement 
It is a great pleasure to acknowledge whoever is involved and supported me to 

complete my research work in time. 

I would like to thank Dr. Vishal Trivedi for his support and trust in my abilities, and 
the chance to do this project in Malaria Research Group. Nothing of this would have been 
possible without his support and I am thankful to his nearly endless patience and guidance. 

I would also like to thank my doctoral committee members Dr. Nitin Chaudhary, Dr. 
Sachin Kumar and Dr. Subhendu S. Bag for their cyclic evaluation and valuable 
suggestions for this work. 

I am also thankful to Dr. Amogh A Sahasrabuddhe, Scientist, CDRI who provided 
me space to carry out a part of my research work in his lab. 

I would like to thank all my Malaria Research Group colleagues Dr. Rohitas 
Deshmukh, Dr. Kimjolly Lhouvum, Mr. Suman Jyoti Deka, Mr. Ankur Mishra, Mr. Anil 
Kumar, Mr. Sooram Banesh, Mrs. Swagata Nag, Mr. KMN Prasad, Mrs. Ankita Hazarika, 
Mr. Anish Jain, Mr. Sourav Layek, Mr. Sushant Kumar, Mr. Rajesh Chaurasia, Mr. S Manu, 
Ms. Pallavi and Mr. Kangan Kalitha for their support. 

I would like to thank all research scholars from Department of Biosciences & 
Bioengineering and specifically members belonging to Dr. V.K Dubey’s lab, Dr. A. Goyal’s 
lab and Mr. Himanshu Sonowal, Mr. Niranjan Velluru who have helped me in my research.  

I would like to thank Department of Biosciences & Bioengineering, IIT Guwahati 
for giving me an opportunity for Post Graduate Program as well as providing descent 
infrastructure and good research environment for my work.  

I would like to thank Centre for Instrumentation Facility, IIT Guwahati for providing 
decent infrastructure for my work. 

I would like to thank DAE-BRNS for providing financial support to carry out my 
research work.  

I would also like to thank Indian Institute of Technology, Guwahati, for providing 
financial assistantship. 

Finally, my lovable family members and Mr. M.S. Nagarajan, who were giving care and 
support for my career growth. 

S. N. Balaji

TH-1568_126106029



i 

Table of Contents 

Table of contents i 
List of Figures and Tables ii -iii 
Abbreviations iv 
Materials Used in the Current Study v 
Chapter 1. Malaria from Historic Period to Current: In View of Pathophysiology 1-37 
1.1  Introduction 1 
1.2  Historical account of malaria 1 
1.3  Life cycle of malaria parasite 2-4 
1.4  Clinical Symptoms of malaria 4-5 
1.5  Global malaria risk and distribution 5 
1.6  Malaria eradication programs and achievements 5-14 
1.7  Malaria induced pathological complications in host and its mechanism 14-22 
1.8  Factors involved in malaria associated complications 22-37 
1.9  Objectives 37 
1.10  Significance of the Work 37 
Chapter 2. Extracellular Methemoglobin Catalyzes Rapid RBC Lysis to Explain   

Acute Anemia During Malaria 38-49 
2.1  Introduction 38-49 
2.2 Methods 39-42 
2.3 Results 42-46 
2.4 Discussion 46-47 
2.5 Summary 49 
Chapter 3. Extracellular Methemoglobin Primes Red Blood Cell Aggregation in 

Malaria like Microenvironment 50-63 
3.1  Introduction 50-51 
3.2  Methods 51-53 
3.3  Results 53-61 
3.4  Discussion 61-63 
3.5  Summary 63 
Chapter 4. Methemoglobin Contributes into Primaquine Toxicity Through Single 

Electron Oxidation and Modification 64-75 
4.1 Introduction 64-65 
4.2  Methods 65-67 
4.3  Results 67-73 
4.4  Discussion 73-75 
4.5  Summary 75 
Chapter 5. Suicidal Inactivation of Methemoglobin by Generation of Thiyl Radical 

Explains NAC Mediated Protection in RBC 76-89 
5.1 Introduction 76-77 
5.2 Methods 78-79 
5.3 Results 79-86 
5.4  Discussion 86-89 
5.5 Summary 89 
Bibliography 90-104 
List of Publications and Conference Presentations 105 

TH-1568_126106029



ii 
 

List of Figures 
 
Figure No. Figure Captions Page 
Figure 1.1 Life cycle of malaria parasite in vertebrate and invertebrate host 4 
Figure 1.2 Common symptoms during the malaria 5 
Figure 1.3 Account of Malaria episodes in the world between 2000 - 2015 6 
Figure 1.4 Different Strategies to control Malaria transmission 7 
Figure 1.5 Chemical structure of few selected anti-malarial agents 8 
Figure 1.6 Different complications observed in host during malaria 15 
Figure 1.7 Pathophysiology of severe anemia 16 
Figure 1.8 Summary of events responsible for pathology of cerebral malaria 18 
Figure 1.9 Pathophysiology of Splenomegaly 19 
Figure 1.10 Pathophysiology of Liver dysfunction 20 
Figure 1.11 Pathophysiology of Placental malaria 22 
Figure 1.12 Classical paraoxymal fever pattern during malaria 23 
Figure 1.13 RBC role in severe malaria 26 
Figure 1.14 Monocytes and macrophage during malaria 28 
Figure 1.15 T cell activation and the consequences during malaria 29 
Figure 1.16 Endothelium dysfunction during severe malaria 30 
Figure 1.17 Toxic role of hemoglobin and and its’ derivatives 35 
Figure 2.1 MetHb exposure causes RBC cells susceptible for hemolysis 42 
Figure 2.2 MetHb exposure causes development of oxidative stress within RBC Cells 44 
Figure 2.3 MetHb mediated ROS spike is responsible for observed RBC osmotic fragility and 

hemolysis 
45 

Figure 2.4 Pseudo-peroxidase activity of MetHb is responsible for ROS accumulation within 
microenvironment 

46 

Figure 2.5 Proposed Nuclear Fission Model of RBC damage by MetHb 47 
Figure 3.1  Malaria culture supernatant causes RBC aggregation 54 
Figure 3.2 Methemoglobin primes the RBC aggregation dose dependently 56 
Figure 3.3  MetHb induces oxidative stress within RBC and development of oxidative stress 

correlates with RBC aggregation 
57 

Figure 3.4  MetHb associated peroxidase activity causes phosphatidyl Serine (PS) externalization 
and RBC aggregation 

59 

Figure 3.5 Methemoglobin causes RBC membrane sticky which favours firm aggregation 60 
Figure 3.6  Effect of pH on MetHb induced RBC aggregation 61 
Figure 4.1 Methemoglobin has potentials to bind and oxidize PQ 68 
Figure 4.2 Primaquine incubated with MetHb generates PQ peroxidative metabolites 69 
Figure 4.3 Methemoglobin generated PQ peroxidative metabolites causes development of oxidative 

stress in RBCs 
71 

Figure 4.4 Pq peroxidative metabolite exposure disturbs the RBC membrane structure 72 
Figure 4.5 PQ peroxidative metabolites are hemolytic in nature 72 
Figure 5.1  NAC protects RBC cells from oxidative stress induced hemolysis 80 
Figure 5.2 NAC mediated MetHb inactivation kinetics in the presence of hydrogen peroxide 81 
Figure 5.3  MetHb oxidizes NAC to NACox 82 
Figure 5.4  MetHb oxidizes NAC to form sulfur centered thiyl radical as NAC oxidation product 

(NACox) 
83 

Figure 5.5  NACox is the interacting species with MetHb 84 
Figure 5.6  Characterization of Heme-NAC adduct by ESI-mass spectroscopy 85 
Figure 5.7  NAC oxidation product (NACox) is the interacting and inactivating species for MetHb 86 
Figure 5.8  Spin Trap (TEMPO) abolishes NAC mediated protective effects against MetHb induced 

hemolysi 
87 

 
 
 

TH-1568_126106029



iii 
 

List of Tables 
 
Table No. Table Captions Page 
Table 1.1 Life cycle of malaria parasite in vertebrate and invertebrate host 3 
Table 1.2 Anti-malarial agents and their mode of action 11 
Table 1.3 Different vaccines designed to provide protection against malaria 14 
Table 3.1  RBC aggregation activity of different fractions from parasite culture supernatant 55 
Table 3.2 Effect of different antioxidant on MetHb mediated RBC aggregation 58 
Table 4.1 MetHb potentiates primaquine mediated MetHb generation 70 
Table 4.2 Primaquine peroxidative metabolites is involved in inhibition of RBC antioxidant 

enzymes. 
70 

Table 4.3 Effect of antioxidants and spin traps on MetHb mediated Primaquine hemolytic 
potentiation 

73 

Table 5.1  NAC oxidation is essential for inhibition of MetHb peroxidase activity 82 
  

TH-1568_126106029



iv 
 

ABBREVIATIONS 
5-HPQ 5-hydroxyprimaquine 
ACT Artemisinin Combination 

Therapy 
ARM Age Related Markers 
CAT Catalase 
CDNB 1-chloro-2,4-dinitrobenzene 
CLT Clotrimazole 
CNBr Cyanogen bromide 
CPrq Carboxy Primaquine 
CQ Chloroquine 
CR1 Complement Receptor 1 
CSA Chondroitin Sulphate A 
DCFH_DA 2’,7’-Dichlorofluorescin 

Diacetate 
DDT Dichlorodiphenyltrichloroethane 
DNPH Dinitrophenylhydrazine 
DTNB 5,5’-Dithio-bis-2-nitrobenzoic 

acid 
EDTA Ethylene diacetate tetra acetic 

acid 
FAP Focal Adhesion Protein 
G6PD Glucose-6-phosphate 

dehydrogenase 
GPI Glycosyl Phosphatidyl Inositol 
GSH Glutathione 
GST Glutathione-S-transferase 
H2O2 Hydrogen peroxide 
Hb Hemoglobin 
HCG Human Chorionic Gonodotropin 
HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid 
HGF Hepatocyte Growth Factor 
ICAM-1 Intercellular Adhesion 

Molecule-1 
ICP Intracranial Pressure 

IL Interleukins 
INF-γ Interferon-γ 
IRBC Infected Red Blood Cells 
KCN Potassium cyanide 
LDL Low Density Lipoproteins 
MAQ 6-methoxy-8-

hydroxyaminoquinoline 
MetHb Methemoglobin 
MMP-9 Matrix Metalloproteinase-9 
NAC N-Acetyl cysteine 
NBT Nitroblue Tetrazolium 
NF-κB Nuclear Factor of kappa light 

chain enhancer of activated B cell  
NMDA 
receptor 

N-methyl D-asparate receptor 

NO Nitric oxide 
PBN N-tert-butyl-α-phenylnitrone 
PfEMP-1 Plasmodium falciparum 

Erythrocyte Membrane Protein-1 
PQ Primaquine 
PS Phosphatidylserine 
Q Quinine 
RBC Red Blood Cells 
RMS Red Blood Cell Derived 

Microparticles 
ROS Reactive Oxygen Species 
RPMI-1640 
Medium 

Roswell Park Memorial Institute 
1640 Medium 

SOD Superoxide dismutase 
TCA Trichloro Acetic Acid 
TEMPO (2,2,6,6-tetramethylpiperidine-1-

yl)oxy 
TLR Toll Like Receptor 
TNF-α Tumour Necrosis Factor-α 

 

 
 
 
 
 
 
 
 
 

TH-1568_126106029



v 
 

 
 
 
 

Materials Used in the Current Study 
Methemoglobin, N-acetylcysteine, Mannitol, 2,7, Dichlorofluroscein Diacetate, 

Glutaraldehyde [EM grade] 25%, Clotrimazole, Thiobarbituric acid, 1,1’,3,3’ tetraethoxy 

propane, Guanidine hydrochloride, 5,5’dithiobis[2-nitrobenzoic acid], Annexin-V-FITC 

apoptosis detection kit,  Primaquine bisphosphate, 2,2',6,6'-tetramethylpiperidin-1-yl-oxyl, α-

phenyl N-tertiary-butyl nitrone, Sodium nitrite, Glutathione reduced, Hemin, 5,5-dimethyl-2-

(8-octanoic acid)-1-pyrroline N-oxide were procured from Sigma.  

Hydrogen peroxide, Hydrochloric acid 35 %, Acetone, Ethanol, Magnesium oxide 

(MgO), Vitamin C, Dinitrophenyl hydrazine, Ethylacetate, DMSO, Thiourea were procured 

from Merck. 

 Tetrazolium nitro blue (TNB), 3,4-dinitro phenylhydrazene (DNPH), Ethylene diamine 

tetra acetic acid (EDTA), Sodium chloride, Dihydogen potassium phosphate, Dipotassium 

hydrogen phosphate, Disodium hydrogen phosphate, Methionine, Riboflavin, 1-chloro 2,4 

dinitro benzene (CDNB), Ethylene diamine tetra acetic acid disodium salt, Ammonium 

sulfate, Potassium chloride, Potassium iodide, Potassium dihydrogen orthophosphate, 

Sodium phosphate dibasic anhydrous, Dimethyl sulphoxide, Guaiacol, L-methionine, N-

acetyl L-methionine was procured from Sisco research laboratory (SRL), India.  

 Anti-Hb antibodies and an isotype control antibody were purchased from santa-cruz 

biotechnology, inc.  

 Other chemicals where used in the current studies were analytical grade. 

 

TH-1568_126106029



Chapter 1|1 
 

Chapter 1. Malaria from Historic Period to Current: In View of 
Pathophysiology 

1.1 Introduction 
Malaria infects over 20 million and kills at least 0.4 million peoples every year. The sub-

tropical zones especially Africa, Asia and South America are the most affected regions. Malaria 

influences the economy of the affected regions and causes reduction of 1-2 % economic 

productivity. Malaria is caused by Plasmodium genus and it has five different species such as P. 

falciparum, P. malaria , P. ovale, P. vivax and P. knowlesi to develop disease in humans (Mueller 

et al., 2007). Among them, P. falciparum is the most pathogenic species to account for 60 % death. 

Though various malaria eradication programs have reduced malaria infection and mortality, 

increasing drug resistance among the different malarial species is an alarming situation. Multiple 

organ defects observed during malaria and the cyto-toxic effect of anti-malarial drugs are the other 

challenges (Sarkar et al., 2010). It drives the researchers to develop safe and non-toxic anti-malarial 

drugs, additional adjuvant therapies and also to reduce vector burden in the environment to control 

the spreading of disease. In the current chapter, we are discussing different aspects related to the 

malaria such as historical discoveries, epidemiology, control strategies, clinical manifestation of 

malaria. In addition we have discussed in detail the patho-physiology in host during malaria 

especially the contribution of different factors (host or parasite derived) and their molecular 

mechanism. Lastly, we have outlined the objectives and significance of the research work 

presented in the current thesis.  

1.2 Historical account of malaria 
 Malaria infection was observed in Egyptian mummies dating from 3200 and 1304 BC 

(Nerlich et al., 2008). Indian ancient scripts of the Vedic period (1500 to 800 BC) called malaria 

the “king of diseases.” In 270 BC, ‘Nei Chin’ the Chinese medical catalogue linked quartan and 

tertian fevers with splenomegaly which blamed malaria's headaches, fever, and intense chillness 

(Bruce-Chwatt et al., 1988). The Greek poet Homer, Aristophanes (445-385 BC), Aristotle (384-

322 BC), Plato (428-347 BC), and Sophocles (496-406 BC) were described malaria symptoms in 

their writings. Hippocrates (450-370 BC) was noticed connection between appearances of Sirius 

the Dog Star with malarial fever (Nerlich et al., 2008; Sherman, 1998). Besides these popular daily 

life observations, several scientific discoveries are made in different time periods to understand 

diverse aspects of the disease which are outlined in Table 1.1. In 1880, Charles Louis Alponse 

Laveran reported first time existence of malaria parasite from patient. In 1891, Dimitri 
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Leonidovitch Romanowsky accidentally discovered methylene blue – eosin as a suitable stain to 

identify the parasites in blood smears. In 1897, Sir Ronald Ross reported that the mosquitoes are 

the vector for avian malaria. Life cycle of human malaria parasite (P. falciparum, P. vivax, and P. 

malariae) was reported by Giovanni Battista Grassi and his colleagues. In 1937, Sydney James and 

Parr Tate revealed that there is pre-erythrocytic multiplication stage after sporozoite infections in 

chickens. In 1947, Henry Shortt and Cyril Garnham reported pre-erythrocytic liver stage of Malaria 

parasites, exo-erythrocytic forms of P. vivax. In 1948, first rodent malaria parasite P. berghei was 

identified by Ignace Vincke and Marcel Lips. In 1976, William Trager and J.B. Jensen successfully 

performed in-vitro continuous parasite culture, which accelerated molecular level studies in the 

malaria field. Since then, molecular, cellular and immunological aspects of malaria, discoveries of 

important anti-malarial drugs and vaccines are done and they are outlined in Table 1.1. 

1.3 Life cycle of malaria parasite 
 The malaria parasite shows a complex life cycle consisting of an invertebrate vector 

(mosquito) and a vertebrate host (human). Parasite develops sexual stages in mosquitoes and it 

multiplies asexually in humans. Parasitic asexual stage further divided into hepatic (pre-

erythrocytic) and blood (erythrocytic) stages (Figure 1.1). 

1.3.1 Asexual stages of parasites: In humans, female Anophelus mosquito injects malarial 

sporozoites during their blood meal (Figure 1.1). After insertion, sporozoite enters the blood stream 

from the site of bite and thus they can reach to infect the hepatocytes (Amino et al., 2006). With the 

infection of hepatocytes, parasites don’t express the clinical symptoms but divides to produce 

thousands of merozoites (cryptozoites). Simultaneously, small number of merozoites develops into 

hypnozoites and later they cause the malaria relapse in the host (Prudencio et al., 2006; Soulard et 

al., 2015). Sporozoite to merozoite conversion takes 7-24 days and it depends on the Plasmodium 

species and host immunity. After the release of merozoites from the hepatocytes, each merozoite 

infects a new red blood cell and it start to develop and multiply within the red blood cell through 

different stages known as early trophozoites (rings), late trophozoites and schizonts. Shortly after 

infection parasites form a parasitoporous vacuole in the RBC cytoplasm. Within the parasitoporous 

vacuole, parasite resides, grows and divides mitotically without cytokinesis until schizont 

formation. During schizont stage cytokinesis take place which results into new merozoites. Mature 

schizonts may contain 16-24 merozoites which egress from erythrocytes after lysis of the cells to 

begin new erythrocytic cycle. Erythrocytic schizogony of malaria parasites is ~48 hr generally but 

the life cycle of P. malariae and P. knowleski are 72 hr and 24 hr respectively. 

1.3.2 Sexual stages of parasites: Few erythrocytic parasites emerge as gametocytes to start the 

sexual life cycle in mosquitoes (Figure 1.1). Mosquitoes receive the gametocytes during its blood 
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meal from the infected human host. After reaching the stomach male and female gametocytes fuse 

together and form motile ookinetes. Ookinetes escape from the mosquito gut to peripheral side of 

the gut wall and turn into oocyst. From oocyst numerous sporozoites release and perpetuates 

Table 1.1: Historical proceedings of malaria related major scientific findings. 
S.No. Year Scientists Discovery/Invention Reference 

1 1820 Pierre Pelletier & 
Joseph Caventou 

Quinine (Rosenthal, 2001) 

2 1880 Charles Louis 
Alponse Laveran 

Malaria parasites. (Nye, 2002) 

3 1891 DL Romanowsky Methylene blue – eosin stain. (van't Veer and 
Haferlach, 2014) 

4 1897 Sir Ronald Ross Mosquitoes role in avian malaria 
transmission. 

(Ross, 1897) 

5 1898– 
1900 

Giovanni Battista 
Grassi 

Life cycle of P. falciparum, Pm and 
Pv 

Malaria transmission from mosquito 
to human. 

(Cox, 2002) 

6 1922 Henry Shortt & 
Cyril Garnham 

Pre-erythrocytic and exo-
erythrocytic forms of malaria 

parasites. 

(Cox, 2002) 

7 1934 Hans Handersag et 
al. 

Chloroquine synthesis. (Thomé et al., 
2013) 

8 1939 Paul Hermann 
Muller 

Insecticidal action of 
dichlorodiphenyltrichloroethane. 

(Gunasekaran, Sahu 
et al. 2005) 

9 1940 Robert Elderfield Primaquine synthesis. (Edgcomb, Arnold 
et al. 1950) 

10 1942 Paul F Russell & 
B. N. Mohan 

First malaria vaccine test attempt 
in Fowls 

(Russell and 
Mohan, 1942) 

11 1947 Ignace Vincke & 
Marcel Lips 

P. berghei, first rodent malaria 
parasite, identification. 

(Cox 2010) 

12 1956 Fulton & Flewett First electron microscopy studies 
of Plasmodium (P.berghei and 

P.knowleski) 

(Fulton and 
Flewett, 1956) 

13 1966 William Trager et 
al., 

Demonstration of P. falciparum 
fine structure. 

(Trager et al., 1966) 

14 1971 Tu Youyou Isolation of artemisinin from 
Artemisia annua leaves. 

(Cui and Su 2009) 

15 1976 William Trager & 
J.B. Jensen 

In vitro continuous parasite 
culture technique. 

(Trager and Jensen 
1976) 

16 2002 Malcolm J 
Gardner et al 

Completion P. falciparum 
genome sequencing 

(Gardner, Hall et al. 
2002) 

17 2002 E. Lasonder et al. First P. falciparum proteomic 
analysis. 

(Lasonder et al., 
2002) 

18 2014 J.L. Ramirez et al Chromobacterium Csp_P - 
reducing the life span of 

mosquitoes. 

(Ramirez et al., 
2014) 

19 2015 SmithKline 
Beecham 

Biologicals 

Development of malaria vaccine 
RTS.S/AS01- Approval of 

RTS.S/AS01 by WHO. 

(RTS, 2015) 
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towards the salivary gland. During next blood meal sporozoites infect the healthy human 

(Angrisano et al., 2012; Sherman, 1979; White et al., 2014). 

 
Figure 1.1: Life cycle of malaria parasite in vertebrate and invertebrate host. The sequence 

malaria parasite life cycle in invertebrate host (mosquito) and vertebrate host (human). 

1.4 Clinical Symptoms of malaria 
Clinical symptoms of malaria appear during erythrocytic stage of the Malaria parasites. 

Malarial fever elicits headaches, muscle aches, dry cough, nausea, vomiting, tiredness, etc., along 

with typical paroxysmal fever (Figure 1.2). Paraoxysomal feature of malaria develop during the 

merozoites egress from the RBC along with the release of toxic by-products which initiates initial 

chillness and followed by sudden rise the body temperature (fever) unusually in the malarial 

patient. In advanced condition, malaria also develops various unusual clinical features which 

include severe anaemia, lactic acidosis, hypoxia, splenomegaly, liver diseases, kidney diseases, 

visual defects, cerebral malaria with neuronal damages (Fairhurst and Wellems, 2010; Zaki and 

Shanbag, 2011). Untreated malaria leads to the coma stage prior to the death. 
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Figure1.2: Common symptoms during the malaria. Clinical symptoms arise during malaria and 
different organs involvement in host. 

1.5 Global malaria risk and distribution 
Currently malaria transmission is prevalent in five WHO regions. They are sub-Saharan 

Africa, tropical region of the South America, Indian sub-continent, South-east Asia and Indo-

Pacific islands. Sub-Saharan Africa region is the major malaria infection region and ~70 % 

malarial deaths would be recorded in 2015. India and South East Asia are followed the sub-Saharan 

Africa in malaria incidences. Various government and non-government agencies are working 

together to control the malaria from many decades. Due to the continuous effort malaria 

transmission and mortality together were reduced significantly. The assessment of malaria control 

program efforts by WHO which displayed in Figure 1.3. Except the South American country 

Venezuela, in most of the regions malaria incidence is decreasing. Malaria risk is emerging around 

the world in the form of resistant development and climate change. Climate change can re-establish 

the malaria in Mediterranean and Middle East Asia during winter by raising the temperature. 

Temperature elevations also favour to spread the malaria in the higher altitudes like Nairobi. Drug 

resistance development against the anti-malarial may lead to the increase in mortality rate. 

1.6 Malaria eradication programs and achievements 
Till 19th century, there was no recommended drug for malaria and disease remains as fatal  
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Figure 1.3: Account of Malaria episodes in the world between 2000 -2015. (WHO, 2016) 

infectious disease. In order to control the malaria incidences, several approaches are proposed and 

practiced in society. These approaches and their outcome are discussed below:  

1.6.1 Vector control approaches: Since role of mosquito was established by Ronald Ross in 

malaria transmission, mosquitoes were targeted to reduce the malarial infections. Environment 

management, such as draining the stagnant water around the residential area, results in reduction of 

mosquito and malaria infection incidences. Introduction of DDT (dichlorodiphenyltrichloroethane) 

like pesticides were helped lot all around the world. But due to the environmental hazard issues, 

DDT was not allowed in developed countries after 1970s. To avoid pesticide pollution, biological 

methods like mosquito larval destruction by using either larvivorus fishes or infecting mosquitoes 

with environmental friendly bacteria like Bacillus thuringiensis israelensis (Dambach et al., 2014),  

and Chromobacterium Csp_P (Ramirez et al., 2009; Ramirez et al., 2014). These methods were 

helped to reduce the mosquito population. Recently, sterile insect technique was developed to 

control the mosquito population (Lees et al., 2015). Vector control approach to prevent the malaria 

is depicted in Figure 1.4. 

 1.6.2 Anti-malarial drugs in malaria control and their mechanism of action: Anti-malarials 

are the agents which kills the causative agents Plasmodium sp. to stop spreading of disease in the 

host. They are either natural or synthetic compounds. Chemical structures of few selected anti-

malarial agents are given in Figure 1.5 and their mechanism of action is elaborated in Table 1.2. 

The role of anti-malarial in malaria control is shown in the Figure 1.4. The different anti-malarials 

and their mode of action are discussed briefly:   
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Quinine: In the year 1500, Jesuit priests learned from the people of Peru that the powder from the 

Cinchona tree bark relieved shivering with cold. It was also proposed that it may also offer relief 

from the chills of malaria. Its activity against the parasite, later shown to be due to bioactive 

quinine present in Cinchona bark. In 1820, Quinine was successfully separated by Pierre Pelletier 

and Joseph Caventou from Cinchona bark and was used to treat intermittent fever (Rosenthal, 

2001). The white crystalline aryl alkaloid quinine is used as an important anti- malarial drug during 

Second World War. Currently, it is used for uncomplicated malaria treatment. The recommended 

dosage is 10 mg/kg of body weight thrice per day for seven days. Quinine essentially target late 

rings, trophozoites and schizonts stages of parasite. In combination with other drugs, such as 

clindamycin, tetracyclin, quinine is effectively targeting and killing the different stages of parasites. 

Oral quinine is indicated in conjunction with another blood stage schizonticides such as 

doxycycline, clindamycin or sulfadoxine/pyrimethamine for the treatment of uncomplicated 

chloroquine-resistant 

       
ACT - Artemisinin Combination Therapy; CQ - Chloroquine; PQ - Primaquine;  Q – Quinine; 

DTT – Dichlorodiphenyltrichloroethane; RTS.S/AS01 – Vaccine. 
Figure 1.4: Different Strategies to control Malaria transmission. Malaria control is achieved by different 
methods. They are (1) Vector control approach (to kill the invertebrate vector by insecticides (DTT) and 
bio-control method (Chromobacterium CSp_P); (2) Anti-malarial drugs (to kill the parasites in human host) 
and (3) Vaccine control approach (to generate antibodies against sporozoites to prevent the liver infection). 
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malaria caused by P. falciparum and P. vivax (WHO, 2016). The precise molecular mechanism of 

quinine action is not conclusive but several hypothesis are proposed for its anti-malarial action. 

During erythrocytic development, malaria parasite endocytose the RBC cytoplasm into 

parasitoporous vacuole. Endocytozed RBC cytoplasm reach to the food vacuole and there, they 

undergo proteolytic degradation by cysteine and aspartic proteases. RBC cytoplasmic digestion 

results into amino acids and toxic heme.  Amino acid is utilized for parasitic protein synthesis but 

heme start to accumulate within the food vacuole (Deans et al., 1983). Heme is a known toxic 

compound to generate free radicals and thus to avoid the oxidative stress, parasites converts the 

heme into less toxic hemozoin (Combrinck et al., 2013). Quinine essentially thought to block the 

heme to hemozoin mineralization process and lead the accumulation of free heme within the 

digestive vacuole which may cause the parasite death (Panisko and Keystone, 1990). The basic 

nature of quinine leads them to accumulate within the parasitic acidic vacuole may lead to 

alteration of intravascular pH.  The alteration in pH may disrupt electrolyte balance in the 

parasitoporous vacuole and arrest the parasite growth (Panisko and Keystone, 1990).  

 
Figure 1.5: Chemical structure of few selected anti-malarial agents. 

But this hypothesis is not validated thoroughly and has several unclear observations. In contrast to 

Chloroquine, quinine binds weakly with free heme and it doesn’t correlate with the anti-parasitic 

activity of the molecule. Instead, quinine may be interacting with the recycling process of digestive 

vesicle phospholipids and reduce the hemozoin formation process (CD Fitch, 2003). Quinine 
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inhibits TNF-α level in plasma during malaria and avoids the severe malaria development 

(Maruyama et al., 1994).  

Chloroquine: The increasing demand of quinine led to synthesis of chloroquine, an artificial 

synthetic derivative. It is a better anti-malarial agent than the quinine. Chloroquine was discovered 

by Hans Handersag and his group in the year 1934 (Cook and Zumla, 2009). It was widely used 

during Second World War as replacement of quinine. It is the first choice of anti-malarial due to 

low cost and less toxicity than quinine. The recommended dosage is 10 mg base/kg of body 

weight/day for first 2 days and 5 mg base/kg of body weight/day for next 7 days. Chloroquine is 

used to kill erythrocytic stages of parasites and to some extend it is used for the prophylaxis as 

well. Chloroquine mechanism of action is not completely understood but several hypotheses were 

put forward as discussed below:  

1. Chloroquine accumulates in food vacuole?: Chloroquine accumulation in parasitic food 

vacuole may be associate with its anti-malarial activity (Yayon et al., 1984).  

2. Chloroquine alters pH of the food vacuole?: Chloroquine is a weak base. Thus, the 

accumulation of chloroquine raise the PH in food vacuole and disturb food vacuole function 

(Yayon et al., 1985).  

3. Chloroquine interacts with heme?: Chloroquine binds with heme and delay heme 

dimerization process. It lead to the heme accumulation within the food vacuole and kill the 

parasites (Fitch, 2004). 

4. Chloroquine disturbs Hb digestion?: Unless quinine, chloroquine also leads to the 

accumulation of within the food vacuole. It suggests that chloroquine may interfere the 

digestion process by either inhibiting or reduce the synthesis of digesting cysteine/aspartate 

proteases (Slater, 1993; Surolia and Padmanaban, 1991). 

5. Hypothesis of polyamine metabolism inhibition by chloroquine: In vitro studies of 

chloroquine mediated parasitic ornithine decarboxylase inhibition is the other mechanism 

proposed for its anti-malarial activity (Konigk et al., 1981). 

6. Hypothesis of chloroquine mediated interference in gene expression by binding with DNA: 

In vitro studies of DNA binding with chloroquine suggested that it may lead to the poor 

transcription and replication in the parasites and ultimately lead to parasite growth arrest 

(Parker and Irvin, 1952). However, this hypothesis was rejected when specific binding 

nature of chloroquine with guanine was demonstrated whereas parasitic genome contains 

almost 75 % of A:T base pairs (Allison et al., 1965). 

In recent time, the chloroquine resistance malaria parasite was observed all around the world and 

forced to develop alternate malaria therapeutic agents.   
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Artemisinin: Artemisinin is the most effective anti-malarial drug at present to combat malaria. It is 

a natural anti-malarial present in the leaves of herbal plant Artemisia annua. In 1971, anti-malarial 

activity of artemisinin was shown by Youyou Tu (Tu, 2011) and received the Nobel prize in the 

year 2015. The sesquiterpene lactone structure of artemisinin contains unusual peroxide bridge. 

This peroxide bridge is also known as 1,2,4-trioxane ring and it may the important reaction centre 

for the artemisinin bioactivity. Artemisinin derivatives such as artesunate, arteether and artemether 

are better soluble compounds than the artemisinin. The recommended dosage of artesunate is 2.4 

mg/kg intravenously for every 12 hr interval for 4 days. Mechanism of artemisinin action is still 

unclear but free radical generation by artemisinin may be the responsible for the anti-malarial 

activity. Interaction of free iron or heme with 1,2,4-trioxane ring of the artemisinin lead to the 

generation free radicals which may demise the parasite (Cui and Su, 2009; Meshnick et al., 1991; 

O'Neill et al., 2010). Artemisinin is also modulating pro-inflammatory cytokines expression and 

helps to suppress the neuro-degeneration during severe malaria (Miranda et al., 2013). Other 

hypothesis such as protein synthesis inhibition, mitochondrial damage are not explained well 

(O'Neill et al., 2010). Currently artemisinin is used in different combination to give better results 

and to avoid the development of drug resistance in malaria parasite. The different combinations 

such as artesunate with amodoquine, artesunate with Sulfadoxine-Pyrimethamine (Spottiswoode et 

al.). Clinical trial of dihydroartemisinin-piperaquine combination in cerebral malaria patients 

indicate that the therapy is giving better outcomes (Group et al., 2016). 

Primaquine: In 1940, PQ was synthesized by Robert Elderfield to target relapses in P. vivax and 

P. ovale (Edgcomb et al., 1950). Relapse of malaria in the recovering patient from disease is 

common with P. vivax and P. ovale infections. It can be avoid by an anti-malarial PQ which 

specifically kills the parasite liver stage hypnozoites by generating free radicals through an 

unknown mechanism (Legorreta-Herrera et al., 2010). The recommended dosage of PQ is 30 

mg/day for 14 days or 21 days. PQ administration is limited due to the severe hemolytic effects in 

glucose-6-phosphate dehydrogenase deficient patients (Lopez-Antunano, 1999). Gametocidal 

activity of the PQ is useful to prevent the transmission of malaria (Frischer et al., 1991; Lopez-

Antunano, 1999).   

Other optional anti-malarial agents: Other antimalarial agents like amodiaquine, mefloquine, 

halofantrine, lumefantrine, piperaquine, pyronaridine, pyrimethamine, sulfadoxine, atovaquone, 

clindamycin, tetracycline, etc are used mostly in combination with established anti-malarials due to 

their less efficacy and high toxicity. Antimalarials mode of actions of selected drugs was briefly 

given in Table 1.2. 

1.6.3 Adjuvant Therapy: Adjuvant therapy is an approach to enhance the efficiency of the 

primary drugs or to reduce the toxic effects of the primary drugs to provide faster recovery in 
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patients. Anti-malarials primarily target the parasites and effectively eliminate it from the host but 

they cause severe complications in off target site due to drug associated toxicity. Different adjuvant 

therapies are directed towards specific complications in the target organ of host. There are no 
 

Table 1.2: Anti-malarial agents and their mode of action. 
S.No. Compounds Mechanism Mode of Action Reference 

1 Quinine, Quinoline, 
Quinindine, 
Cinchonine, 
Cinchonidine. 

Interfere with the heme 
detoxification process, 
inside the digestive vacuole 
of the parasite 

Parasiticidal, 
Schizonticidal, 
Gametocidal 

(Panisko and 
Keystone, 1990) 

2 Chloroquine, 
Amodiaquine. 

Similar to quinine Parasiticidal, 
Schizonticidal 

(Thomé et al., 
2013) 

3 Pyrimethamine, 
proguanil, sulpha-
diazine. 

Inhibits parasitic 
dihydroopteratesynthetase 
& dihydrofolatereductase 

Parasiticidal, 
Schizonticidal 

 (Legorreta-
Herrera et al., 
2010) 

4 Tetracycline, 
clindamycin. 

May be inhibits protein 
biosynthesis as like as in 
prokaryotes 

Parasiticidal (van Dyke et al., 
1970) 

5 Quinacrine,  Inhibit DNA synthesis Parasiticidal (van Dyke et al., 
1970) 

6 Atovaquone Inhibits malarial electron 
transport system and 
dihydroorotate DHase 

Parasiticidal (Siregar et al., 
2015) 

7 Artemisnin, 
artesunate, 
 arteether and 
artemether 

Unknown. (hypothetical 
actions: i) generating 
oxidative stress, ii) 
blocking Hemoglobin 
degradation and heme 
detoxification 

Parasiticidal, 
Schizonticidal 

(Cui and Su, 
2009) 

8 Primaquine Kills hypnozoites Relapse, 
Tissue 
schizontizidal 

(Legorreta-
Herrera et al., 
2010) 

proper guidelines for malarial adjuvant therapy and till date different agents are under evaluation 

for the therapy (John et al., 2010; Nuchsongsin et al., 2007b). Various agents such as 

carticosteriods, mannitol, glycerol, sorbitol, N-acetyl cysteine (NAC), pentoxyfyline, 

dexamethasone, dichloroacetate, anti-TNF-α monoclonal antibody, ascorbate, tocopherol and 

ulinastatin  and curcumin are used randomly as different malaria adjuvant therapy in different 

clinical trials (Mimche et al., 2011; Mohanty et al., 2006a).  Among them curcumin, NAC, 

ascorbate and tocopherol showed better activity in preventing vascular complication but they didn’t 

provide any success to reduce malaria associated mortality.  

Corticosteroids: Cerebral malaria is the most severe complication during P. falciparum infection. 

Cerebral malaria develops clinical signs such as intracranial pressure (ICP), moderate cerebral 

oedema, oxidative stress, apoptosis, etc. The mechanism of corticosteroids action in ICP is 
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unknown. To reduce the ICP, catecholamines are the choice but it also lead to the gastrointestinal 

bleeding and seizures without having impact on mortality. In addition, clinical trials performed 

with corticosteriods studies were not effective against cytotoxic oedema and the beneficial effects 

is difficult to conclude due to small number of trial group (Prasad and Garner, 2000). 

Mannitol: Mannitol, an osmotic agent, can’t cross the blood brain barrier and metabolize ~ 20 %. 

It readily diffuses in kidneys and draws the water to increase the urinary output. This mechanism 

may also applicable to reduce the intracranial pressure, intraocular pressure. Study by Newton and 

his group with mannitol, as adjuvant therapy within 23 Kenyan children infected with malaria, 

indicates decrement of ICP. But this small number of population, design of experimental analysis 

and data were not sufficient to stand for his conclusion  (Newton et al., 1997). 

Desferrioxamine: Iron chelator desferrioxamine shown the faster parasite clearance, but failed to 

prove the faster recovery from the deep coma (Smith and Meremikwu, 2003). 

Pentoxyfyline: Different studies with pentoxyfyline showed a mixed effect on TNF-α level, i.e., 

either reduction or no change, in severe malaria patients (Looareesuwan et al., 1998). 

TNF-α antibody: Fab fraction of anti-TNF-α is one of the promising agent in reducing TNF-α 

level in the malaria patient and promoting the faster cure with the artesunate administration 

(Looareesuwan et al., 1999).  

Thiazolidindione: Phagocytosis enhancing agents such as thiazolidindione enhance the CD36 

mediated phagocytosis in macrophages and parasite induced TNF α secretion (Asada et al., 2004). 

Vitamin E & Ascorbate: Anti-apoptotic factors such as ascorbate, tocopherol may reduce the 

endothelium phagocytosis and reduce endothelium damage. Along with the protease deactivator 

ulinastatin, they may useful to protect the kidney damages during malaria (Hemmer et al., 2005).  

Dichloroacetate: The common malarial manifestation lactic acidosis can be manage by 

dichloroacetate which may avoid or reduce the severity of the various malarial complication 

(Pasvol, 2005).  

Curcumin: Curcumin is a natural and a potent bioactive molecule exhibiting wide range of 

bioactivity. Several studies on curcumin effect on mice experimental cerebral malaria was resulted 

delay of death, suppressed parasitemia and slightly improved survival by 29% (Aditya et al., 2012; 

Akhtar et al., 2012; Martinelli et al., 2008; Nayak et al., 2010; Reddy et al., 2005).   

N-Acetyl Cysteine (NAC) in adjuvant therapy: Antioxidant NAC is used as an adjuvant during 

severe malaria to reduce oxidative stress related complications. NAC are thought to reverse the 

RBC rigidity to avoid RBC clearance and reduction of oxidative stress mediated RBC lysis 

(Mohanty et al., 2006b). NAC administration was found to reduce the TNF-α level during severe 

malaria (Watt et al., 2002a). In another clinical trial, intravenous NAC administration in patients 

(n=15) showed faster lactate clearance than placebo control (Watt et al., 2002b). The underline 
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mechanism of NAC mediated lactate clearance is not well understood. The oral NAC 

administration is not effective as compared to intravenous administration. In another clinical trial, 

malaria patients (n=108) were divided into two groups; First group consists of 56 malaria patients 

(severe falciparum malaria) receiving NAC as adjunct therapy and second group of 52 patients 

were on placebo. They compared the malaria mediated mortality, lactate clearance time, coma 

recovery time, urine oxidative marker F2-isoprostane, and parasite clearance time. They have 

observed no difference in mortality, lactate clearance, and coma recovery time. In NAC treated 

patients, parasite clearance time was extended from 30 to 36 hrs. Urinary oxidative marker F2-

isoprostane derivatives was observer higher in NAC administered patient. (Charunwatthana et al., 

2009).  Neutral effect of NAC therapy during severe malaria is unclear and need more 

investigations.  

1.6.4 Malaria vaccines: Development of vaccine is the simple way to develop immunity against 

malaria infection, but even after decades of research, malaria vaccine development is not been 

feasible. The traditional approach to develop malaria vaccine focused on specific single stage of 

parasite life cycle i.e., vaccine targets either pre-erythrocytic or the asexual erythrocytic stages. 

Pre-erythrocytic vaccine strategies aim to generate an antibody response to neutralize sporozoites 

and prevent them from invading the hepatocyte. Also, to elicit a cell mediated immune response to 

target the parasites multiplication inside liver (Hill, 2006; Schofield et al., 1987). Erythrocytic stage 

vaccine strategies aim to elicit antibodies that will inactivate merozoites to block invasion into 

fresh RBCs. It targets malarial antigens expressed on the RBC membrane through antibody 

dependent cellular cytotoxicity to potentiate the T-cell response against the infected RBCs (Ahmed 

Ismail et al., 2014; Reed et al., 2006). By decreasing the exponential multiplication of merozoites, 

this type of vaccine would mostly serve as a disease reduction vaccine in endemic countries (Hill, 

2006). As for vaccines that target the sexual stage of the parasite, they do not aim to prevent illness 

or infection in the vaccinated individual but to prevent or decrease transmission of the parasite to 

new hosts (Kristoff, 2007). The initial trials of malaria vaccine had given promising results, but 

subsequent trials did not meet the predicted expectations (Valero et al., 1996). In Table 1.3, 

different malaria vaccine candidates are given with the target stage of the parasites and their 

advantages. RTS.S/AS01 is a first malaria vaccine received positive opinions worldwide. RTS is a 

genetically engineered peptide which made up of repeating unit of P. falciparum circumsporozoite 

protein central region with T-cell epitope and hepatitis B surface antigen (HBsAg). RTS is co-

expressed along with free HBsAg in yeasts. Spontaneous binding of RTS with HBsAg results 

RTS,S vaccine. It effectively prevents the infection by sporozoites to liver cells. Phase III Clinical 

trial of RTS.S/AS01 vaccine showed 26 % and 39 % less infections in children after third and 

fourth dosage respectively. Further studies are going on to test the extend of efficacy provided by 
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the RTS.S/AS01 vaccine. As like other vaccines, after every administration of RTS.S vaccine cause 

the fever as the inflammatory responses. Clinical trials have not shown any other adverse effects in 

children (RTS, 2015). 

Table 1.3: Different vaccines designed to provide protection against malaria 
Target 
stage 

Antigens Salient features Current status Reference 

Pre-
ery 
thro 
cytic 

Irradiated sporozoites 
Circumsporozoite protein 
or peptides liver stage 
antigens-1, RTS.S/AS01 

Stage and species specific; 
antibody blocks infection of 
liver. RTS.S evokes humoral 
& cellular immunity. 

RTS.S/AS01- 
Completion of 
phase 3clinical 
trial. LSA-1:Under 
clinical trials phase 
1 

(Reed et 
al., 2006; 
RTS, 
2015) 

Meroz
oites & 
erythro
cytic 

Erythrocyte Binding 
Antigen, Merozoite Surface 
Antigen1 & 2, Ring 
Infected Erythrocyte 
Antigen, Serine Repeat 
Antigen, Rhoptry 
Associated Protein, 
Histidine Rich Protein, 
Apical Membrane Antigen1 

Stage and species specific; 
prevents the erythrocytic 
infection; lead to the 
destruction of infected RBC 

Short term 
protection. Under 
development for 
increasing 
efficiency. 

(Ahmed 
Ismail et 
al., 2014; 
Reed et 
al., 2006) 

Gamet
ocytes 

P. falciparum s25, 48/54k, 
P. falciparum 230. 

Prevents the infection of 
mosquitoes thus blocks 
transmission cycle; antibody  
to this antigen prevents 
maturation of gametocytes, 
zygotes 

Failed (Kristoff, 
2007) 

All 
stages 

P. falciparum s66 
(combination of pre-
erythrocytic and 
erythrocytic stage of P. 
falciparum 

Blocks all the stages of 
parasit development in 
human host  

Failed  (Graves 
and 
Gelband, 
2006) 

1.7 Malaria induced pathological complications in host and its mechanism.  
P. falciparum infection causes the severe burden to the host. Malaria parasite cleverly hides 

within the host cells and multiply safely. Parasites expose for a short span to the host immune 

system at the time of invasion to new RBC. Such brief exposure is relatively not adequate to 

generate effective immune response to eliminate the parasite from the host. Mean while, parasitic 

metabolic wastes damage the host cellular and organelle systems such as reticulo-endothelial 

systems, placenta, visual defects, etc. These effects are schematically depicted in Figure 1.6 and 

discussed in this section. 

1.7.1 Severe anemia: Anemia is a clinical condition in which Hemoglobin (Hb) level falls below 

10g/dl. Severe anemia is very common during malaria often the  level decrease less than 6.0 g/dl 

(Zaki and Shanbag, 2011). Anemia develops in malaria patient by following three mechanisms. 
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They are (a) intravascular hemolysis, (b) increased clearance of RBC and IRBC, (c) decrease in 

RBC production through dysregulated erythropoiesis (Figure 1.7). Altogether these factors cause 

the severe anemia during malaria. 

(a) Intravascular hemolysis: Intravascular hemolysis refers the rupture of RBCs within the blood 

 
Figure 1.6: Different complications observed in host during malaria. The major organs often 
undergo for partial or complete dysfunction during malaria to cause the death in host. 
 

vessels. Contribution of intravascular hemolysis in anemia development in malaria patient is 

depicted in the Figure 1.7. During malaria, parasites lyse the IRBC to release merozoite to 

complete their life cycle by infecting fresh RBCs. This cyclic process leads to the reduction RBCs 

in the blood and develop anemia like condition. IRBC lysis also release Hb derived products such 

as hemin, methemoglobin (MetHb), degraded Hb peptides and malarial pigment hemozoin 

(Nuchsongsin et al., 2007a). Metabolites released from IRBC are capable to generate the free 

radicals and cause the oxidative damages to the blood cells. They also induce the NO synthesis by 

endothelium to contribute into additional oxidative stress. TNF-α also involve in this process and 

increase the NO level in blood. Exposure of free radicals leads to the RBC death by oxidizing the 

RBC membrane lipids, proteins and inducing phosphatidylserine (PS) expression on RBC outer 

membrane (Rifkind et al., 2014). Non-oxidative stress mediated RBC lysis during malaria is not 

pursued extensively. Complement mediated hemolysis was reported based on in-vitro experiments 
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but it lack in-vivo support to draw fruitful conclusions (Ansar et al., 2006; Biryukov and Stoute, 

2014). 

(b) RBCs & IRBCs clearance: Outline of RBC & IRBC clearance pathways are showed in Figure 

1.7. During malaria, increased RBC clearance rate was observed. It may be due to the oxidative 

stress mediated RBC structural and functional changes, reduced deformability, PS externalization. 

RBCs life span is ~120 days in healthy humans. Old RBCs express different age related markers 

(ARM) which can be used by macrophages to identify and phagocytose them in spleen, liver and 

bone marrow (Bratosin et al., 1998; de Back et al., 2014b). Binding  products on RBC surfaces also 

enhances the macrophagic clearance (de Back et al., 2014b). In IRBC, Malaria parasites expressed 

markers (like RSP-2, PS) on IRBC membrane which lead to the macrophagic clearances (de Back 

et al., 2014b). Altogether, they cause the abnormal sequestration of RBCs in spleen and this 

condition lead to anemia with reduction of RBC count in blood (Awah et al., 2009). 

(c) Dysregulated erythropoiesis: Outline of erythropoietic dysregulation is schematically 

illustrated in Figure 1.7. Bone marrow is the prime site to produce and mature erythropoietic cells. 

Reticulocytes in bone marrow further mature into RBC in blood vessels. Spleen and liver also 

involve in erythropoietic process as secondary site. Any interference in erythropoietic process 

causes reduced number of RBC in blood to develop anemia. During malaria, reduced 

erythropoiesis was observed in correlation with increased level of hemozoin, TNF-α, NO, NO 

mediated apoptosis in CD34+ cells and reduced level of erythropoietin (Awandare et al., 2011; 

Thawani et al., 2013). 

 
Figure 1.7: Pathophysiology of severe anemia. During malaria severe anemia develops by 
enhancing the intravascular hemolysis, RBC and IRBC clearance. Suppression of erythropoiesis 
also causes severe reduction of RBCs in blood. For details see description. 
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Inflammation develops during different diseases such as tuberculosis, meningitis, rheumatoid 

arthritis and malaria (Nweneka et al., 2010; Spottiswoode et al., 2015). Abnormal levels of 

cytokine cause the hepcidin release in liver. Hepcidin is a hormone which regulates iron 

metabolism through its absorption and storage. Hyperhepsidinemia causes the reduction of 

intestinal iron absorption. On the other hand, hepcidin promotes the iron release from macrophages 

and lead accumulation of iron in liver. This process known as iron delocalization and it causes 

hypoferromia to indirectly disturb the erythropoiesis in bone marrow (Nweneka et al., 2010; 

Spottiswoode et al., 2015). Reduction in level of cytokine RANTES by hemin also impairs the 

erythropoiesis during malaria (Perkins et al., 2011; Roumenina et al., 2016).  

1.7.2 Cerebral malaria: Cerebral malaria is defined as severe neurological complication. Coma is 

the hallmark symptom during cerebral malaria along with brain swelling, intracranial hypertension, 

retinal changes, brainstem signs, bleeding disorders and multi-organ failure (Newton et al., 2000). 

The incidences of cerebral malaria in children increases mortality rate by 10-20% even after 

receiving the malarial therapy. In adults, death can be avoided with the intravenous artesunate 

injection. The patients recovered from cerebral malaria were suffering throughout their life-span 

with different neurological complications such as blindness, ataxia, central hypotonia, cognition, 

motor function, behavioural changes and epilepsy. Mechanism of cerebral malaria and associated 

complications are poorly understood. Postmortem study of the cerebral malaria patients indicates 

parasite sequestration in the brain vessels, endothelial injury, blood brain barrier dysfunction and 

intracranial hypertension. The possible pathology of cerebral malaria is schematically accounted in 

Figure 1.8. IRBC sequestration was thought to have a great role in the development of cerebral 

malaria. Initially, PfEMP-1 ligand expressed on infected RBCs (IRBC) interacts with ICAM-1 

present on endothelial cells to adhere firmly. Adhesion of IRBC to endothelial cell promotes 

further adhesion of IRBC to endothelium lining and agglutination of blood cells in the sequestered 

area leads to the blockage of the capillary. Blockage of the capillary develops the hypoxia and 

hypoglycaemic condition in the local area which leads to the brain cells damage. Lactic acidosis 

condition adds up cell damages further. Products released from IRBC causes inflammation and 

oxidative damages of the endothelium. Hemozoin or IRBC phagocytised macrophages secrete high 

level of matrix metalloprotease-9 (MMP-9) which can damage the basal lamina around the blood 

vessels and disrupt the blood brain barrier (Polimeni and Prato, 2014). MMPs further enhance the 

TNF-α and cytokines secretion by macrophages and lymphocytes. In cerebral malaria, several 

cytokines; TNF-α, interleukins (IL-12, IL-6 and IL-10) are playing a critical role in disease 

development. Role of TNF-α in ICAM-1 over-expression on endothelial surface was studied in 

many laboratories. Elevated interleukins and chemokine level thought to play critical role in 

cerebral malaria. (Idro et al., 2010) The seizure during cerebral malaria may be due to the 
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kynureinic metabolites such as quinolinic and kynureinic acid. Quinolinic acid is a NMDA receptor 

agonist and excitotoxin which may have a role in neurological symptoms and complication (Jain et 

al., 2013). There are many unidentified factors involved in the development of cerebral malaria 

thus the neurological damage is still inconclusive. 

 
Figure 1.8: Summary of events responsible for pathology of cerebral malaria. Cerebral malaria 
results in untreated P. falciparum infected patients. Various events such as parasite sequestration, 
blood brain damages, neuronal damages, vesicular blockage can observe during cerebral malaria 
events. For further information see descriptions. 

1.7.3 Splenomegaly: Abnormal enlargement of spleen is termed as splenomegaly and it is common 

during severe malaria (Zaki and Shanbag, 2011). Spleen has an important role in filtering the blood 

and removing aged RBCs, RBC derived products and bacteria (Mebius and Kraal, 2005). During 

malaria, uninfected RBCs and other blood cells undergo abnormal modification (including 

apoptotic marker expression) which reduces their life span. During malaria, immune complexes 

combine with activated complement C3b which can deposit CR1 (complement receptor 1) present 

on RBCs. Hemozoin also can enhance C3b binding on RBC CR1 receptor independently. This 

event can elicits splenic clearance of uninfected red blood cell and adds up work load on spleen 

leading to splenic infarction (Biryukov and Stoute, 2014). Red pulp macrophages recognize 

abnormal RBCs, products released from infected RBCs (Hb, MetHb, hemin and hemozoin) and 

they phagocytose them. The elevated level of cytokines, IgM levels during malaria also may have a 

role in splenomegaly but the links are not clear (Biryukov and Stoute, 2014; Buffet et al., 2011). 

The excessive turnover of RBCs (production and destruction) and toxic by-product released from 
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infected RBCs during malaria may lead to spleen dysfunction and splenomegaly. The schematic 

diagram to explain different biochemical processes leading to splenomegaly during malaria is 

given in Figure 1.9. 

 
Figure 1.9: Pathophysiology of Splenomegaly. Enhanced hemolysis, RBC clearance, red pulp 
macrophage activation, inflammation and oxidative damages together lead to the splenomegaly in 
malaria patient. 

1.7.4 Liver complication: About 2.5 to 62 % of malaria patients suffered by the liver problems 

and they developed the clinical jaundice. Liver dysfunction is not common in such cases but still it 

contributes into malaria mortality up-to 2 to 5 %. Parasite life cycle starts in the hepatocytes in 

human and during this stage, they modulate biochemical properties and increase stiffness of the 

infected hepatocytes (Eaton et al., 2012). Hepatocytic plasma membrane during sporozoite 

infection of the liver causes the secretion of the hepatocyte growth factor (HGF) and evidences 

indicate the HGF involvement in parasite infection into hepatocytes (Carrolo et al., 2003; Jin et al., 

2004). Further, there is no remarkable observation on liver pathophysiology during pre-erythrocytic 

malaria. But hemolysis, congestion of hepatocytes, hepatocyte swelling, kupffer cell hyperplasia, 

deposition of hemozoin, steatosis, were observed in autopsy of dead malaria patients (Anand and 

Puri, 2005; Autino et al., 2012b; Kochar et al., 2003a; Kochar et al., 2003b). During erythrocytic 

cycle, infected red blood cells (IRBC) undergo lysis during parasite egress. Parasitic and IRBC 

derived products adhere on normal blood cells which also get lysed by the combined action of 

cytokines. The free Hb and hemin are being removed by liver after binding with haptoglobin and 

hemopexin respectively (Smith and McCulloh, 2015). Excess IRBC products oxidatively damage 

the cells present in microenvironment and lead them to apoptosis or lysis (Pamplona et al., 2009; 

Totino et al., 2010).  RBC released products along with parasitic antigens amplify the immune 
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responses which lead into vascular dysfunction such as blockage, damage, IRBC sequestration, 

hemolytic product accumulation in liver. Accumulation of hemolytic products in liver, cause the 

severe damages to the hepatocyte through induction of apoptosis involving mitochondria 

dysfunction, DNA fragmentation and oxidation of cytoskeleton proteins (Guha et al., 2006). 

Hemozoin also increases the secretion of cytokines from the macrophages and lymphocytes. The 

elevated level of NF-κB and TNF-α in kupffer cell generates inflammatory response against 

hepatocytes during malaria. Hepcidin mediated iron delocalisation in hepatocytes also damage the 

hepatocytes (Spottiswoode et al., 2015). Other mechanisms underlying in liver damage during 

malaria is still not clear (Autino et al., 2012b; Viriyavejakul et al., 2014). The schematic diagram to 

explain different biochemical and molecular pathways leading to liver damage during malaria is 

given in Figure 1.10. 

 
Figure 1.10: Pathophysiology of Liver dysfunction. Various degree of liver failure is common in 
malaria cases. Increased detoxification pathways, inflammation and oxidative stress mediated 
damages together involve in the liver damages during malaria. 

1.7.5 Renal failure: Severe malaria develops acute kidney injury in around 40 % malaria patient. 

Proteinuria, hematuria, oedema, hypertension were observed during malaria, especially with P. 

falciparum infection. Kidneys meet high stress during malaria due to the high parasitemia. 

Parasites mediated lactic acidosis may overload the renal acid-base balance system. IRBC 

sequestration and RBC resetting in blood vessels of kidney cause hypoxia which affects the kidney 

cells activity. IRBC sequestration further allows the deposition of parasites and malaria related 

toxic products on endothelium lining of kidney. It results the immune reactions in the kidney and 

lead to the cell death at extreme condition. All together, they direct the kidney failure during 
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malaria (Ehrich and Eke, 2007). Intravascular hemolysis activates endothelial cells, alteration in 

hemodynamics through generation of oxidative stress, nitric oxide and TNF-α may lead to renal 

ischemia, acute tubular necrosis and acute interstitial nephritis (Nguansangiam et al., 2007). 

Nephritis during malaria showed involvement of INF-γ, IL-1α, IL-6 by altering pro-inflammatory 

and anti-inflammatory cytokines (Autino et al., 2012b; Ehrich and Eke, 2007; Sinniah et al., 1999). 

1.7.6 Placental malaria: Placental malaria is another common complication observed in pregnant 

women infected with P. falciparum (Figure 1.11). Placental malaria leads to the miscarriage, poor 

birth weight, neurological sequale and birth defects in new born baby in severe cases. Placental 

malaria risk is higher in women with the age below 25, and onset of pregnancy such as primiparity 

(Magistrado et al., 2008). In placental malaria, phagocytic cells accumulate at intervillous space to 

phagocytose IRBC. TNF-α, IL-10 activate the macrophage to accumulate hemozoin, IRBC and 

induces leukocyte infiltration. It results in increase of thickness of trophoblast basement membrane 

to modulate the space between intervillous and perivillous. It results in reduction of nutrient and 

oxygen transport across placenta. The role of elevated C5a during pregnancy may contribute in 

placental malaria through dysregulated angiogenesis, release of chemokine and cytokine (Autino et 

al., 2012b). Placental hormone human chorionic gonadotropin seems to promote Malaria parasites 

1.7.7 Malaria induced diabetes: Malaria mediated damages are not restricted to host organs but 

also modulating the host metabolism. Parasite infection mediated host metabolic modulations are 

possible in various conditions such as increased parasitic metabolism in host, altered the immune 

responses and hormonal dysregulation. Anaerobic metabolism of parasites is directly influencing 

on host blood lactic acid level. Parasitemia level also directly correlates with TNF-α, interleukins 

and other cytokines level. Hormonal dysregulation during malaria is unexplained yet but abnormal 

hormone level was observed during placental malaria (Megnekou et al., 2015). Elevated blood 

insulin level (hyperinsulinemia) during severe malaria was reported in various studies (Acquah et 

al., 2014; Eltahir et al., 2010). Recent study about type II diabetes relation with malaria indicated 

that the incidence of type II diabetes is increasing among malaria survivors in malaria endemic 

growth during early trimester of pregnancy (Rohrig et al., 1999). region (Acquah et al., 2014). In 

addition, type-II diabetes increases the risk of malaria infection (Danquah et al., 2010). Further 

human insulin effects in mosquito indicate that it suppresses the NF-κB level in mosquito to help 

the parasite survival in normal or starved mosquitoes (Pakpour et al., 2012b; Zhao et al., 2012). 

Interestingly, hyperinsulinemia often connected with hypoglycemia during malaria. During 

cerebral malaria, hyperinsulinemia in conjugation with hyperglycemia is causing more death 

instead of hypoglycemic condition alone (Giha et al., 2009; Tombe et al., 1993). These interesting 

observations need to explore the connection between interaction of insulin with parasites and its 

down-stream effects in disease development.  
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Figure 1.11: Pathophysiology of Placental malaria.  Parasitic sequestration, macrophage 
mediated inflammatory reactions, accumulation toxin in intervillus space cummalative effects 
worsen the fetus condition in pregnant woman. 

1.8 Factors involved in malaria associated complications 
Malaria parasites infection in human causes multi-organ failure during severe malaria which 

associated with different physical, chemical and biological factors. In following sections, we 

discussed the effect of the various factors involvement in developing the severe malaria. 

1.8.1 Environmental (physical) factors:  
Temperature: Normal physiological human body temperature is around 98.4ºF. Infection, allergy 

and few metabolic diseases attributes the high temperature in which body temperature raise above 

the normal and such states called as fever. Characteristic malaria fever is cyclic in nature and 

reaches to the peak in every 3rd day (tertian fever) or 4th day (quarten fever) up to 106ºF depends on 

the Plasmodium species, i.e., P. vivax and P. ovule. P. falciparum does not show any distinct 

pattern of fever but continuously display high temperature. Malarial paroxysm fever can segregate 

into 3 phases as cold, high temperature and sweating phases (Figure 1.12). Initial cold phase retains 

~15-60 min, and the body temperature fall below normal (upto 97.7ºF) with shivering which gives 

TH-1568_126106029



Chapter 1|23 
 

intense cold felling to the patient. In second phase temperature level sharply increase ~106ºF and 

patient feel skin burning sense with skin dryness, headache, fatigue, nausea and myalgia. This stage 

lasts 2-6 hours. Finally in sweat phase, due to sweating, body temperature falls to normal 

temperature and this stage lasts for another 2-4 hours. After the third phase, patients’ body 

temperature return to normal and the similar events results during next cycle. Temperature 

modulation is accompanied with TNF-α level (Karunaweera et al., 1992).  

Fever is a major symptoms being observed during infections and it is considered as 

common host defence mechanism. Hyperthermia was in practice as a therapy for few infectious 

diseases such as syphilis, endocarditis and pneumococcal meningitis before antibiotic discovery 

(Roberts, 1979). As P. falciparum host defence, hyperthermia also cause adverse effects such as 

increased heart rate, basal metabolic rate, negative nitrogen balance, dehydration and albuminuria 

(Roberts, 1979). In vivo & in vitro experimental hyperthermic studies suggest that fever like 

condition, activates the macrophage and lead to secret the TNF-α level in the host (Lee et al., 

2012), increase the rigidity of the infected RBCs (Marinkovic et al., 2009), increase the P. 

falciparum growth in RBC (Pavithra et al., 2004). Studies used temperature in between 38 to 40ºC 

were reported discrepant results but the studies used temperature above 40ºC were consistently 

reported the damages to the host cells. 

 
Figure 1.12: Classical paraoxymal fever pattern during malaria. Paroxymal fever symptoms 
start with the onset of chillness. This cold phase followed by high temperature phase where malaria 
patient feel extreme hot and in finally it ends with the sweat phase. Karunaweera et al., 1992, data 
was utilized to plot the curve. 
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pH: Changes in physiological pH (below 7.35) associated with various clinical complications such 

as respiratory difficulties and hypoxia which lead to the kidney failure, coma and death (Maciel 

and Park, 2009; Morimatsu et al., 2009). But, acidosis contribution in severe malaria 

pathophysiology is not investigated yet properly. During severe malaria, lactate level is >2 mmol/l 

and lactate level in patient is a predictor for death  (Autino et al., 2012b). During malaria, capillary 

obstruction may lead the reduction of blood flow in capillaries which develops the hypoxia in 

tissues. It may cause the aerobic to anaerobic metabolic shift, which leads to the excess lactate 

production. But clinical studies could not able to find out the link between the microvasculature 

obstruction and oxygen delivery (Hanson et al., 2012). Excess glucose utilization by parasites also 

generates further rise of lactate in host (Mehta et al., 2005). Excessive lactate level impairs the pH-

homeostatic systems in host (Koeppen, 2009). Apart from lactate, elevated level of various organic 

acids such as hydroxylphenyllactate, α-hydroxy butyric acid, β-hydroxy butyric acid in plasma and 

methylmalonate, ethylmalonate, α-ketoglutarate in urine was observed. Abnormally high hydroxyl-

phenyllactate level was observed in patients who died by malaria and hydroxyl phenyllactate 

stronger prognostic factor for death than lactate. Higher level of lactate and other organic acids 

were observed in patient with severe malaria (Herdman et al., 2015).  

Oxidative stress: Oxidative stress is one of the common factor for developing various diseases like 

diabetes, vascular complications, heart diseases, renal diseases and neurological diseases (Shah and 

Brownlee, 2016). Free hemin is very toxic in nature due to ability to develop the oxidative stress. 

Hemin contains Fe3+ which generate hydroxyl radical (OH•) with the contact to the hydrogen 

peroxide in aqueous environment through ‘Fenton reaction’ (Rodopulo, 1951). Parasitic metabolic 

activity also leads the development of the oxidative stress within the infected RBCs. Hydroxyl 

radicals oxidatively damage the cells present in their vicinity (Lum and Roebuck, 2001; 

Nuchsongsin et al., 2007a). Activation of nitric oxide synthase in endothelial cells and uninfected 

RBCs, lead the excessive synthesis of nitric oxide and further contribute into the oxidative stress in 

host. At the same time, oxidative stress also promotes the cell adhesion molecules such as ICAM1, 

E-selectin, etc on the endothelial cell surface which increase the chance of vascular blockage and 

cytoadherence (Lum and Roebuck, 2001; Piantadosi, 2008). Oxidative stress is suspected for the 

RBC changes. Red cell deformability and damage during malaria is multifactorial. Hemin-induced 

oxidative damage of the red cell membrane, alterations in the phospholipid bilayer and membrane 

linked cytoskeletal proteins (Nuchsongsin et al., 2007a). Thermally driven membrane fluctuations 

during febrile temperature can increase the cell rigidity (Islam et al., 2011). Nitric oxide (NO) also 

can affect the membrane rigidity and reduction in deformability of the red cells in during 

falciparum malaria.  
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1.8.2: Biological factors: Parasites and malaria associated toxic products, different host cells and 

their secretary products, and immunological factors are the different biological components which 

are involved in the development of severe malaria.  

(A) Host cells: Human body made up of different kind of cells. They are involving in different 

functions such as body defence, sensors, digestion, respiration, etc. During malaria role of immune 

cells, RBCs and endothelial cells are studied extensively in context to malaria associated 

pathology. Here we have discussed few important cells which are involved in malaria pathology. 

Red blood cells: Red blood cells are anucleated, circular biconcave shaped and involved in 

gaseous exchange from lung to different parts of body. Life cycle of malaria parasite partly spares 

in red blood cells during asexual stage and known as erythrocytic cycle (Figure 1.13). The infection 

of the red cells by malaria parasites, results in progressive modulation in structural, biochemical, 

and mechanical properties of RBC.  Post infection, formation of knobs like structure on the surface 

of the IRBC plasma membrane helps parasitic sequestration through binding of IRBC to 

endothelial cells. Knob mediated IRBC endothelium cytoadherence and IRBC-URBC aggregation 

cause the vesicular blockage. IRBC derived products cause oxidative insults to the other cells, 

activates the macrophages to induce the cytokine secretions, suppression of hematopoiesis, release 

of microparticles, etc (Deshmukh and Trivedi, 2014; Nuchsongsin et al., 2007a). Vesicular 

blockage causes the severe complications such as cerebral malaria, splenomegaly, hepatic damage, 

nephritic syndrome, etc., during malaria. Vesicular blockage affects the blood flow rate and it lead 

to the oxygen depletion in tissues. Prolonged oxygen depletion severely causes tissue damage leads 

to the organ failure. Red blood cell derived microparticles (RMS) are the major microparticles 

produced during malaria (Nantakomol et al., 2011).  RMS is up regulating the macrophage CD40 

expression and increased TNF-α secretion (Couper et al., 2010). RMS surfaces are providing signal 

for C-reactive proteins to promote the coagulation in the blood vessels (Koshiar et al., 2014). RMS 

exported free heme to endothelial cells turn on vaso-coagulation during sickle cell hemolysis 

(Camus et al., 2015).  

Platelets: Platelets are formed from megakaryocytic cytoplasm during hematopoiesis. Platelets are 

involved in blood coagulation. Platelets secrete platelet derived growth factors during blood 

coagulation and it is involved in wound healing. Accumulation of platelets was observed from 

Malawian paediatric cerebral malaria patient brain samples (Grau et al., 2003). Platelets have CD36 

(GPIV) to recognize and bind IRBC as well as serve as a mediator for IRBC and endothelial cyto- 

adherence (Chapman et al., 2012; Mayor et al., 2011; Wassmer et al., 2004). In a mouse 

experimental malaria model, IRBC activates platelets and to secrete chemokine, platelet factor 4, 

which results in immune activation including T cell population decrement in brain (Srivastava et 

al., 2008). Platelets also involved in antigenic presentation process independently and activates the  
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Figure 1.13: RBC role in severe malaria. RBCs involve in malaria pathology through hemolysis 
and RBC aggregation. RBC derived microparticles (RMS) cause inflammation, blood coagulation 
during malaria. Infected RBC released toxins entails macrophage as well as endothelium cell lines 
to cause the severe organ damages during malaria.  

T cells which further may lead to the vascular diseases (Chapman et al., 2012). Platelet derived 

microparticles involve in malaria pathology in various ways. Platelet derived microparticles can 

binds with IRBC surfaces (depend on the P. falciparum EMP1 variant expression) which may 

provide the signal to immune cells for phagocytosis process, In addition it also support IRBC-RBC 

adhesion in the blood vessels. Platelet derived microparticles also can bind with brain endothelial 

cells receptor such as CD-31 and CD-36 and get internalize. It increases the endothelial cell and 

IRBC cytoadhesion which lead to the cells accumulation in brain vessels and results in cerebral 

malaria (Faille et al., 2009). Injection of platelet derived microparticles rich plasma from cerebral 

malaria mice into malaria developed mice resulted the microparticles lining on the brain 

endothelium surfaces. In healthy mice platelet derived microparticles were cleared quickly from 

blood (El-Assaad et al., 2014). Other roles of platelet derived microparticles are under 

investigation. 

Neutrophils: Neutrophil population is around 40-75 % among white blood cells. The major 

function of the neutrophil is to provide the non-specific (innate) protection against invading 
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pathogen. During malaria, neutropenia is observed and the blood neutrophil count decrease 

abnormally. Hemozoin mediated bone marrow suppression may be responsible for the neutropenia. 

Neutrophils can recognize the Plasmodium sp. through TLR and they secrete the cytokines and 

chemokines to the plasma. Cytokines intensify the innate immune system against the pathogen 

(Leoratti et al., 2012). But in malaria condition neutrophil show less activity in cytokine secretion 

and chemotaxis process. Overall it results in impaired defence against pathogen and offers the 

secondary opportunistic infections (Diou et al., 2010; Lokken et al., 2014; Thompson et al., 2012; 

Were et al., 2011).  

Antigen presenting cells (monocytes, macrophages, dendritic cells, etc): Macrophages, 

monocytes, dendritic and B lymphocyte are the professional antigen presenting cells. Monocytes 

are the group of white blood cells and involved in non-specific immunity. Macrophages and 

dendritic cells are the differentiated form of monocytes and they are present in tissues. At the 

moment of Parasite antigenic contact, specifically parasite DNA-protein complex or DNA-

hemozoin complex, with TLR-9 present on dendritic cells activates the cytokine secretions (Perkins 

et al., 2011; Wu et al., 2010).  Antigenic contact activates the maturation process in APCs and lead 

to the secretion of cytokines, TNF-α, interleukin-6 (IL6), interleukin-10 (IL-10), interleukin-12 (IL-

12), interleukin-1β (IL-1β), etc (Al-Fadhli et al., 2014; Lyke et al., 2004; Takeuchi and Akira, 

2010). Cytokines involve in different clinical complications such as high temperature, oxidative 

stress, apoptosis, inflammation, hormonal imbalance, glomerulonephritis, 

hypergammaglobulinemia, severe anemia, immune-suppression, hepatocyte damage, placental 

damage, cerebral malaria, etc  (Erta et al., 2012; Grau et al., 1990; Huang et al., 2014). Anti-

inflammatory role of IL-10 may help the host during cerebral malaria or hepatic damage. At the 

same time down regulation of TNF-α, IL-12, IFN-γ by IL-10 may deteriorate the host immunity 

against the parasite (Niikura et al., 2011). IL-10 and IL-12 are involved in Th1 maturation to 

secrete interferon-γ (INF-γ). Excessive secretion of INF-γ may cause the tissue damage through 

auto-inflammatory responses. Secretion of TNF-α positively correlated with severe malaria in 

patients. Elevated TNF-α level leads to the fever, apoptotic cell death, cachexia and inflammation. 

In presence of TNF-α, stimulation of macrophages lead to excessive production of free radicals 

thus damages the local environment homeostasis (Perkins et al., 2011). Altered RBCs are 

phagocytised by macrophages which lead to the severe anemia. Phagocytosis of macrophages 

towards parasitic antigens, infected RBC products and IRBC leads the accumulation of toxins 

within the cytoplasm which leads to the macrophage inactivation, immune-suppression, 

splenomegaly, etc. Toxic nature of IRBC by products develops the oxidative stress within the 

macrophage and cause the oxidative burst (Deshmukh and Trivedi, 2014). IL-10 mediated hepcidin 

secretion lead to the iron delocalization which affects the erythropoiesis and damages the 
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hepatocytes (Huang et al., 2014). Complement C5a also enhance the macrophage mediated 

cytokine secretion (Ansar et al., 2006; Autino et al., 2012b). The role of APC in malaria 

pathophysiology is shown in the Figure 1.14. 

 
Figure 1.14: Monocytes and macrophage during malaria. During malaria, macrophage 
activation can cause the severe damage to brain and placenta through inflammation. Further it also 
primes severe anemia, immunosuppression, splenomegaly, etc. For further information see 
description. 
 
Lymphocytes: Lymphocyte is the second major population (~ 30 %) among white blood cells. T-

cells, B-cells and natural killer (NK) cells are the variants of the lymphocytes. T-cells are 

responsible for cell mediated immunity, B-cells and NK cells are responsible for antibody mediated 

cellular immunity and innate immunity respectively. Immune activation during malaria initiates 

with the contact of antigen or infected RBC to the dendritic cells or antigen presenting cells. 

Activation of dendritic cells further triggers the differentiation of T-cells (CD 8+
, CD 4+) as well as 

B cells formation. CD 8+ T-cells further proliferate into NK cells but excessive activity of T cell 

lead to the tissue damages in different organs through INF-γ. Activation of CD 4+ lead to the 

maturation of Th1 and Th2 cell. The secretory products of Th cells are IFN-γ, IL-4 and IL-10. IL-4 

may involve in the tissue inflammation along with INF-γ. The protective response of T-cells with 

INF-γ and TNF-α activates hepatocyte (Schmidt et al., 2011), modulate the macrophage activity in 

brain blood vessels to contribute into the cerebral malaria (Pai et al., 2014).  IL-10 regulate the IL-

12, which is known to enhance the TNF-α secretion to start the inflammation reaction during 

malaria. 
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Figure 1.15: T cell activation and the consequences during malaria. 

 

Endothelial cells: Endothelial cells are present as a layer to form blood vessels. The endothelium 

lining serves the selective entry of essential molecules such as nutrients, hormones, etc to the brain 

site. Endothelial cells are also involved in angiogenesis and anticoagulation process. Damage in 

endothelium usually causes leaky blood vessels which results tissue swelling, activation of 

thrombosis, and chronic inflammation. During malaria, Endothelial cell is activated by IRBC lysate 

products, immune cells, IRBCs, cytokines, etc (Howland et al., 2015; Razakandrainibe et al., 

2012). Earlier, we have discussed how ROS and NO are generated by immune cells while 

processing antigen. ROS, NO and cytokines act on endothelial cells individually and activate the 

endothelial cells to express higher number of receptors such as ICAM-1, VCAM-1, CSA, CD36 

etc., which provides the binding sites for IRBCs, immune cells (macrophages, T-cells, etc), 

platelets and their derived particles, etc on the endothelium surface (Lum and Roebuck, 2001; 

Piantadosi, 2008). Simultaneously, oxidative stress also dysfunction the endothelial cells through 

various pathways. Parasite derived GPI binding on endothelial receptors activates the MyD88 – 
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NFκB pathway to secrete the cytokines and chemokines. But the GPI binding also stimulate 

tyrosine kinase – PKC pathway leads to the apoptosis and cellular dysfunction. Together all these 

cellular events damage the endothelium and disturb the barrier function of endothelium. IRBC to 

endothelial cytoadherence leads the cytoskeleton changes and disturb the endothelial-endothelial 

cell junctions through Rho dependent or calcium dependent pathway activation of focal adhesion 

protein (FAP) results the leaky cell junctions (Lum and Roebuck, 2001). Moreover, expression of 

adhesion molecules (ICAM1, VCAM1, CSA, etc) also increase the parasite sequestration, which 

leads to the vascular blockage, reduced blood flow, development of hypoxia, disturbance in 

nutrient supply. Phagocytic cells, present in the blood, are the sources for different MMPs such as 

MMP9, MMP3 (Prato and Giribaldi, 2011). Elevated level of MMP-9 was observed during 

cerebral malaria which may involve in the disruption of endothelial matrix (Prato and Giribaldi, 

2011). Involvement of MMPs, cytokines and IRBC together cause the damage of blood brain 

barrier and results the various complications such as tissue inflammation, edema, cerebral malaria, 

multi organ failure. 

 
Figure 1.16: Endothelium dysfunction during severe malaria. Cytoadhesion of endothelial cell 
with macrophage or IRBC or platelete activate the endothelium which lead to the cytokine 
secretion, damage the blood brain barrier, inflammation etc. It leads to the cerebral malaria, 
placental malaria, etc. For further information see description. 
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(B) Host derived factors: The factors are released from host cells, as response against the parasitic 

infection and metabolic activities, are discussed briefly in host pathology contribution. 

Cytokines: Cytokines are the small molecules (5-20 kDa) secreted from immune cells, it includes 

chemokines, lymphokines, monokines and interleukins. They play an important role in immune 

responses such as activation, differentiation, proliferation of immune cells, inflammation and 

erythropoiesis . Malaria infection causes development of inflammatory response due to secretion of 

several cytokines which act as either pro-infammatory (TNF-α, IL-1, IL-6, IL-18, RANTES, IFN-

γ) or anti-inflammatory mediators (IL-10, IL-12) (Dinarello, 2000; Opal and DePalo, 2000; Tayal 

and Kalra, 2008).  

Tumor necrosis factor alpha (TNF-α) is a cytokine and it is secreted by activated 

macrophages, neutrophils, eosinophils, CD4+ lymphocytes, NK cells in response to antigen. 

During malaria, monocyte in contact to antigen, induces the immune reaction by secreting the 

TNF-α. Hemozoin phagocytosis by monocytes and macrophages lead to the higher secretion of 

TNF-α (Santos-Martinez et al., 2008). TNF-α effects different cell types such as antigen presenting 

cells, T-cells, endothelial cells, erythropoietic cells, and causes NF-κB activation, stress linked 

MAPK activation and caspase-8 activation. Together, these effects result in tissue inflammation 

during severe cerebral malaria, apoptosis of cells in different organs especially liver and spleen, 

dysregulation of erythropoiesis in bone marrow. In addition, it causes elevated NO synthesis in 

endothelial cells, MMP secretion by monocytes and macrophages, and lymphocyte activation 

(Perkins et al., 2011). 

Interleukins are another group of cytokines majorly secreted by T-lymphocytes, 

macrophages and monocytes. There are several studies demonstrated the crucial role of interleukin 

in host immune response and support host immunity to clear the infection. During malaria, IL-1β, 

IL-6, IL-10, IL-12 secrete along with other interleukins (Lyke et al., 2004). IL-1β is positively 

associated with disease severity and responsible for fever during parasitic infections (Chua et al., 

2013). In malaria infected mice, IL-1 causes potent pyrogenic and inflammatory responses (Pascual 

et al., 2005). IL-6 role is protection from the infection (Chua et al., 2013). Also IL-6 elevates the 

body temperature to precipitate fever. Moreover through B-cells, IL-6 also causes the 

hypergammagluobulinemia, glomerulonephritis (immune complex disease) (Grau et al., 1990). 

 Elevation of IL-6 also affects the nerve cell differentiation, hypothalamus hormonal 

regulation, etc., which cause neurodegeneration, suppression lipid synthesis, and hormonal 

imbalance (Erta et al., 2012). IL-10 involves the anemia development through increased hepcidin 

secretion from macrophages (Huang et al., 2014). In response to infection, IL-12 stimulates the 

production of TNF-α, IFN-γ from lymphocytes (T and B-cells) and augments the type-I immune 
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response. IL-10 is an another important interleukin and it is essential for suppression of IL-12 

production (Mosser and Karp, 1999). Reduction of IL-12 level during malaria can cause the 

dysregulation of erythropoiesis leading to the severe anemia. IL-4 secreted by Th2 cell involve in 

B-cell differentiation to plasma cell and proliferation of lymphocytes (B and T-cells) (Perkins et 

al., 2011).  IL-10 and IL-12 are involved in Th1 maturation to secrete interferon-γ (INF-γ). 

Excessive secretion of INF-γ may cause the tissue damage through auto-inflammatory responses. 

(Perkins et al., 2011). During malaria, IFN-γ secreted by NK cells and CD4+ T-cells to destroy the 

IRBCs. IFN-γ secretion increases the cellular H2O2 production and lead to the death of the 

macrophages to contribute into the state of immuno-suppression. Moreover, enhancement of 

immune response against sequestered IRBCs in brain lead to the severe outcomes in cerebral 

malaria (King and Lamb, 2015).  

Hepcidin: Hepcidin is a small iron regulating hormone, secret by kidney and liver, in response to 

low blood oxygen level. Elevated hepcidin levels were observed during malaria in response to the 

infection. During malaria, hepcidin blocks the ferroprotein to inhibit iron absorption in intestine. 

Moreover, hepcidin also delocalize the iron from macrophages to liver. The overall effect damages 

liver, develop the anemia by suppressed erythropoiesis but at the same time, it protects the host 

from super-infection (Spottiswoode et al., 2015). 

Human chorionic gonadotropins (HCG): HCG is a placental hormone which helps the embryo 

development by interaction with leutinizing hormone receptor and up-regulating the progesterone 

by corpus leuteum. Under in-vitro incubation studies, HCG supplementation leads to the 

acceleration of malaria parasite growth (Pong et al., 2009; Rohrig et al., 1999). 

Hepatocyte growth factor (HGF): Sporozoite infection during malaria, causes membrane rifts on 

several hepatocytes before forming a parasitoporous vacuole, lead to the secretion of hepatocyte 

growth factor. It plays an essential role in sporozoite infection by rearranging the cytoskeleton 

protein actin (Carrolo et al., 2003). In severe malaria, retinopathy is also observed with visual 

defect or loss of vision (Barrera et al., 2015). HGF exposure in mice causes retinal displacement 

and probably could explain retinopathy developed during malaria (Jin et al., 2004).  

Insulin: Insulin controls various physiological processes in our body such as controlling glucose 

metabolism, cellular growth by increasing DNA synthesis and protein synthesis. Hyperinsulinemia 

was observed during malaria but the reason is not known yet.  Elevated insulin level during malaria 

may possible due to TNF-α mediated effects on hepatocytes, myocytes and insulin receptor present 

on adipocyte. In addition, quinine induced hypoglycaemia and  hyperinsulinemia conditions are 

being reported in malaria patients (Taylor and White, 2004). At the same time, hyperglycaemia and 

hyperinsulinemia was also observed in malaria patients (Binh et al., 1997; Eltahir et al., 2010). 

Interestingly, type II diabetic patients and malaria patients share several common clinical features; 
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hyper-insulinemia, renal failure, vascular diseases, retinal problem and immuno-suppression  (Zaki 

and Shanbag, 2011). It hints that the insulin might be a major player in multi-organ failure during 

malaria. In recent studies, insulin found to suppresses the IL-10 production from T-cell through 

AKT/mTOR signalling pathway in regulatory T-cells which elevate secretion of IFN-γ (Han et al., 

2014). Low level of IL-10 secretion may allow the uncontrolled secretion of TNF-α from 

macrophages. High IFN-γ/TNF-α level causes inflammatory reaction to exhaust the immune cells 

and result into the immuno-suppression (Chua et al., 2013). During Blood meal, mosquito ingest 

insulin from host and that activates the insulin/insulin like growth factor-1 signalling pathway in 

mosquito to suppress the NF-κB dependent immune response (Pakpour et al., 2012a; Surachetpong 

et al., 2011). Insulin supplementation to mosquito helps in parasite development and growth (Beier 

et al., 1994). But the in-vitro assessment of insulin effect on parasite growth in vertebrate host 

(liver or RBC stages) is not conclusive but hyperglycemic condition allows the parasites to 

proliferate faster (Humeida et al., 2011).  

Matrix metalloproteases (MMP): Matrix metalloproteases are the metal (Zn++) dependant 

proteases and cleaves the matrix proteins to help for growth and tissue remodelling. During 

malaria, hemozoin loaded macrophages and monocytes show high secretion of MMP-9 and MMP-

1 secretion (Geurts et al., 2012; Khadjavi et al., 2014; Polimeni and Prato, 2014; Polimeni et al., 

2013). MMP-9 cleaves, occludin, zonula occludens-1, claudin-1 and claudin-5 to disturb 

endothelial tight junction, and lead to the blood brain barrier damage. MMP also involve in the 

homeostasis regulation through tissue plasminogen activator and µPA. It may have a connection in 

thrombus formation in brain microcirculation (Prato and Giribaldi, 2011; Santos-Martinez et al., 

2008). 

(C) Infected RBC derived factors: Previously, we have discussed the host cells and their 

secretions which involved in the malaria pathophysiology. Here, we are discussing the role of 

parasite derived factors in severe malaria development.   

Heme/Hemin: Heme is the prosthetic group of different proteins which involve in electron 

transport cycle, Gaseous exchange (O2/CO2), xenobiotic metabolism etc., In erythrocytic cycle, 

parasites degrades up-to 80% hemoglobin for their growth and nutrient requirement.  It leads to 

release of heme and it start to accumulate inside the parasite food vacuole. Free heme moiety 

spontaneously oxidizes to hemin in aqueous environment. Hemin generates the hydroxyl radical 

through ‘Fenton reaction’ and induce oxidative stress in the host (Nuchsongsin et al., 2007b). The 

merozoite egress from IRBC also releases free heme/hemin into the blood. In cellular free 

environment hemin effectively generates reactive oxygen species (OH˙). Free radicals damages 

RBCs, WBCs, platelets, endothelium cells in various pathways and cause the cellular death. Hemin 

also non-specifically binds with proteins and lipids which cause oxidation of proteins and lipids. 

TH-1568_126106029



Chapter 1|34 
 

Hemin promotes cyto-adhesion of RBCs to endothelium and cause vesicular blockage. Hemin 

mediated RBC damages lead to the severe anemia. Hemin stimulation of macrophages cause 

inflammation and also leads to macrophage apoptosis. Cytotoxic effect of hemin on endothelium 

leads to endothelium dysfunction and develops the vascular complication, cerebral malaria, 

splenomegaly, etc (Deshmukh and Trivedi, 2014; Roumenina et al., 2016). 

Hemozoin: Chemically, hemozoin is a dimer of hemin with different parasitic components such as 

lipids and peptides. During malaria, parasites polymerize the toxic hemin to less toxic hemozoin in 

order to avoid the oxidative stress. But, it also significantly generates hydroxyl radical and 

develops the oxidative stress in host. Oxidative stress leads to the various vascular complications 

such as endothelium dysfunction, vesicular occlusion, etc. Hemozoin with parasite DNA stimulates 

the host cell apoptosis. Hemozoin and hemin non-specifically bind cellular plasma membrane to 

cause the cellular damage and adhesion. Along with platelets, hemozoin also involved in cyto-

adherence of IRBC to endothelial cells (Grau et al., 2003). Hemozoin also induce matrix metallo-

protease secretion from the macrophage thus lead to the leaky endothelium (Masocha and 

Kristensson, 2012). Phagocytosis of hemozoin by neutrophils, monocytes, and macrophages cause 

alignment in host immunity which results in immuno-suppression. (Perkins et al., 2011). Excessive 

hemozoin uptake by macrophage leads to reduced secretion of TNF-α and nitric oxide (NO) by 

macrophages (Taramelli et al., 1995). Parasite DNA and hemozoin together induce TNF-α 

secretion from monocytes. TNF-α secretion attribute the immune activation and inflammatory 

responses. Hemozoin deposition in liver and spleen may cause the dysfunction of liver and spleen. 

Hemozoin also suppress the erythropoiesis in bone marrow. 

Hemoglobin: Hemoglobin is the major protein present in the RBC to transport the gases. It is a 

tetramer, consists of two α and two β chains with heme as prosthetic group. Hemoglobin synthesis 

occurs in erythroblasts and degradation in reticulo-endothelial system (Chiabrando et al., 2014). 

During malaria, while spanning their life in RBCs, parasites degrade the hemoglobin (upto 70 – 80 

%) and utilize the free amino acids for their growth(Rosenthal and Meshnick, 1996). On the other 

hand, parasite metabolism causes the development of oxidative stress inside the RBC which 

oxidize the hemoglobin-Fe2+ into methemoglobin-Fe3+ (Percario et al., 2012). Egress of parasites 

from the RBC releases the both hemoglobin and MetHb to the plasma. Extracellular hemoglobin is 

again oxidizing into MetHb spontaneously. Further oxidation of MetHb into ferryl hemoglobin 

(Fe4+) generates the hydroxyl radicals which damages the normal cells. Hydroxy radicals 

generating activity of hemoglobin is known as pseudoperoxidase activity and Fe is playing a key 

role in this reaction (Schaer et al., 2013). Cyclo-oxygenase activity of Hb accelerates the 

prostaglandin synthetic pathway by oxidizing the plasma membrane of long chain unsaturated fatty 

acids. It spontaneously activates the inflammation in local environment (Zilletti et al., 1994). 
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Hemoglobin also plays an important role in nitric oxide homeostasis (Grubina et al., 2007). The 

growing evidences suggest that the accumulation of extracellular hemoglobin is a novel mechanism 

for various vascular complications during vascular hemolysis. 

Figure 1.17 Toxic role of hemoglobin and and its’ derivatives. Hemoglobin and hemoglobin 
derived products such as hemin, hemozoin, iron and methemoglobin can cause the cell death 
through various mechanisms during malaria. Here the toxic role of extracellular Hb, hemin and 
hemozoin were listed. 

Methemoglobin: Oxidized form of Hb is known as MetHb. Increased level of MetHb in blood is 

known as methemoglobinemia. Normally in humans, ~ 1 % of Hb (0.15 g/dl) present as MetHb. 

MetHb related clinical complications can diagnose when the level is > 6 %.  Anaesthetics like 

benzocain, environmental toxins such as nitrate salt containing water, heavy metals ingestion and 
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drugs are often developed the methemoglobinemia condition. In various diseases such as malaria, 

elevated level of MetHb (1 to 3.5 mg/ml = ~ 6 to 23 %) is often neglected for therapy. 

Accumulation of MetHb in RBC leads to the disturbance of gaseous transport thus cause the severe 

hypoxia in tissues. MetHb has potential to increase the IL-6 and IL-8 level in endothelial cells. 

Similarly, it can increase the receptors such as E-selectin on endothelial cells (Liu and Spolarics, 

2003). MetHb ability to cause the oxidation of LDL may develop the artherosclerosis risk. But 

other effects of MetHb in humans are not studied well. But based on understanding different toxic 

effects of MetHb such as oxidative stress development, hemolysis, structural alteration, 

inflammation, vascular complications including endothelium activation can be predict (Umbreit, 

2007).  

Parasite glycosylphosphatidylinositols (GPI): It is one of the malarial toxin, released into the 

blood during parasite egress. During parasite egress, released GPI lead the TNF-α secretion from 

macrophage. It also exerts pyrexia and inflammatory responses along with hemozoin in malaria 

patient (C. S. Boutlis et al., 2011). GPI increase the synthesis of triglycerides in adipocytes. GPI 

elevates the NO level in plasma by stimulating the macrophages and endothelial cells. Stimulation 

of macrophages and lymphocytes also cause the inflammatory responses and immune suppression. 

Enodothelial stimulation lead to the over-expression of VCAM, ICAM-1 molecules on the 

endothelium surface and offers the cyto-adherence opportunity (Deshmukh and Trivedi, 2014).  

(D) Anti-malarial drugs: In section 1.6.2, we have discussed the anti-malarial drugs and their 

mechanism of action. While working against the parasite, these drugs also cause the adverse side 

effects on patients and prolong their recovery especially in children and pregnant women.   

Quinine: Quinine causes adverse effects known as cinchonism, including primarily tinnitus, 

nausea, headache, vertigo and blurred vision. In few cases vomiting, abdominal pain, diarrhoea, 

ototoxicity, hypoglycaemia and thrombocytopenia is also reported. Quinine increase insulin 

secretion and develop hypoglycaemia in severe malaria patient which can adversely affect the 

coma, tachyponia, and convulsion (Taylor and White, 2004; Team, 2000). 

Chloroquine: Chloroquine administration causes headache, faintness, hazy vision, gastrointestinal 

upset, itching, de-pigmentation and photosensitivity. Long term administration of chloroquine 

rarely causes neuromyopathy, retinopathy and idiosyncratic reactions (Taylor and White, 2004). 

Chloroquine consumption during pregnancy may result into systemic lupus erythematosus or 

rheumatoid arthritis in new born babies (Klinger et al., 2001).   

Artemisinin and their derivatives: Artemisinin is less toxic than quinine and chloroquinine. 

However adverse effects such as nausea, dizziness, fatigue and neurotoxicity can be seen in 

prolonged usage and over dosage.(Nontprasert et al., 1998; Price et al., 1999; Taylor and White, 

2004).  
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Primaquine: Gastrointestinal toxicity such as abdominal pain or cramp, nausea, vomiting are the 

mild adverse effects seen in PQ administrated patients. Decreasing WBC counts, developing 

methemoglobinemia are common adverse effects in PQ uptake. PQ is highly intolerable for glucose 

6 phosphate dehydrogenase deficient individual and in those cases PQ administration cause severe 

hemolysis. Thus, PQ is strictly prohibited in glucose 6 phosphate dehydrogenase deficient patients 

(Taylor and White, 2004). 

1.9 Objectives 
 Involvement of different molecules in malaria pathology were discussed here, but still many 

more links are not covered completely. In this study, we have focused about the MetHb contribution 

in malaria pathology. MetHb toxicity was often ignored due to the pronounced effect of other 

molecules such as hemin, cytokines, etc. The mild increment in MetHb was observed during 

different clinical conditions including malaria, none of the report claims MetHb mediated toxicity in 

mammals. The parent molecule for the MetHb is Hb, which is considered as a toxic compound 

extracellularly due to its ROS generation potential. ROS is known to cause the cellular damages. 

With above background information about MetHb, we wanted to explore whether MetHb has 

potential to cause toxicity to RBC. If the MetHb is toxic, whether it will be involved in development 

of anemia or vascular complication? Similarly, anti-malarial administration also causing toxicity in 

the patient. In presence of antimalarial, what will be MetHb effect on host system? And, how can it 

be resolve? Keeping these questions in mind, we have framed following objectives.  
 Understanding the role of extracellular methemoglobin catalyzes rapid RBC lysis to explain 

acute anemia during malaria. 

 Exploring mechanistic details of RBC aggregation during malaria like microenvironment 

 Role of methemoglobin contributes into primaquine toxicity and its molecular mechanism  

 Understanding the molecular mechanism of NAC mediated protection in RBC and role of 

methemoglobin 

1.10 Significance of the Work 
  Oxidative stress development by MetHb is often neglected during malaria. In our study, 

we established that the extracellular MetHb is a potential molecule to cause the RBC lysis and 

RBC aggregation. RBC lysis and RBC aggregation contribute the severe hemolytic anemia and 

vascular blockage during malaria. Primaquine is the only relapse agent for malaria but its’ adverse 

effect is not studied well.  In our study, we found the evidence that MetHb metabolize the PQ in 

presence of hydrogen peroxide and converts into carboxyprimaquine and desaminoprimaquine. It 

results RBC membrane damage and prone them for the lysis. N-Acetyl cysteine, an antioxidant, 

inhibits the MetHb and perishes the peroxidase activity which protects the RBCs from hemolysis 

and membrane damages. 
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Chapter 2. Extracellular Methemoglobin Catalyzes Rapid RBC Lysis 
to Explain Acute Anemia During Malaria* 

2.1 Introduction 
Red blood cell (RBC) is a biconcave disc shaped cell with an average diameter of 7.5μm. 

RBC is produced in bone marrow with an average life span of 120 days in humans. During this 

period, RBC need to do several cycles of gaseous exchange (CO2/O2), experience shear stress 

(passage through small blood vessels) and other physiological or non-physiological stresses. As a 

result, RBC inevitably aged out and express specific cell surface molecule to get cleared by 

circulating phagocytes (McQueen and McKenzie, 2004). The whole process of RBC destruction 

within reticulo-endothelial system doesn’t cause inflammation (Condon et al., 2003). However 

during patho-physiological conditions such as malaria, dengue, sickle cell anemia, internal injury, 

an accelerated RBC lysis occurs, leading to the development of hemolytic anemia (Rother et al., 

2005). During hemolysis, hemoglobin present inside RBC is released into the blood circulation. 

Hemoglobin in the external microenvironment is oxidized by molecular oxygen to form MetHb 

(Fe3+) or oxidation by reactive oxygen species (ROS) into ferryl hemoglobin (Fe4+=O2-) (Balla et 

al., 1993; Wright et al., 1999). Ferryl hemoglobin is unstable and eventually gets converted into the 

MetHb through electron transfer. Besides direct oxidation of hemoglobin in cell free micro-

environment, a number of extrinsic factors, such as, toxic drug molecules, metabolic by-products of 

pathogenic organisms, and pro-inflammatory cytokines causes imbalance of oxidation/reduction 

system of RBC (Kiefer and Snyder, 2000). As a result, a large amount of intracellular hemoglobin 

oxidized to form MetHb and induce RBC cytoskeleton rearrangement, membrane depolarization, 

increase in deformity and hemolysis (Matarrese et al., 2005; Mohanty et al., 2014; Totino et al., 

2010). In most of the pathological situation, rate of RBC destruction is very high and underlying 

molecular events are not clear. Accelerated destruction of RBC correlates well with poor 

antioxidant protection within RBC and higher rate of hemoglobin conversion to MetHb (Kiefer and 

Snyder, 2000). According to a rough estimate, during malaria every infected RBC causes lysis of 

10 or more uninfected RBC to exhibit hemolytic anemia (Gaudreault et al., 2015; Pamplona et al., 

2009).  

MetHb, a pro-oxidative molecule has potential to produce large amount of peroxide to 

accelerate oxidative-mediated tissue damage (Boretti et al., 2009; Goldman et al., 1998). 

Methemoglobinemia (presence of MetHb in serum) is known to produce functional and structural 

defects in RBCs (Buehler and D'Agnillo, 2010). During hemolysis, RBC present in the close 
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vicinity will be the first target of MetHb directly or free radicals derived from it. Hence we 

explored a nuclear fission model of RBC lysis, where molecules released from initial hemolysis 

destruct more RBCs and thereby amplify the lysis reaction. MetHb mediated activation of 

astrocytes showed elevated level of TNF-α, TLR-4 and IL-1β mRNA level and higher TNF-α 

secretion. MetHb could be another potentiator molecule for neurological sequlae during cerebral 

malaria (Gram et al., 2013). In this chapter, we have validated the nuclear fission model with 

released MetHb in amplification of lysis reactions that cause physiological and structural 

alterations in exposed normal RBC. Our data clearly supported the involvement of MetHb release 

to makes RBC cells vulnerable to osmotic shock and responsible for high level of hemolysis. It 

caused development of oxidative stress and a sharp ROS spike was responsible for structural 

defects in RBCs. Based on these results, we propose that MetHb released from RBC is responsible 

for enhanced hemolysis and severe outcome of pathologic disorders.  

*The content of present chapter is published as “Extracellular MetHb mediated early ROS 
spike triggers osmotic fragility and RBC destruction: An insight into the enhanced hemolysis 
during malaria, S N Balaji and Vishal Trivedi*, Indian J Clin Biochem. 2012 Apr;27(2):178-85”.  

2.2 Methods 
2.2.1 Preparation of RBC from human blood: Human blood drew from healthy volunteers in 

EDTA containing tubes with informed consent. Whole blood was centrifuged at 1000 rpm for 10 

min and plasma was removed. Wash the RBC pellet with PBS containing glucose (1 mg/ml) and 

cells from top layer containing WBCs were removed. This step was repeated 3 times and finally 

RBC pellet was re-suspended in glucose containing PBS at 5 % hematocrit. A thin smear was made 

on glass slide to monitor the purity of RBC preparations. In all of the experiments, we have used 

RBC preparations with <1% other blood cells. 

2.2.2 Measurement of RBC osmotic fragility and hemolysis: RBC preparations (5% hematocrit) 

were treated with different concentration of MetHb (0 - 1000 µg) and after treatment, RBCs were 

separated from reaction mixture by centrifugation at 1000 rpm and supernatant was read at 540 nm 

in infinite M200 (Tecon, Austria) microtiter plate reader to measure hemolysis. RBC incubated in 

PBS was treated as control and 1% v/v triton-x-100 lysed RBC was considered as 100 % 

hemolysis. For osmotic fragility, RBCs isolated from reaction mixture were exposed to 100 mM 

NaCl solution for 30 min at room temperature. Cells were centrifuged again and supernatant was 

read at 540 nm in infinite M200 microtiter plate reader (Tecon, Austria). RBC incubated with PBS 

was treated as control. 1% v/v Triton x-100 lysed RBCs were considered as 100% hemolysis. For 

antioxidant treatment, RBC cells were treated with antioxidants, N-acetyl cysteine (5 mM) and 

Mannitol (2.5 % (w/v)) either before treating with MetHb or 1 hr. post treatment. 
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2.2.3 Flow cytometric analysis of ROS containing RBC population: RBCs were loaded with 

fluorescent probe ‘DCFH-DA’ (10 μM) for 1 hr. at 37ºC in 5% CO2 incubator. RBCs were washed 

3 times with PBS to remove excess ‘DCFH-DA’ and treated with MetHb (700 μg) for 15 min at 

37ºC. After treatment all samples were kept on ice and analyzed in FACS Caliber (BD Biosciences) 

to detect ROS containing RBC population. In similar conditions, control cells were also analyzed. 

2.2.4 Fluorescence microscopy of MetHb treated RBC: RBCs were loaded with fluorescent 

probe ‘DCFH-DA’ (10 μM) for 1 hr. at 37ºC in 5% CO2 incubator and treated with MetHb. A thin 

smear was prepared and microscopy was performed on fluorescence microscope 80Ti (Nikon) 

under 100x oil immersion objective to observe ROS containing fluorescent RBC cells. Control 

cells were similarly processed and analysed. Files were opened in Adobe Photoshop 7.0 and gray 

levels were adjusted by using the auto level command with black and white clip set to 0 %. Images 

were cropped again and scaled for final display. 

2.2.5 Measurement of oxidative stress within RBC by estimating lipid peroxidation level: 

Freshly purified RBCs were treated with MetHb (700 µg) in dextrose (1 mg/ml) containing PBS at 

37ºC for 0-2 hr. and immediately lysed with 1 % triton x 100 in cold environment (4ºC). Small 

amount of RBC lysate (20 µl) was used to measure the protein level by Lowrys’ method. 200 µl of 

lysate were mixed with equal volume of ice cold (4ºC) trichloro acetic acid (TCA – 10 %) and left 

it for 15 min in ice flakes for protein precipitation. TCA-RBC lysate mixture was centrifuged at 

3000 rpm for 15 min at 4ºC and 300 µl of supernatant was heated with equal volume of 

thiobarbituric acid (0.67 %) in a boiling water bath for 10 min. Developed pink coloured solution 

was measured at 532 nm calorimetrically (infinite M200 microtiter plate reader - Tecon, Austria). 

Obtained values are matched with the standard curve and the final lipid peroxidation values were 

normalized with the total protein present in the lysate. MetHb untreated sample was used as a 

control and used to calculate the fold changes. (Trivedi et al., 2005a).   

2.2.6 Measurement of oxidative stress within RBC by estimating protein carbonyl level: To 

measure the protein carbonyl level, till the MetHb exposed RBC lysate preparation process was 

followed as described in section 2.2.4. Then RBC lysate was aliquoted equally and labelled as 

blank as well as sample. Further both aliquotes were treated with equal volume of ice cold TCA 

(10%). After 15 min incubation, samples were centrifuged at 3000 rpm for 15 min at 4ºC and 

obtained sample-pellet was incubated with 500 µl of dinitrophenylhydrazine (DNPH - 0.2 %) in 2N 

HCl for 2 hr. at 37ºC. Simultaneously, blank-pellet was incubated with 2N HCl. All the samples 

were again treated with 55 µl of TCA (100 %) and centrifuged at 8000 rpm for 10 min at room 

temperature. Samples were washed thrice with ethanol:ethylacetate (1:1) mixture. Pelletes are 

dissolved in 600 µl of guanidine-HCl (6 M) in 20 mM sodium phosphate buffer (PH 6.5) and 

measured at 370 nm calorimetrically (infinite M200 microtiter plate reader - Tecon, Austria). 
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Molar extinction coefficient value for the protein carbonyl is 21 mM at 370 nm which was used to 

calculate the protein carbonyl level. Blank values were used to subtract the corresponding samples 

protein carbonyl level. Values were recalculated according to the proteins level present in the 

samples and converted into folds as mentioned earlier in section 2.2.4 (Trivedi et al., 2005a). 

2.2.7 Measurement of oxidative stress within RBC by estimating glutathione (GSH) level: To 

estimate the GSH level, MetHb exposed RBCs, as mentioned earlier section 2.2.4, were collected 

and lysed with ice cold 20 mM EDTA-sulphosalicyclic acid (0.6%). 20 µl of RBC lysate was used 

to measure the total protein level. 200 µl of RBC lysate was precipitated by incubating with the 

equal volume of ice cold TCA (10%). Samples were centrifuged at 5000 rpm for 5 min at 4ºC and 

obtained supernatant (60 µl) was incubated with 120 µl of 5,5'-dithio-bis-(2-nitrobenzoic acid) 

(DTNB–2.5 mM) in 0.4 M tris buffer (PH-8.9) reagent for 5 min. Developed yellow colour 

compound was measured at 412 nm calorimetrically (infinite M200 microtiter plate reader - Tecon, 

Austria). Obtained values are matched with the standard curve and the final GSH values were 

normalized with the total protein present in the lysate. MetHb untreated sample was used as a 

control and used to calculate the fold changes. (Trivedi et al., 2005a). 

2.2.8 Preparation of clotrimazole modified MetHb (CLT-MetHb): MetHb (10mg/ml), 

clotrimazole (20 mM) and hydrogen peroxide (1 mM) solutions were mixed together in a glass 

beaker in a ratio of (120:6:1) with constant shaking for 30 min at 25ºC.  The reaction volume was 

dialyzed against PBS (pH7.4) for 24 hrs with 4 changes. Concentration of clotrimazole modified 

MetHb (CLT-MetHb) was adjusted to 7 mg/ml and stored at -80ºC in small aliquot for future use. 

2.2.9 Measurement of MetHb peroxidase activity: MetHb peroxidase activity was measured by 

guaiacol oxidation as described previously (Trivedi et al., 2005b). In brief, guaiacol (20 mM) in 

sodium phosphate buffer (50 mM – PH 7.2) mixed with 33.3 µg/ml of MetHb and incubated for 5 

min with/without clotrimazole (33.3 µg/ml). Reaction was initiated by adding H2O2 (0.27 mM) 

and after 20 min images was acquired and cropped to display the peroxidise activity of MetHb 

with/without clotrimazole. 

2.2.10 Measurement of ROS production in external microenvironment by MetHb: 

Measurement of ROS production activity of MetHb was performed as described earlier (Halliwell 

and Whiteman, 2004). In a 0.2 ml reaction RBCs and MetHb (700µg) were mixed together and as 

indicated after every time point, an aliquot (50 µl) from reaction mixture was taken out and RBCs 

were separated by centrifugation. Supernatant was added to the 950 μl DCFHDA (10 μM) and 

fluorescence spectra were recorded in Flumax-3 (λex 488 nm and λem-530 nm). Fluorescence value 

at 530 nm was taken into account for calculating amount of ROS and PBS treated RBCs were used 

to calculate fold change in ROS level. Clotrimazole modified MetHb (CLT-MetHb) was analyzed 

under the identical conditions. 
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2.2.11 Statistical analysis: Statistical analysis was performed using student t-test (MICROSOFT 

EXCEL 2007) and p-value < 0.05 was considered significant. 

2.3 Results 
2.3.1 External MetHb exposure makes RBC susceptible for hemolysis: RBCs are very sensitive 

to osmotic stress and they maintain the osmotic balance by running energy driven proton pumps 

(Whittam and Ager, 1964). Under stress or oxidation-reduction imbalance, membrane polarity is 

compromised and RBC lysis occurs. To test whether MetHb can affect the ability of RBC to 

maintain osmotic balance, we exposed the RBC to different concentration of MetHb for 30 min at 

37ºC. Supernatant was collected into the glass tube and imaged with Nikon Coolpix (12 megapixel) 

camera for the hemolysis demonstration (Figure 2.1-C). Cells were recovered from reactions and 

osmotic fragility was assessed by exposing them to 100 mM NaCl (hypotonic) solution at room 

temp (RT). Similarly like hemolysis demonstration, 100 mM NaCl exposed RBCs supernatant was 

collected into the glass tube and imaged with Nikon Coolpix (12 megapixel) camera to demonstrate 

the RBC fragility (Figure 2.1-A). MetHb dose experiments performed in triplicate. All error bars 

indicate standard deviation (SD) and dependently causes RBCs susceptible for osmotic stress and 

at 1000 μg more than 50% RBCs were vulnerable to osmotic shock (Figure 2.1-B). Loss of ability  

 
Figure 2.1: MetHb exposure causes RBC cells susceptible for hemolysis. Hematocrit (5 % 
RBCs in PBS) was prepared and exposed to different concentration of MetHb (0 - 1000 µg)  for 30 
min at 37ºC and the supernatant was aliquoted into a test tube for photographic demonstration (A) 
osmotic fragility or (C) hemolysis as described in methods section. Another duplicate set of 
reactions were performed to measure the (B) osmotic fragility or (D) hemolysis as mentioned in 
methods section. Data was obtained from two independent and triplicate measurements. If not 
visible, error bar is smaller than symbols. 
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to maintain osmotic balance results into the RBC lysis. As expected, we found RBC lysis with 

increasing concentration of MetHb complementing osmotic fragility results (Figure 2.1-D). 

Together the data indicates that MetHb exposure reduces the ability of RBC to maintain osmotic 

balance and if MetHb exposure remains high it leads to cell lysis (hemolysis).  

2.3.2: MetHb exposure causes oxidative stress within RBC: Most of the observed structural 

membrane abnormities in RBC are associated with hemoglobinopathy, small molecule toxicants or 

pathological diseases such as malaria (Arya et al., 1995; Hall et al., 1986; Mohandas and Evans, 

1994; Staines et al., 2000). Disturbance in hemoglobin metabolism within RBC or pathogen 

mediated stress develops oxidative stress within RBC. Oxidative stress in turn remodels the RBC 

cytoskeleton, which leads to the development of membrane abnormalities (Bradberry, 2003). 

MetHb has potential to produce large amount of peroxide to accelerate oxidation mediated tissue 

damages (Boretti et al., 2009; Goldman et al., 1998). The extent of oxidative insult can be 

measured by multiple biochemical markers. A flow cytometric assay was performed to know 

population of RBCs with oxidative stress due to MetHb exposure (Figure 2.2-B). RBCs, loaded 

with fluorescent ROS probe ‘DCFH-DA’, were treated with MetHb (700 μg) for 15 min. Cells 

were washed with PBS three times and analyzed in flow cytometry. MetHb treated RBCs gives 

several fold high fluorescence compare to RBCs exposed to MetHb for 0 hrs and analyzed under 

identical conditions. Simultaneously analysis of fluorescence signal from MetHb treated RBC 

under fluorescent microscope was showed higher signals when compare to the control samples 

(Figure 2.2-A).  Analysis of FACS curves indicated that MetHb exposure system can be assessed 

by biochemical parameters such as increase in lipid peroxidation or protein carbonyl levels and 

reduction in GSH levels. RBCs treated with MetHb (700 µg) were lysed with 1% v/v Triton x-100 

and lipid peroxidation and protein carbonyl levels were measured. Within 15 min, lipid 

peroxidation level sharply raised 3-fold compared to control samples. Afterwards, it sharply scaled 

down to basal level (Figure 2.2-C). MetHb treated RBCs also exhibited similar response curve for 

protein carbonyl levels as well (Figure 2.2-D). MetHb treatment caused a sharp reduction in GSH 

levels within 15 min and then increased after wards to reach levels comparable to control cells 

(Figure 2.2-E).  

2.3.3 MetHb mediated initial ROS spike prime the RBCs to exhibit membrane defects: ROS 

pattern within RBC had two phases, a sharp increasing phase (spike) and then gradual increasing 

phase (accumulation) at later time point. We performed an inverse experiment of removing the 

ROS by antioxidant treatment to probe spike (1st hour) or accumulation part (2nd hour) of ROS 

curve. MetHb treated and untreated RBCs were incubated with two natural antioxidant molecules, 

N-acetyl cysteine (NAC) and mannitol either from beginning (to remove spike) or after 1hr. (to 

remove accumulation). Both treatments significantly reduced the ROS level within MetHb treated  
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Figure 2.2 MetHb exposure causes development of oxidative stress within RBC Cells. (A&B) 
RBCs loaded with fluorescent probe ‘DCFH-DA’ (10 μM) for 1 hr at 37ºC, exposed to MetHb 
causes RBC population with high ROS level.  (A) A small aliquot of cells used were taken to 
prepare thin smear and observed with fluorescence microscope Nikon 80Ti equipped with DS-Fi1-
U-2 CCD camera. (B) MetHb exposed DCFH-DA loaded RBCs further showed significant 
increase of ROS inside the cell during Flow cytometry analysis. (C) lipid peroxidation, (D) Protein 
carbonyl level and (E) decrease in GSH level. RBC cells treated with glucose containing PBS 
serve as control. Data were from three (n=3) independent experiments performed in triplicate. All 
error bars indicate standard deviation (SD) and were calculated from triplicate measurements. If 
not visible, error is smaller than symbols. 
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RBC cells (Figure 2.3-A). Antioxidant treatment during initial spike phase inhibited the MetHb 

mediated membrane fragility and hemolysis comparable to control level, where as antioxidant 

treatment after 1hr. had no or very little inhibitory effects on MetHb mediated osmotic fragility and 

hemolysis (Figure 2.3-B & C). The antioxidant treatment experiment clearly indicates MetHb 

mediated ROS spike primed the RBCs to exhibit osmotic fragility and ultimately caused hemolysis. 

 
Figure 2.3 MetHb mediated ROS spike is responsible for observed RBC osmotic fragility and 
hemolysis. Two natural antioxidants, N-acetyl cysteine (NAC) and mannitol were used to probe 
the role of oxidative stress in MetHb treated RBC with osmotic fragility and hemolysis. (A) Both 
antioxidants were treated to RBC 15 min before the addition of MetHb in ‘1’ and antioxidants were 
treated after one hr. exposure of MetHb in ‘2’. Both treatments were efficient to abolish ROS spike 
or accumulation phase. ROS levels were determined using fluorescent probe, ‘DCFH-DA’ as 
described in method section. RBC cells treated as in (A) and used to determine (B) Osmotic 
fragility or (C) hemolysis. Data were from four independent experiments (n=4) performed in 
triplicate. All error bars indicate standard deviation (SD) and were calculated from triplicate 
measurements.  

2.3.4 MetHb associated peroxidase activity causes RBC defects: MetHb has a very low level of 

intrinsic pseudo-peroxidase activity which can have the potential to produce free radicals in the 

micro-environment (Reeder et al., 2004). But a recent report suggests that peroxidase activity 

associated with MetHb attenuate H2O2 induced oxidative stress (Widmer et al., 2010). To probe 

the role of MetHb peroxidase activity with observed RBC defects, we tested many peroxidase 

inhibitors using guaiacol oxidation assay. Clotrimazole mediated dose dependent inhibition of P. 

falciparum hemo-peroxidase was reported earlier and the mode of inhibition is suicidal in nature 

(Trivedi et al., 2005a). We tested the effect of CLT on MetHb in guaiacol oxidation assay. To our 

surprise, CLT irreversibly inhibits MetHb associated peroxidase activity, even after its removal by 

dialysis (Figure 2.4-A, Inset). Exploiting this feature we prepared a CLT modified inactive MetHb 

(CLT-MetHb) as given in method section. CLT-MetHb didn’t produce significant ROS where as 

MetHb causes high ROS in the micro-environment (Figure 2.4-A). In comparison, CLT-MetHb 

(inactive MetHb) was inefficient to cause osmotic fragility and hemolysis compared to MetHb 

(Figure 2.4-B & C). CLT-MetHb even at very high concentration (~2000 μg) for 2 hrs also failed to 
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cause any osmotic fragility or hemolysis (data not shown). Together our data strongly suggested 

that peroxidase activity of MetHb is responsible for observed RBC defects and hemolysis.  

 
Figure 2.4 Pseudo-peroxidase activity of MetHb is responsible for ROS accumulation within 
microenvironment. (A) MetHb pseudo-peroxidase activity causes production of reactive oxygen 
species in the microenvironment. CLT-MetHb was inactive in a guaiacol oxidation assay (Inset, 
A). CLT-MetHb was inefficient in causing production of ROS within micro-environment as 
compare to unmodified MetHb. All values were expressed as fold change in comparison to 
samples at time 0. RBCs were treated with PBS, MetHb or CLT-MetHb (1=PBS, 2=MetHb or 
3=CLT-MetHb) and (B) Osmotic fragility or (C) hemolysis were measured as described in method 
section. All error bars indicate standard deviation (SD) and were calculated from triplicate 
measurements. If not visible, error is smaller than symbols. 

2.4 Discussion 
Toxic substances (external or metabolic derived by-products) appear in blood during infection 

or therapy, toxin or drug may injure RBC in a variety of ways which results hemolysis. A number 

of different models have been proposed in the past to explain hemolysis with much emphasis on 

steps of RBC lysis (Beck and Saari, 1977; Bokori-Brown et al., 2016; Brumen and Heinrich, 1984; 

Hoshen et al., 2000; Wagner et al., 2003). Earlier biochemical model proposed that RBC lysis is a 

two step process, initial “sensitization” and then actual “lysis”. Both step are catalyzed by two 

distinct molecules, hence hemolysis model believes that molecules causes severe damage to RBC 

membrane fragility (sensitization) but needs additional help to facilitate the efficient lysis 

(hemolysis) (Beck and Saari, 1977; Bokori-Brown et al., 2016; Brumen and Heinrich, 1984; 

Wagner et al., 2003). Conversion of Hb to MetHb within RBC triggers the development of 

oxidative stress and causes structural membrane defects (sensitization). An additional physical 

damage (via passing through thin vessels) to cells causes hemolysis (Lisovskaia et al., 1994). In 

this chapter, we explored a unique role of MetHb playing a master role to catalyze both the steps of 

hemolysis. Based on our results, we proposed a “nuclear fission model” of RBC lysis (Figure 2.5).  

 In the proposed model, initial RBC lysis causes release of Hb or MetHb into the blood or 

local microenvironment. MetHb due to its pseudo-peroxidase activity causes production of large  

TH-1568_126106029



           Chapter 2|47 
 

 
Figure 2.5 Proposed Nuclear Fission Model of RBC damage by MetHb. A probable model of 
MetHb mediated RBC destruction is shown, mimicking “nuclear fission model” where molecules 
released from first RBC catalyze further RBC destruction and amplifying initial lysis signal. A 
detailed description about model is given in text. 

amount of reactive oxygen species (ROS) outside (sensitization). External ROS disturbs interior 

oxidation/reduction balance of RBC to develop oxidative stress. Oxidative stress induces 

cytoskeleton changes (Protein carbonyl formation) which results into structural membrane defects. 

Loss of proton gradient inhibits ATP production and RBC could not be able to run energy driven 
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proton pump to maintain osmotic balance. RBC cells at this stage are vulnerable for immune-

mediated elimination and hemolysis. RBC cells lysis releases Hb/MetHb to start another cycle to 

amplify RBC damage. Hence according to the proposed nuclear fission model, MetHb mediated 

ROS production is a critical step to amplify the initial lysis signal. Development of oxidative stress 

and down-stream events prime the RBC to get lysed. Infusion of hemoglobin solution in healthy 

volunteers as well as variety of acquired and iatrogenic hemolytic disorders suggest links between 

hemolysis and hemoglobinemia (Lamy et al., 2000; Przybelski et al., 1999; Rifkind et al., 2014; 

Sloan et al., 1999) interior oxidation/reduction balance of RBC to develop oxidative stress. 

Oxidative stress induces cytoskeleton changes (protein carbonyl formation) which results into 

structural membrane defects. Loss of proton gradient inhibits ATP production and RBC couldn’t be 

able to run energy driven proton pump to maintain osmotic balance. RBC cells at this stage are 

vulnerable for immune-mediated elimination and hemolysis. RBC cells lysis releases Hb/MetHb to 

start another cycle to amplify RBC damage. Hence according to the proposed nuclear fission 

model, MetHb mediated ROS production is a critical step to amplify the initial lysis signal. 

Development of oxidative stress and down-stream events prime the RBC to get lysed. Infusion of 

hemoglobin solution in healthy volunteers as well as variety of acquired and iatrogenic hemolytic 

disorders suggest links between hemolysis and hemoglobinemia (Lamy et al., 2000; Przybelski et 

al., 1999; Rifkind et al., 2014; Sloan et al., 1999).  

During malaria, accelerated RBC destruction attributes to induction of apoptosis like 

process in uninfected RBC and development of oxidative stress (Totino et al., 2010). Oxidative 

stress developed during 1st hour (a sharp ROS spike by 15min) of MetHb treatment was found to be 

responsible for observed loss of membrane fragility and hemolysis (Figure 2.3). Recent studies 

indicate a cyto-protective antioxidant like properties of hemoglobin to reduce H2O2 mediated toxic 

effects in endothelial cells (Widmer et al., 2010). Compare to classical heme dependent 

peroxidases, radical originates on MetHb but leaks out into microenvironment (Reeder et al., 

2004). Hence, the chemistry of hemo-protein in the aqueous system is complex and final biological 

effects depend on the presence of other substances (free radicals) in the microenvironment.   

Hemolysis is a critical parameter to decide the quality of preserved blood. During a period 

of 42 days of storage, free hemoglobin/MetHb level reaches to 200 mg/dL (Berra et al., 2014; 

Hogman et al., 1991). According to the American association of blood banks (AABB) blood or 

blood products with 1% hemolysis is safe for transfusion, if it provides 75% RBCs  in next 24 

hours (Scott et al., 2005). It is interesting to note that in our study we have used the MetHb at a 

concentration of free MetHb in the preserved blood units in blood bank. In the current chapter we 

clearly highlighted the probable mechanism for the observed destruction of remaining 25% RBC 

cells within 24 hours transfusion of stored blood. In an isolated system MetHb exposure mediated 
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induction of loss in osmotic fragility and hemolysis is never been studied. But under in-vivo 

conditions, contribution of molecules from other blood cells cannot be ruled out. 

2.5 Summary 
MetHb is associated with oxidative stress. During oxidative stress condition such as 

malaria, MetHb level increases significantly and it further enhances anemia during malaria through 

membrane compromization and RBC lysis. MetHb (MetHb) exposure dose dependently makes 

RBCs susceptible for osmotic stress and causes hemolysis. MetHb mediated oxidative stress in 

RBC correlated well with osmotic fragility and hemolysis. Interestingly, a reactive oxygen species 

(ROS) spike at 15 min was responsible for observed effects in RBC cells. Two natural antioxidants 

N-acetyl cysteine (NAC) and mannitol protected the RBC from MetHb-mediated defects, which 

clearly indicated involvement of oxidative stress in the process. MetHb due to its pseudo-

peroxidase activity produces ROS in the external microenvironment. Therefore, classical 

peroxidase inhibitors were tested to probe peroxidase activity mediated ROS production with 

defects in RBCs. Clotrimazole (CLT), which irreversibly inactivates the MetHb (CLT-MetHb) and 

abolishes peroxidase activity, did not produce significant ROS outside RBC and was inefficient to 

cause osmotic fragility and hemolysis. Hence, following a nuclear fission mechanism, MetHb 

released from ruptured RBC produces significant ROS in external microenvironment to make RBC 

membrane leaky and enhanced hemolysis.  

MetHb mediated defects in RBCs such as protein carbonyl formation may lead cytoskeleton 

disturbances and cause the RBC shape alteration. Shape altered RBCs are rapidly been removed by 

splenic macrophages which may contribute into spleenomegaly.  MetHb effect on immune and 

endothelial cells can be study further to understand the malaria pathophysiology.  
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Chapter 3. Extracellular Methemoglobin Primes Red Blood Cell 
Aggregation in Malaria like microenvironment* 

3.1. Introduction 
Malaria caused by Plasmodium falciparum has a high mortality rate due to anemia, fever, 

multiple organ damage, renal failure, liver dysfunction and neurological disorders (MacPherson et 

al., 1985; Pasvol et al., 1982; Seilmaier et al., 2014; Weatherall and Abdalla, 1982; Weatherall et 

al., 1982). A number of clinical, biochemical and immunological studies tried to explain patho-

physiological mechanisms during malaria but our understanding is still limited and underlying 

molecular events are not clear (Aley et al., 1987; Chotivanich et al., 2002a; Chotivanich et al., 

2002b; Jacobs et al., 1987; Oo et al., 1987; Wassmer et al., 2015). The main process responsible for 

tissue damage and dysfunction is mechanical blockage of blood vessels. Vesicular obstruction is 

caused by infected RBC adherence to the endothelial lining of blood vessels and aggregation of 

uninfected RBC (MacPherson et al., 1985; Wassmer et al., 2015). RBC aggregation during malaria 

is a complex process governed by adhesion ligand on infected RBC cells, receptor expression on 

uninfected RBC, coagulation factors, platelet mediated agglutination and plasma proteins (Chien et 

al., 1975; Chotivanich et al., 2004; Chotivanich et al., 2000; Dondorp et al., 2000; Kumaravel and 

Singh, 1995; Mayor et al.; Tietjen et al., 1975). The sticky forces between infected and un-infected 

RBCs slow down microcirculatory flow but molecular mechanism and master player are not 

known.  

A number of factors such as changes in shear stress, protein - protein interactions and 

erythrocyte membrane charge alteration regulate the RBC aggregate formation (Chien et al., 1975; 

Jayavanth and Park, 2007; Rao et al.). Aggregation induced by an ‘aggregant’ to form clumps of 

cells (aggregate), resistant to physical forces. During malaria oxidative insult makes RBC 

membrane sticky to bind infected RBC cells expressing PfEMP-1 to form rosettes and aggregates 

(Dondorp et al., 2004). In addition, infected RBCs express phosphatidyl serine (PS) to mimic aged 

or senescent RBCs and been cleared from circulation by macrophages (Giribaldi et al., 2001; 

Schwarzer et al., 1992). Toxic by-products released from infected RBCs during parasite life-cycle 

develop pro-coagulant microenvironment. Hemin released from infected RBC reduces the RBC 

deformality (RBC-D), an important property of normal RBC to pass through the small capillaries 

and avoid splenic clearance (de Back et al., 2014; Nuchsongsin et al., 2007). Both infected and 

normal RBC lysis releases large amount of hemoglobin in the blood. Hemoglobin released from 

ruptured RBC is oxidized by molecular oxygen to form MetHb. Extracellular MetHb further 
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accelerates the RBC lysis to contribute into elevated levels of MetHb and hemoglobin degradation 

products. MetHb exposure to the endothelial cells produces a number of inflammatory markers and 

cellular adhesion molecules to promote endothelial cell-RBC adhesion (Liu and Spolarics, 2003; 

Pamplona et al., 2009; Silva et al., 2009). Here, we have discussed the potential role of MetHb 

present in infected serum to cause RBC aggregation and its mechanism. The results present in this 

chapter indicate that pseudo-peroxidase activity associated with MetHb causes production of free 

radicals to induce oxidative stress within RBC. Oxidative stress within RBC causes phosphatidyl 

serine (PS) externalization to generate sticky patches to initiate aggregation. Hence, current study 

highlights that the MetHb induces RBC aggregation through membrane modification by oxidative 

stress mediated PS externalization.   

* The content of present chapter is published as “Extracellular MetHb primes red blood cell 
aggregation in malaria: An in vitro mechanistic study, S N Balaji and Vishal Trivedi*, FEBS 
Lett. 2013 Feb 14;587(4):350-7”. 

3.2. Methods 
3.2.1 Preparation of RBC from Human blood: RBCs were purified from fresh blood as 

mentioned in the chapter 2, section 2.2.1, page 39. 

3.2.2 Preparation of malaria culture supernatant: P. falciparum 3D7 was cultured in RPMI-

1640 medium supplemented with antibiotics and albumax II as described previously (Trager and 

Jensen, 1976). In brief, P. falciparum 3D7 strain was cultured in O+ve RBCs using RPMI-1640 

complete media which contains 25 mM HEPES, 4 mg/ml glucose, 0.2 % sodium bicarbonate, 0.5 

% albumax, 0.5 % hypoxanthine, 40 µg/ml gentamycin and 25 µg/ml amphotericin B, at 37°C in 5 

% CO2. RBCs were separated from parasite culture by centrifugation (with slow acceleration to 

avoid RBC lysis) at 350 g and culture supernatant was collected. Supernatant was preserved at -

80ºC for future use. 

3.2.3 Measurement of MetHb level: MetHb level was measured in malaria culture supernatant as 

described earlier (Rodkey et al., 1979). In brief, 20 µl of parasite culture supernatant was mixed 

with 3 ml of KCN (200 mg/l in 10 mM Tris (hydroxymethyl) aminomethane) diluent. Samples 

were incubated for 5 min and absorbance of the mixture (A1) was recorded at 420 nm. Further 10 

mg of Na2S2O4 was added to this mixture and absorbance of the mixture (A2) was recorded after 

15 min incubation at 432 nm. MetHb level was calculated by using the equations 3.1, 3.2 & 3.3: 

A1=[ε420COHb (1-x) + ε420CNMetHb  x]*l*c       …… Eq.  3.1 

   A2=ε420COHb  x*l*c           …… Eq.  3.2 

             

 

    (A2-A1)* ε420COHb                        

A2*( ε420COHb- ε420CNMetHb) 
x =       ……  Eq.  3.3 
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x – fraction of total Hb present as CNMetHb;  l – light path; c – concentration;  

ε420
COHb=1.970*105mol-1cm-1; ε420

Hb=0.988*105mol-1cm-1; ε420
CNMetHb=1.104*105mol-1cm-1. 

3.2.4 Measurement of RBC Aggregation: RBC aggregation was measured with few modification  

based on protocol given by (Fusman et al., 2000). Freshly prepared RBCs (5 % hematocrit) were 

treated with different concentration of MetHb (0 - 1000 µg) and incubated for 1 hr. at 37ºC. RBCs 

were fixed with glutaraldehyde (0.5 % v/v) and a thin smear was prepared on a glass slide. RBC 

smears were stained with Leishmans’ eosin methylene blue. To determine the RBC aggregation 

different microscopic fields (100x-oil immersion) were chosen randomly to count the aggregated 

RBCs.  Further aggregated RBCs were grouped based on number of RBC in an aggregate such as 

(2 - 4 grouped, 5 and above grouped). Aggregation percentage was calculated by using the 

following equation 3.4: 

  …… Eq.  3.4 

3.2.5 Ammonium sulfate fractionation of malaria culture supernatant: The fractionation 

strategy is given in Figure 3.1-B. The malaria culture supernatant was clarified by passing through 

0.22 µm filter to remove cellular debris and particulate matter. The clarified supernatant was 

subjected to 65% ammonium sulfate saturation, centrifuged at 15,000 RPM to separate pellet (P1) 

and supernatant. The resulting supernatant was further fractionated with 85% ammonium sulfate 

saturation, centrifuged at 15,000 RPM to separate pellet (P2) and supernatant (S2). Pellet fractions 

were re-suspended in PBS and all the fractions were dialyzed against PBS with 3 changes to 

remove ammonium sulfate. The dialyzed fractions were checked for their ability to induce RBC 

aggregation as described. MetHb concentration in each fraction was determined as described 

previously (Rodkey et al., 1979). 

3.2.6 Preparation of MetHb deprived culture supernatant: Human Hb antibody (Santacruz) 

was coupled on CN-Br activated sepharose column following manufacturer instructions. Filtered 

sterile malaria culture supernatant was loaded onto the anti-Hb column at 0.5 ml/min flow rate and 

flow-through was collected in a separate tube at 4ºC. In a parallel setup, a non-specific primary 

control antibody is coupled on CN-Br activated column and malaria culture supernatant was 

passed. Flow-through fractions from both columns were used to determine MetHb level and their 

ability to cause RBC aggregation.   

3.2.7 Flow cytometric determination of the ROS level in RBC: Intracellular ROS in RBC was 

measured as described in chapter 2, section 2.2.3, page 39.  

3.2.8 Preparation of clotrimazole modified MetHb (CLT-MetHb): CLT-MetHb was prepared 

as described in the chapter 2, section 2.2.8, page 41. 
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3.2.9 Determination of Phosphatidyl serine (PS) level on RBC surface: RBC surface 

phosphatidyl serine (PS) level was determined as described previously (Sola et al., 2009). For PS 

localization on RBC aggregates, a small aliquot of RBCs were used to prepare a thin smear on a 

glass slide and observed with fluorescence microscope 80Ti (Nikon) under 40x objective. Control 

cells were similarly processed and analyzed. Files were opened in Adobe Photoshop 7.0 and gray 

levels were adjusted by using the auto level command with black and white clip set to 0 %. The 

images were cropped again and scaled for final display. 

3.2.10 Analysis of RBC aggregates in scanning electron microscope: RBC hematocrit (5%) 

treated with MetHb (200 µg) for 60 min at 37ºC and samples for scanning electron microscope 

(SEM) was prepared as mentioned earlier with minor modification (Hortola, 1992). In brief, 

MetHb treated or untreated cells were washed with PBS and fixed in 1% glutaraldehyde solution 

for 24 hr. at 4ºC. Cells were washed twice with 0.1 M phosphate buffer and were dehydrated with 

graded ethanol from 50 % to 100 % in a vacuum environment. Samples were coated with gold film 

in a Polaron sputter coater. A total of 10 fields were identified randomly and observed with field 

emission scanning electron microscope sigma (Carl zeiss). The instrumental setting such as EHT, 

width and signal were 7 kV, 3.6 mm and inLens respectively. 

3.2.11 Statistical analysis: Statistical analysis was performed using the student t-test 

(MICROSOFT EXCEL-2007) and a p-value < 0.05 was considered significant. 

3.3. Results 
3.3.1 MetHb is an aggregant present in Plasmodium falciparum culture supernatant: The 

amount of MetHb in control culture media and P. falciparum culture supernatant was 0.08 ± 0.021 

mg/ml and 0.18 ± 0.02 mg/ml respectively. P. falciparum culture supernatant causes RBC 

aggregation and rouleau formation in a microscopic RBC aggregation assay (Figure 3.1-A). The 

culture supernatant obtained from the uninfected RBCs incubated in complete media (RPMI 1640 

supplemented with antibiotics and human serum) has very little RBC aggregation activity (Figure 

3.1-A). Human serum used to culture parasite and RBCs used in aggregation assays are compatible 

(from the same individual or with similar blood group) to exclude the contribution of serum 

components in promoting non-specific RBC aggregation. The parasite culture supernatant is a 

mixture of serum components, parasite derived proteins, heme, hemoglobin degradation (α-chain 

and β-chain) and MetHb (James et al., 1991; Pichyangkul et al., 1994). Extensive dialysis of 

parasite culture supernatant against PBS with a 12.5 KDa cut off membrane removes small 

molecular weight molecules and salt present in parasite culture supernatant. It reduces the 

aggregation activity of parasite culture supernatant by ~16.25% (Table 3.1). This is probably by the 

contribution of small molecular weight factors, heme present in the parasite culture supernatant. An 
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ammonium sulfate fractionation of dialyzed culture supernatant was done as outlined in Figure 3.1-

B. RBC aggregation activity and amount of MetHb present in each fraction is determined as given 

in section 3.2.4 & 3.2.3 respectively. An ammonium sulfate fractionation of P. falciparum culture 

supernatant gives different fractions (P1, P2 or final supernatant S2) with varying amount of 

MetHb. The total RBC aggregation of the pellet fractions P1 & P2 was 43.23% and 52.67 % 

 
Figure 3.1 Malaria culture supernatant causes RBC aggregation. (A) RBCs (~5 %) exposed 
to control media (RPMI 1640 containing 1 % antibiotics, 0.5 % human serum), P. falciparum 
culture supernatant to induce RBC aggregation. RBCs (blood groups used) and human serum in 
culturing P. falciparum were from the same source and compatible with each other. RBC 
aggregation by control media and culture supernatant was statistically significant (p<0.01). (B) 
Ammonium sulfate fractionation strategy of malaria culture supernatant. 

respectively in comparison to total activity (100 %) present in culture supernatant where as 

supernatant fraction (S2) contains no RBC aggregation activity (Table 3.1). The level of MetHb 

and RBC aggregation activity in different fractions indicates the probable role of MetHb in RBC 

aggregation during malaria. An identical ammonium sulfate fractionation strategy was performed 

with the supernatant from control culture obtained from the uninfected RBCs incubated in 

complete media (RPMI 1640 supplemented with antibiotics and human serum) to rule out 

contamination of MetHb from RBC lysis during the procedure. No significant RBC aggregation 

activity was found in control purification (Data not shown). To further confirm with a specific tool, 

P. falciparum culture supernatant was passed through an affinity column with anti-Hb antibodies 

coupled to sepharose beads, to remove MetHb specifically from the culture supernatant. A control 
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affinity purification with anti-IgG control antibodies coupled to sepharose beads was performed to 

exclude non-specific antibody effects. The MetHb level in flow through from anti-Hb is 

significantly low as compare to flow through from control affinity purification (Table 3.1). 

Interestingly, immuno-depletion of MetHb from malaria culture supernatant drastically reduces the 

RBC aggregation (to ~3%) where as flow through from control affinity purification with anti-IgG 

antibodies has similar degree of aggregation (~80%) as crude P. falciparum culture supernatant. A 

20% decrease in activity might be due to partial denaturation of MetHb or removal of other small 

aggregant such as heme or hemozoin. 

Table 3.1 RBC aggregation activity of different fractions from parasite culture 
supernatant. 

S.No. Conditions Total MetHb 
(%) 

RBC Aggregation Activity 
(%)  ± SD 

1 Parasite culture supernatant# 100.00 ± 8.31 100.0  ± 5.63 
2 Parasite culture supernatant 

(Dialyzed) 
96.33 ± 4.71 83.75  ± 3.45 

3 Pellet 1 (P1) 38.88 ± 3.94 43. 23 ± 5.61 
4 Pellet 2 (P2) 41.55 ± 7.81 52.67  ± 3.43 
5 Supernatant (S2) 02.66 ± 1.23       0  ± 1.67 

Immuno-depletion of methemoglobin from parasite culture supernatant 
6 Flow Through (anti-Hb antibody) 3.14  ± 0.31   3.12  ± 1.67 
7 Flow Through (anti-IgG antibody) 93.12 ± 3.12 78.51  ± 3.18 

 

The parasite culture supernatant was subjected to ammonium sulfate fractionation as outlined in 
Figure 3.1-B and all the fractions were dialyzed against PBS with 3 changes to remove 
ammonium sulfate. The dialyzed fractions were checked for their ability to induce RBC 
aggregation and level of MetHb as described in material and method section. #The level of 
MetHb in parasite culture supernatant is 0.18 ± 0.02 mg/ml (100 %) and used to express MetHb 
for other fractions. In another experiment, MetHb was immuno-depleted from parasite culture 
supernatant by passing through an affinity column of anti-Hb antibodies coupled to CN-Br 
activated sepharose beads. A control affinity purification with anti-IgG control antibodies 
coupled to CN-Br activated sepharose beads was performed to monitor non-specific antibody 
effects. 

To further understand the potential of other pro-oxidant molecules present in P. falciparum 

culture supernatant, RBCs were exposed to heme, heme-BSA (to mimic degraded hemoglobin or 

peptide associated heme), MetHb and RBC aggregation was measured as described in section 

3.2.4, Page 53. As expected, heme or heme-BSA induces RBC aggregation but free heme is more 

potent than heme-BSA complex (Figure 3.2-A). Hence, a combination of generic salt fractionation 

and subtractive approach gives clear indication of MetHb as a factor present in P. falciparum 

culture supernatant responsible for RBC aggregation. An extensive study might help to unravel the 

other other factors present in the parasite culture supernatant and their relative contribution. High 

concentration specifically induces formation of middle order (5-9 cells per aggregate) or high order 

aggregate (more than 10 cells per aggregate). RBCs exposed to PBS under identical conditions 
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Figure 3.2 Methemoglobin primes the RBC aggregation dose dependently. (A) MetHb leads 
the RBC aggregation but not heme. (B) MetHb dose dependently causes high degree of RBC 
aggregates. (C) Pictorial demonstration of MetHb mediated RBC aggregation in solution which 
is visible with naked eyes. (D)  Microscopical observation of MetHb treated RBCs. Images were 
collected using 40x objective lens and Nikon high resolution camera. RBC aggregates were 
marked with arrows. 

exhibit a very low level of aggregates (Figure 3.2-B). RBC aggregates in the presence of high 

MetHb concentration (>0.4 mg/ml) were showing branching and de-branching to give the complex 
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nature of the aggregates (Figure 3.2-D). RBC treated with PBS exhibits a homogenous red colored 

clear reaction mixture with no visible RBC clumps where as RBC treated with increasing 

concentration of MetHb (0-1 mg/ml) shows precipitated material containing RBC aggregates 

(Figure 3.2-C). The complex RBC aggregates are more potent in blocking blood vessels and 

capillaries (MacPherson et al., 1985).  

3.3.2 MetHb mediated oxidative insult causes RBC aggregation: RBCs exposed to parasite 

culture supernatant causes development of ROS level compared to control RBCs (Figure 3.3-A). 

To explore the role of ROS development as a mechanism behind RBC aggregation, ROS level and 

RBC aggregation were measured in MetHb (0.7 mg/ml) treated RBCs. RBC treated to MetHb 

exhibits high ROS compared to PBS treated cells (Figure 3.3-B). Both parameters were correlated 

well (r2=0.92, n=4) especially in the initial high ROS phase (spike) where cells exhibit a sharp rise 

in the aggregation (Figure 3.3-C). To further confirm the role of ROS in the process of aggregation,  

 
Figure 3.3 MetHb induces oxidative stress within RBC and development of oxidative stress 
correlates with RBC aggregation. (A) RBCs exposed to parasite culture was experienced very 
high ROS production inside the RBC when compare to control. (B) RBCs were treated with 
MetHb was also developed high oxidative stress inside the cell.(C) MetHb treated RBC 
population ROS level was correlated well with RBC aggregation (r2=0.92). RBCs exposed to 
PBS (control) were used to calculate fold change. All error bars indicate standard deviation (SD) 
and were calculated from triplicate measurements (n=4). A 2-tail paired student t-test between 
control and MetHb gives p=0.000748. (D) Antioxidant pre exposure reducing the RBC 
aggregation effectively. Experiments were performed in triplicate and values were expressed as 
fold change in RBC aggregation ± SD. 
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RBCs was pre-incubated with antioxidant or free radical scavenger to remove ROS spike and 

treated with MetHb, RBC aggregation and ROS level were measured as described in the method 

section. Vitamin C, N-acetyl cysteine, thiourea are antioxidant molecules used to reduce cellular 

oxidative stress by scavenging oxygen centered radicals such as hydroxyl radicals, superoxide 

radicals (Lipinski, 2011). DMSO, mannitol is mainly being used as a radical scavenger in several 

studies to reduce the level of free radicals (Birinyi-Strachan et al., 2005; Rosenblum and El-

Sabban, 1982).  Antioxidant/free radical scavenger treatment abolishes MetHb mediated RBC 

aggregation (Table 3.2). Interestingly, they were more active against MetHb mediated higher order 

RBC aggregates (5-10 RBCs in each aggregate) than lower order aggregates (Table 3.2). Even 

DMSO and mannitol, less potent against RBC aggregation were potent to inhibit high order RBC 

aggregation (P<0.0001). High order aggregate is mainly responsible for blood vessel blockage and 

associated with the development of patho-physiology of MetHb toxicity. 

Table 3.2 Effect of different antioxidant on MetHb mediated RBC aggregation. 
S.No. Conditions RBC Aggregation ± SD Degree of Aggregation ± SD 

   
RBCs >2 RBCs > 5 

1 Methemoglobin (MetHb) 43.7 ± 5.9 19.48 ± 7.3 9.61 ± 3.4 
2 CLT-Methemoglobin# 25.2 ± 7.9 35.45 ± 7.3 4.54 ± 7.3 
3 MetHb + Vitamin C 24.9 ± 2.4 12.13 ± 5.6 0.00± 1.2 
4 MetHb + N-Acetyl cysteine 22.8 ± 3.1 16.31 ± 4.3 0.37 ± 0.25 
5 MetHb + Thiourea 29.8 ± 3.9 13.62 ± 3.6 2.21 ± 1.2 
6 MetHb + DMSO 37.4 ± 8.3 20.04 ± 4.2 4.76 ± 3.21 
7 MetHb + Mannitol 44.7 ± 4.5 19.41 ± 3.2 1.20 ± 2.13 
8 RBC  + Vitamin C 26.9 ± 5.3        0 ± 2.2      0 ± 1.42 
9 RBC  + N-Acetyl cysteine 27.9 ± 5.9        0 ± 1.2      0 ± 2.16 

10 RBC  + Thiourea 29.6 ± 3.4        0 ± 2.3      0 ± 3.12 
11 RBC  + DMSO 35.0 ± 2.1 12.48 ± 3.4 0.92 ± 2.42 
12 RBC  + Mannitol 31.1 ± 1.8   5.36 ± 1.7 1.20 ± 3.18 

RBCs were pre-incubated with Vitamin C (60 µM), N-Acetyl cysteine (5 mM), Thiourea (0.5 %), 
Dimethyl sulphoxide (0.2 %), mannitol (5 %) for 30 min at 37ºC and treated with MetHb (0.8 
mg/ml) for 15 min and RBC aggregation was measured as described in method section. RBC 
aggregation in PBS treated sample was considered as control (30.5 ± 3.2). Experiments were 
performed in triplicate and values were expressed as % RBC aggregation ± standard deviation 
(SD). #CLT-MetHb is a clotrimazole modified MetHb (inactive MetHb) where clotrimazole 
irreversibly binds to the heme part of MetHb and abolishes its peroxidase activity. A 2-tail paired 
student t-test indicates the RBC aggregation was statistically significant with p <0.001(control Vs 
MetHb), p<0.0001 (MetHb Vs antioxidants). 

In addition, antioxidants or free radical scavengers are blocking parasite culture supernatant 

mediated RBC aggregation as well (Figure 3.2-D). More-interesting, the inhibition was specific 

towards high order aggregation and doesn’t affect aggregation induced by control culture 

supernatant (Figure 3.2-D). RBCs treated with antioxidant and radical scavengers used in current 

study doesn’t cause any RBC aggregation especially high order aggregates (Table 3.2). 
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3.3.3 Pseudo-peroxidase activity of MetHb makes RBC membrane sticky through PS 

externalization: MetHb has ability to generate reactive oxygen species (ROS) in the 

microenvironment through a low level of peroxidase activity (Wright et al., 1999). Probing the role 

of peroxidase activity of MetHb associated with RBC aggregation, we constructed a clotrimazole 

modified MetHb (inactive MetHb) where clotrimazole irreversibly binds to the MetHb didn’t 

produce significant ROS in the microenvironment whereas MetHb produced ROS in a dose 

dependent manner (Data not shown). CLT-MetHb was not robust to cause RBC aggregation 

(Figure 3.4-A) but still had the ability to induce lower degree RBC aggregates (2 or 3 cells per 

aggregates) but higher order aggregates (>5 cells per aggregate) were absent (Table 3.2). During 

eryptosis, RBCs express high levels of Phosphatidyl serine (PS) on their plasma membrane 

(Moxon et al., 2011). PS externalization is associated with RBC aggregation in obese patients (Sola 

et al., 2009). To explore such a possibility we measured the expression of PS on the RBC 

membrane using a PS specific fluorescent legend, Annexin V-FITC. RBCs were exposed to 

MetHb, CLT-MetHb or PBS for 15 min and stained with Annexin V-FITC for 30 min on ice in 

dark and analyzed in FACS Caliber (BD Biosciences). RBC exposed to PBS serve as control and 

exhibits very low level of fluorescence. MetHb treated RBCs show more than 60% population with 

fluorescent Annexin V-FITC staining (Figure 3.4-B). In contrast, CLT-MetHb treated RBCs 

 
Figure 3.4: MetHb associated peroxidase activity causes phosphatidyl Serine (PS) 
externalization and RBC aggregation. RBC cells exposed to either MetHb or CLT-MetHb 
(inactive MetHb) and (A) RBC aggregation, (B) expression of PS on the membrane and (C) 
localization of PS on RBC aggregates was performed. All error bars indicate standard deviation 
(SD) and were calculated from triplicate measurements. All error bars indicate standard 
deviation (SD) and were calculated from triplicate measurements. 
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exhibit a low level of PS staining compared to control cells. In localization study, MetHb treated 

RBCs give high intense PS staining of plasma membrane, predominantly present in high order 

RBC aggregates (Figure 3.4-C, MetHb).Highly fluorescent PS positive RBCs present in low order 

aggregates was surrounded by PS negative low fluorescent RBCs. It is speculative that high PS 

expressing RBCs might be a nucleating aggregation process. RBCs exposed to PBS or CLT-MetHb 

didn’t show any significant PS staining on their membrane but these sample exhibits lower level 

aggregates and rouleaux formation (Figure 3.4-C, CLT-MetHb or PBS).  

Phosphatidyl serine (PS) expression of outer RBC membrane induces a negative charge on 

the plasma membrane. To testify the role of charged patches on the outer membrane in aggregation, 

RBC aggregates from MetHb exposed samples were observed in a FESEM microscope. A low 

resolution (1000x) observation of RBC aggregates indicates high order aggregates confirming our 

previous optical microscopic study (Figure 3.5). RBC aggregates at high resolution (12000x) 

exhibits RBC-RBC clumping involves descrete attachment points on adjacent RBC membrane 

(Figure 3.5, Inset). In an aggregate, RBCs are sharing a large surface area with each other but are 

intangeled with the specific attachment points between them.  

 
Figure 3.5: Methemoglobin causes RBC membrane sticky which favours firm aggregation. 
MetHb exposed RBCs thin smears were observed in field emission scanning electron microscopy 
(magnification; x1000, scale bar=20 µm) to investigate aggregate property. Zoom view of an 
aggregate from same field magnified further (magnification; x12000, scale bar=2 µm), which 
showed a defined pattern involving attachment points on MetHb exposed RBC membrane and the 
RBC attachment points were indicated with arrows. 

To further validate role of patches on RBC membrane due to PS externalization, MetHb 

mediated RBC aggregation experiment was performed at different pH (acidic and basic side), 

calculated the change in RBC aggregation from neutral pH 7. RBCs were treated with MetHb (700 

μg) for 60 min in buffered saline solution of different pH (4-10) and RBC aggregation was 

measured as described in the method section. RBCs suspended in each pH solution without MetHb 
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served as control for particular pH and used to calculate percentage change. RBC aggregation with 

MetHb at pH 7.0 was 28.3% compared to untreated control as 14 %. A 15-20% decrease in 

aggregation was observed in both acidic and basic pH solutions in comparison to aggregation at 

neutral pH (Figure 3.6). The variation in RBC aggregation in basic or acidic pH from neutral pH 

was statistically significant with p <0.02. It clearly indicates involvement of plasma membrane 

modification (changes in polarity or development of charge) with RBC aggregation. 

  
Figure 3.6: Effect of pH on MetHb induced RBC aggregation. A decrease in RBC aggregation 
was observed on both sides of neutral pH (acidic/ basic) was statistically significant (p<0.02). 

3.4 Discussion 
RBC aggregation is a physiological event required for maintaining normal homeostasis of the 

body. RBCs have the tendency to collide each other within a blood vessel during flow to form 

lower level aggregates containing 2 or 3 cells but these aggregates are very weak and disintegrate 

when passes through high shear stress. Under patho-physiological conditions, reaction or factors 

favoring RBC aggregation results into formation of big RBC aggregates, responsible for vesicular 

blockage and tissue damage (Autino et al., 2012; Dondorp et al., 2000). In the current objective, we 

have been exploring the MetHb present in P. falciparum supernatant as a factor to cause RBC 

aggregation. A partial purification of parasite culture supernatant indicates correlation of MetHb 

amount present in different fractions with RBC aggregation (Figure 3.1) but possibility of different 
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active factor in similar proportions cannot be rule. In an in-vitro RBC aggregation assay, MetHb 

causes dose dependent RBC aggregation in a serum free microenvironment (Figure 3.2). It 

preferentially induces formation of higher order RBC aggregates (5-10 cells per aggregate) and 

these effects were linked to the development of oxidative stress within RBC (Figures 3.3 & 3.4). 

Treating the RBCs with antioxidant protects the RBCs to form aggregates, specifically high order 

aggregates (Table 3.2). Interestingly, lower order aggregates were mostly present in PBS treated 

RBCs and mimics formation of bigger RBC aggregates but it does not affect physiological RBC 

aggregation. Antioxidant therapy with N-acetyl cysteine (NAC) in cerebral malaria reduces 

inflammation at the tissue injury site to delay the disease progression and helps faster recovery but 

in other reports NAC treatment is ineffective (Charunwatthana et al., 2009; Fitri et al., 2011; Watt 

et al., 2002). It implies that NAC dosing probably be a critical factor to decide the final outcomes. 

As NAC treatment doesn’t interfere with the regular anti-malarial chemotherapy and can be 

proposed as an adjuvant therapy during malaria (Nuchsongsin et al., 2007). In this chapter, we 

highlighted another facet of the potential beneficial role of antioxidants as an adjuvant therapy 

during cerebral malaria.   

MetHb contains heme as prosthetic group with an iron (Fe3+). Due to which it can be able to 

catalyze peroxidation reactions to oxidize aromatic and halide substrates (Trivedi et al., 2005). 

Unlike classical peroxidases, MetHb is not well equipped to handle single electron generated on 

hemin, as a result electron leaks out into the microenvironment and produces free radicals (Widmer 

et al.). But the nature of electron donors present in the micro-environment and its exchange 

mechanism with electron from MetHb is not known and it is beyond the scope of the current study. 

A close relationship was found between peroxidase activity, ROS accumulation in the external 

microenvironment and RBC aggregation (Figure 3.3). RBCs are well equipped with the powerful 

antioxidant system and it is difficult to develop oxidative stress within RBC but studies indicate 

that during RBC aging MetHb mediated ROS production causes development of oxidative stress 

(Chiu and Liu, 1997). Oxidative stress in RBC causes membrane protein modification resulting in 

development of charge on the outer membrane. In addition, phosphatidyl serine (PS) 

externalization provides hydrophobic patches on the plasma membrane. This makes RBCs more 

likely to aggregate by making membrane sticky (Figure 3.4 & 3.5). Sensitivity of RBC aggregation 

to the different pH indicate a direct relationship between charge/membrane polarity with 

aggregation process (Figure 3.6). Two different models, bridging model and depletion model are 

proposed to explain RBC aggregation (Jayavanth and Park, 2007). Preliminary results indicate that 

MetHb induced RBC aggregation follows bridging model and a PS externalization might play a 

role to disrupt desegregation forces and initiate the aggregation reactions. But we have not 

performed rigorous validation of models or role of PS externalization with the RBC aggregation 
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and precise mechanistic details of the process might be multi-factorial in nature and beyond the 

scope of the current study.  

Presence of MetHb in the blood is known to contribute malaria associated patho-

physiological conditions but Methemoglobinemia is associated with other disease conditions too. A 

number of such conditions exhibit RBC aggregation but still it is not true for all of the patho-

physiological conditions with high MetHb level (Dondorp et al., 2000; Tripette et al., 2009; 

Wiewiora et al., 2007). In addition, obese patient exhibits a high level of RBC aggregation but 

don’t develop a high level of MetHb (Sola et al., 2009). RBC aggregation is a multi factorial event 

and that’s made conditions even more complicated to explore. The flow of blood or shear stress can 

be one such factor to decide whether RBC will form stable aggregates or RBC aggregates will form 

but disintegrate afterwards. A detailed study is required to test the physiological relevance of other 

factors required for RBC aggregation and which is beyond the scope of the current study.                           

In this objective, we discovered a novel pathway of MetHb mediated RBC aggregation in 

malaria infected blood. Antioxidant treatment abolishes the MetHb mediated high order RBC 

aggregate formation and gives new insight into their role as adjuvant therapy.  Presence of MetHb 

in the blood is known to contribute malaria associated patho-physiological conditions but further 

studies are required to test the physiological relevance of MetHb mediated RBC aggregation with 

severity of cerebral malaria and tissue damage.    

3.5 Summary 
Toxic byproducts from infected RBC cause rheological alteration and RBC aggregation. 

Malaria culture supernatant contains a significant high concentration of MetHb as an aggregant to 

exhibit RBC aggregation. Ammonium sulfate fractionation and immuno-depletion of culture 

supernatant further confirms the MetHb as a major aggregant present in parasite culture 

supernatant. In-vitro treatment of RBC with MetHb induces irreversible high order RBC 

aggregates, resistant to the shear stress and physical forces. MetHb mediated ROS accumulation in 

the external microenvironment to develop oxidative stress close to RBC membrane seems to be 

responsible for initiating and forming high order RBC aggregates through PS externalization. 

Removal of oxidative stress through antioxidant treatment abolishes the MetHb mediated high 

order RBC aggregate formation. In conclusion, we discovered a novel pathway of MetHb mediated 

RBC aggregation and its potential role in patho-physiological effects during malaria. As an 

aggregation promoter, MetHb role in RBC-endothelial cyto-adhesion, macrophage-endothelial 

cyto-adhesion can be study in future to understand vascular blockage during severe malaria. 
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Chapter 4. Methemoglobin contributes into primaquine toxicity 
through single electron oxidation and modification* 

4.1 Introduction 

 Malaria, a tropical disease caused by Plasmodium species and it leads to 200,000 deaths 

every year. The disease in human starts with the bite of anopheles mosquito and it replicates in host 

liver and Red blood cells (Sachs and Malaney, 2002). In addition, parasite resides within the 

hepatocytes under dormant stages (hypnozoites) and causes disease on a preset time scale, a process 

known as relapses. Reappearance of disease on a frequent basis (monthly or quarterly) without 

reinfection causes an immense burden on host machinery to contribute into the observed deaths and 

be responsible for an additional level of complication to treat malaria (White, 2011).  Chloroquine or 

artimisinin are the drugs to target blood stages of parasite where as PQ is the only drug available for 

clearing hypnozoites from hepatocytes  (Baird and Hoffman, 2004; Sinclair et al., 2012). 

Primaquinine dosing is more important for patients with P.vivax to avoid potential relapses within 

weeks or even in months (Anthony et al., 2012). But prolonged treatment is known to cause 

methemoglobinemia, hemolysis, abdominal cramps and patho-physiological symptoms are more 

severe in the patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency (Baird, 2012; 

Taylor and White, 2004). G6PD is involved in regeneration of NADPH to support lipid biosynthesis, 

redox reactions and maintenance of intracellular glutathione (GSH) level (Stanton, 2012). The G6PD 

deficient RBCs accumulate reactive oxygen species (ROS) and makes RBCs prone to further 

oxidative damage (Beutler et al., 2007). PQ is oxidatively metabolized to carboxy PQ (CPrq), 6-

methoxy 8-aminoquinoline (MAQ), hydroxylated derivatives (Avula et al., 2013; Frischer et al., 

1991; Mihaly et al., 1984). Redox reaction of the PQ metabolites with cellular and antioxidant 

enzymes disturb oxidative balance to exhibits toxicological effects, such as hemolysis (Fletcher et 

al., 1988). Interaction of PQ oxidative metabolites with the RBC follow different mechanisms to 

cause hemolysis. 6-methoxy-8-hydroxylaminoquinoline (MAQ) causes oxidative damage to 

membrane lipids where as 5-hydroxyprimaquine (5-HPQ) causes injury to the cytoskeleton 

(Bowman et al., 2005a; Bowman et al., 2005b; Bowman et al., 2004). 5 hydroxy primaquine can able 

to withdraw an electron to the environment easily and this nature favours the hemoglobin to MetHb 

conversion (Liu et al., 2013). MetHb further cause RBC lysis through oxidative stress generation 

(Chapter 2 & 3). But still PQ metabolism and molecular assembly involved in the generation of 

oxidative metabolites are not conclusive.        
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Two major metabolic pathways have been presumed after an oral dose of PQ. The first pathway 

produces carboxy-primaquine, the major non-toxic metabolites detected in plasma (Frischer et al., 

1991). The 2nd pathway involves production of oxidative metabolites responsible for PQ associated 

cyto-toxicity and hemolysis  (Croft, 2001). In-vitro incubation of PQ with liver microsomal fraction 

or mitochondrial lysate indicates that microsomal enzymes preferentially process PQ to 5-hydroxy 

primaquinine where as mitochondrial fraction processed it to carboxyprimaquine. Co-incubation of 

PQ with recombinant cytochrome  P450 isoform generates metabolites with potentials to cause 

MetHb formation and hemotoxicity (Ganesan et al., 2009). Production of reactive oxygen radicals, 

generation of MetHb and depletion of GSH is associated with hemotoxicity of PQ and PQ oxidative 

metabolites (Ganesan et al., 2012).  

 During malaria lysis of infected RBC releases hemoglobin, hemin, hemozoin and other toxic 

metabolites into the serum (Anstey et al., 1996). The released hemoglobin is readily being oxidized 

to form ferryl hemoglobin and MetHb (Reeder, 2010). The level of MetHb in the clinical studies and 

post antimalarial chemotherapy varies from 1-3.5 mg/ml and it depends on factors such as host age, 

sex, other clinical conditions, parasite strain, genetic background etc (Anstey et al., 1996; Carmona-

Fonseca et al., 2009) In chapter 2, we have examined the role of extracellular MetHb in catalyzing 

the accelerated destruction of RBC. Extracellular MetHb disturb internal oxido-reductase balance of 

RBC by generating a ROS spike utilizing its pseudoperoxidase activity . In this chapter, we explored 

the role of extracellular MetHb in modifying PQ to oxidative metabolites (hydroxyl or methoxy 

derivatives) or PQ associated free radicals and enhancing hematotoxic effect of the parent molecule. 

Our result present in current chapter indicates that MetHb accepts PQ as a substrate and oxidizes it 

through a single electron transfer mechanism. The oxidation product is a hydroxyl and desamino PQ 

derivative as evidenced by LC-MS/MS analysis of the reaction mixture. PQ derivatives have 

potential to disturb antioxidant potentials of RBC by inhibiting antioxidant enzymes and generating 

hydroxyl radicals to develop oxidative stress. The PQ peroxidation product interacts with RBC and 

disturbs the RBC membrane structure as evident from SEM analysis. Hence, extracellular MetHb 

incites the PQ for hemolytic activity and can be a novel mechanism associated with PQ 

hemotoxicity.             

* The content of present chapter is published as “Methemoglobin incites primaquine toxicity 
through single electron oxidation and modification, S N Balaji and Vishal Trivedi*, J Basic Clin 
Physiol Pharmacol. 2013;24(2):105-14”.  

4.2 Methods 
 4.2.1 Optical Spectral studies: Optical spectra were recorded in a total volume of 1ml containing 

1.55 µM MetHb in 100 mM Tris pH 7.2 in  a Cary 100 Bio UV Visible spectrophotometer-Varian, 

Australia at 25 °C. 
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4.2.2 Binding of PQ to MetHb: Optical difference spectra were recorded in a total volume of 1 ml 

containing MetHb in 100 mM Tris-HCl buffer, pH 7.2 in a Cary 100 Bio UV Visible 

spectrophotometer-Varian at 37ºC with quartz cells of 1 cm light- path. Binding of PQ to MetHb-

H2O2 complex was monitored at different concentrations (22-133 µM). The equilibrium  dissociation 

constant (KD) for complex formation was calculated by using equation 4.1.  

1/ ΔA = (KD/ΔAα) 1/S + 1/ΔAα   …… Eq. 4.1 

where KD is the dissociation constant of the MetHb-PQ  complex, S is the concentration of PQ, ΔA is 

the observed absorption change at a particular wavelength, and ΔAα is the absorption change at a 

saturating concentration of the ligand. 

4.2.3 Identification and characterization of PQ peroxidation product:  PQ (1.5 mM) was 

incubated in the reaction mixture containing MetHb (6.2 µM), and H2O2 (100 µM) in phosphate 

buffer pH 7.0 for 1h at 37ºC. The MetHb was removed from reaction mixture by  5 % TCA 

precipitation and PQ oxidation products were analyzed in ultra-performace liquid chromatography 

attached to mass spectrophotometer as described (Dongre et al., 2008) in Waters Q-Tof Premier & 

Aquity UPLC.    

4.2.4 Hematocrit preparation: 5 % RBC hematocrit was prepared as described earlier in chapter 2, 

section 2.2.2., Page no. 39.  

4.2.5 Oxidative stress measurements: RBCs treated with Pq peroxidation product (Pqox) for (0-

30mins) at 37ºC and ROS level, lipid peroxidation and protein carbonyl level was measured as 

described earlier in Chapter 2, section 2.2.6, Page no. 40, section 2.2.7, Page no. 41 & section 2.2.8, 

Page no. 41. 

4.2.6 Superoxide Dismutase (SOD) Assay: RBC hematocrit (5 %) treated with PQ peroxidation 

product (PQox) for 30 min at 37ºC and activity of superoxide dismutase (SOD) was measured as 

described earlier (Monk et al., 1987). In brief, RBCs were lysed with 200 µl distilled water and 

interfering Hb was removed by solvent fractionation using chloroform:ethanol (1:1) mixture. The Hb 

free lysate was added to the assay mixture containing NBT (50 µM), methionine (3 mM), and EDTA 

(0.1 mM) in 0.1 M phosphate buffer system at pH 7.4. Riboflavin added to the reaction mixture (4 

µM) last and production of superoxide was initiated by exposing the reactions to the UV illumination 

light for 30 min at room temp. The absorption was measured at 585 nm in spectromax M2e 

(Molecular devices) and used to calculate SOD activity. RBCs treated with buffer considered as 100 

% activity and used to calculate % inhibitions with different treatments. 

4.2.7 Glutathione-s-transferase (GST) Assay: RBC hematocrit (5 %) treated with PQ peroxidation 

product (Pqox) for 30 min at 37ºC and activity of Glutathione-s-transferase (GST) was measured as 

described earlier (Habig et al., 1974). In brief, 50 µl RBC lysate was added to the 950 µl phosphate 

buffer (0.1 M, pH 7.4) containing 1 mM 1-chloro 2,4 dinitro benzene (CDNB) and GSH (1 mM). 

The progress of enzymatic conversion was monitored at 340 nm for 5 min with a 1 min interval in 
TH-1568_126106029



           Chapter 4|67 

spectramax M2e (Molecular Devices). RBCs treated with buffer considered as 100 % activity and 

used to calculate % inhibitions in different treatments. 

4.2.8 Catalase (CAT) Assay: RBC hematocrit (5 %) treated with PQ peroxidation product (PQox) 

for 30 min at 37ºC and activity of catalase (CAT) was measured as described earlier (Beers and 

Sizer, 1952). In brief, 100 µl of RBC lysate was added to the 900 µl 50 mM phosphate buffer 

containing hydrogen peroxide (15 mM) and progress of enzymatic conversion of H2O2 to H2O was 

monitored at 240 nm at 25°C for 30s with 1s interval. RBCs treated with buffer considered as 100 % 

activity and used to calculate % inhibitions in different treatments. 

4.2.9 SEM Sample preparation: RBC hematocrit (5%) treated with PQ peroxidation product 

(PQox) for 30 min at 37ºC and samples for scanning electron microscope (SEM) was prepared as 

mentioned in chapter 3, section 3.2.10, page no. XX. A total of 10 fields were identified randomly 

and observed with LEO 1430VP Scanning Electron Microscope. The instrumental setting such as 

EHT, width and signal were 10 kV, 18 mm and SE1 respectively. 

4.2.10 Measurement of MetHb level: MetHb level was measured in PQ peroxidation product 

exposed RBCs as described earlier in chapter 3, section 3.2.4, page no. 51.  

4.2.11 Hemolysis and osmotic shock measurement: RBC hematocrit (5 %) treated with PQ 

oxidation product (PQox) for 30 min at 37ºC and osmotic shock and hemolytic assay was performed 

as described earlier in chapter 2, section 2.2.3, page no. 41. RBCs incubated with buffer is used as a 

control whereas 1 % (v/v) triton x-100 treated samples were considered as 100 % hemolysis. 

4.2.12 Statistical Analysis: Statistical analysis was performed using the student t-test 

(MICROSOFT EXCEL 2007) and Anova module of Sigma plot 11 (Systat Software, Inc., USA). A 

p-value < 0.05 was considered significant. 

4.3 Results 
4.3.1 Metehemoglobin accepts PQ as a substrate: Binding of a substrate(s) to MetHb is essential 

for the successful oxidation of PQ to PQox. It binds to the MetHb as evidenced in the decrease of 

absorbance at 405 nm in a difference spectroscopic studies with a binding constant of  6.4 µM 

(Figure 4.1-A). Peroxidase have potentials to oxidize various aromatic and halide substrates through 

a single electron transfer mechanism involving two or three stage transitions. An optical spectral 

study was performed to assess the ability of MetHb to accept and oxidize PQ as substrate. In the 

presence of H2O2 MetHb form compound II with a spectral shift from 405 nm (Figure 4.1-B, 

spectrum a) to 415 nm (Figure 4.1-B, spectrum b). Addition of Pq causes a spectral shift back to 408 

nm with single electron transfer to PQ for oxidation (Figure 4.1-B, spectrum c). Hence, figure 4.1 

support the notion that Methb has a well defined binding pocket to support binding of PQ, accept it 

as a substrate and oxidizes it following single e- oxidation mechanism.  
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Figure 4.1: Methemoglobin has potentials to bind and oxidize PQ. (A) PQ binds to MetHb. Optical 
difference spectra of PQ with MetHb (i, initial scan at 22 µM; f, final scan at 133 µM). The plot of 
1/∆Absorbance (nm) versus 1/[PQ] was used to calculate the KD. (B) MetHb oxidizes PQ following 
single electron oxidation mechanism. In a total volume of 1ml containing 100 mM Tris-HCl buffer, pH 
7.2, soret spectrum of (a) native MetHb (1.5 µM), (b) a+ H2O2 (140 µM); (c) b+PQ (22 µM) were 
recorded. 

4.3.2 Characterization of PQ oxidation products: To further understand MetHb mediated potential 

PQ modifications, PQ (1.5 mM) was incubated with MetHb (6.2 µM), and H2O2 (100 µM) in 

reaction buffer (0.1 mM phosphate buffer pH 7.0 containing 1 mM DTPA) and oxidized PQ was 

isolated from the reaction mixture for ultra-performace liquid chromatography attached to mass 

spectrophotometer as described (Dongre et al., 2008). The developed method is sensitive to detect 

impurities and the chemical modification of PQ. The mass spectroscopy analysis of UPLC eluent 

indicates a chemical modification of PQ. The spectrum contains unmodified molecular PQ peak with 

m/z 260.43 (C15H21N3O), hydroxylated PQ with m/z 300.53 (C15H21N3O2+Na+H) and desamino 

PQ peak with m/z 243.42 (C15H19N2O) (Figure 4.2-C). There are other prominent peaks present in 

the spectrum but those peaks are not specific to peroxidation reaction catalyzed by MetHb and are 

present in the spectrum from PQ incubated in buffer alone (Figure 4.2-A) or PQ isolated from 

reactions without MetHb (Figure 4.2-B). MetHb in aqueous environment generates high level of 

hydroxyl radicals (OH*) due to fenton reaction catalyzed by protein released iron (Reeder, 2010). But 

EDTA (1 mM), a known chelator was added to the reaction buffer to exclude the contribution of 

trace metal ions from MetHb on the appearance of PQ peroxidative metabolites peaks in spectrum. 

4.3.3 Extracellular MetHb potentiates the Pq mediated methemoglobin generation in RBC: The 

yield of PQ peroxidation products is less than 0.5 % and a concentration of 7.5 µM PQox is formed in 

the reaction mixture. Treatment of human erythrocytes in vitro with either PQ or MetHb for 30 min 

at 37ºC causes a significant increase in MetHb formation in the RBC as mixture compare to PBS 

treated cells (Table 4.1). A robust increase in the formation of MetHb was noticed 
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Figure 4.2: Primaquine incubated with MetHb generates PQ peroxidative metabolites. PQ 
(1.5 mM) was incubated into the reaction mixture containing either H2O2 (100 µM) or MetHb 
(6.2 µM) with H2O2 (100 µM) in phosphate buffer pH 7.0 for 1h at 37ºC. The ESI - mass 
spectrum of the (A) PQ (B) PQ from a reaction mixture containing H2O2 (100 µM) or (C) PQ 
from a reaction containing MetHb (6.2 µM), and H2O2 (100 µM) in phosphate buffer pH 7.0. 

when the erythrocytes were treated with PQ in the presence of MetHb and H2O2 (Table 4.1).The PQ 

induced MetHb formation were almost 2 folds high in the presence of MetHb and H2O2 as compared 
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to that observed with the parent drug molecule (P value: PQ vs PQox, 0.001). The observation 

indicates direct involvement of PQ peroxidation by the MetHb to produce hemotoxic product(s).  

Table 4.1: MetHb potentiates primaquine mediated MetHb generation. 
Conditions  MetHb Amount (mg/ml) 
PBS 1.7 ± 0.3 
PQ 7.7 ± 0.39 
MetHb 7.2 ± 0.38 
H2O2 2.8 ± 0.2 
MetHb + PQ +  H2O2 16.7 ± 0.9 

RBCs were treated with MetHb generated PQ for 30 min at 37ºC and intracellular MetHb level was 
measured in RBC lysate as described  in ‘Methods’. RBCs treated with individual reaction 
constituents, MetHb, H2O2, PQ to test the effect of reactants on the conversion of hemoglobin to 
MetHb.   

4.3.4 Primaquine peroxidation products hamper antioxidant potentials of RBC to cause 

oxidative stress: RBC antioxidant potential is determined by efficiency of antioxidant enzymes to 

recycle reducing equivalents and scavenging of free radicals with other small molecule antioxidants 

such as GSH (Parcell, 2002). PQ oxidative metabolites are known to severely affect RBC antioxidant 

potentials to causes generation of MetHb, development of oxidative stress and RBC lysis (Ganesan et 

al., 2009). RBCs treated with PQ isolated from different reaction mixture as given in Table 4.2 and 

activity of superoxide dismutase (SOD), glutathione S transferease (GST) and catalase (CAT) in 

RBC lysate was measured as described in methods. RBCs treated with a PQ peroxidation product 

causes 37 %, 25 %, 51 % inhibition of SOD, GST and catalase activity respectively (Table 4.2). The  

Table 4.2. Primaquine peroxidative metabolites is involved in inhibition of RBC antioxidant 
enzymes. 

Conditions SOD 
(% Inhibition) 

   GST 
    (% Inhibition) 

    CAT 
   (% Inhibition) 

Buffer Only 0.0 ± 0.3 0.0 ± 0.7 0.0 ± 2.2 
MetHb 2.5 ± 1.4 1.4 ± 3.89 7.2 ± 1.2 
H2O2 7.1 ± 1.7 1.8 ± 1.0 1.7 ± 5.8 
PQ 5.6 ± 2.7 5.1 ± 2.9 3.5 ± 5.1 
MetHb + PQ +  H2O2 36.8 ± 3.2 25.2 ± 1.0 51.2 ± 0.9 
PBN + MetHb + PQ +  H2O2 8.3 ± 2.1 9.0 ± 0.9 13.9 ± 1.5 

PQ was incubated with MetHb and H2O2 for 60 min at 37ºC with intermittent shaking and modified 
PQ was isolated as described in method section. RBCs were treated with isolated modified PQ for 30 
min at 37ºC and activity of superoxide dismutase (SOD), glutathione S-transferase (GST) and 
catalase (CAT) was measured from RBC lysate as described in method section. Activity of 
antioxidant enzymes from RBCs treated with buffer for 30 min at 37ºC was considered as 100 % and 
used to calculate % inhibition in enzymatic activity. RBCs treated with individual reaction 
constituents (MetHb, H2O2, PQ) to rule out the effect of contamination of remained reactants on the 
activity of antioxidant enzymes. To probe the role of PQ peroxidation reaction to form oxidative 
metabolites, PQ was incubated with MetHb and H2O2 in the presence of spin trap, PBN (5 mM) for 
30 min at 37ºC with intermittent shaking and PQ was isolated as described in method section. 
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RBCs incubated with PQ or other reactant individually cause a low level of inhibition of antioxidant 

enzymes. Inhibition of antioxidant enzymes will disturb the oxidation/reduction balance of cell and 

causes development of oxidative stress (Kiefer and Snyder, 2000). As expected, RBCs treated with 

PQ from complete reaction causes a time dependent increase in ROS level with a sharp peak at 15 

min (Figure 4.3-A). Intracellular ROS in turn causes membrane lipid peroxidation and oxidation of 

cytosolic proteins. An increase in lipid peroxidation and protein carbonyl level was observed with a 

peak at 15 min (Figure 4.3-B & C). RBCs treated with PQ incubated in reaction buffer causes a very 

mild increase in ROS level, lipid peroxidation and protein carbonyl level (Figure 4.3). As GST 

activity is severely affected by PQ oxidative metabolites, we expect a decrease in the GSH pool of 

the cell but due to technical difficulty(cross reactivity of PQ with reagents to give high background), 

we failed to measure reduced glutathione (GSH) level in exposed RBCs. 

 
Figure 4.3: Methemoglobin generated PQ peroxidative metabolites causes development of 
oxidative stress in RBCs. RBCs treated with MetHb generated Pq oxidative metabolite causes (A) 
increase in ROS (B) lipid peroxidation (C) protein carbonyl levels. RBCs treated with Pq isolated from 
the reaction mixture containing MetHb (6.2 µM), and H2O2 (100 µM) in phosphate buffer pH 7.0 for 0-
30 min at 37ºC. Post treatment, ROS, lipid peroxidation and protein carbonyl level were measured as 
described in material and methods. RBCs treated with phosphate buffer was used to calculate fold 
change in oxidative stress indices. Data are the mean ±SD of four independent experiments (n=4) with 
triplicate measurement. The pairwise results were analyzed with Anova & student t-test and it was 
statistically significant with P <0.001. 

4.3.5 Primaquine peroxidative metabolites alter RBC membrane morphology. Exposure of 

RBCs to MetHb generated PQ peroxidative metabolites causes severe damage to the RBC membrane 

morphology and size as evident from scanning electron microscopic analysis. The RBCs exposed to 

PQ peroxidative metaboilites generated in the complete reaction lost the biconcave shape 

morphology and become spherical (sphereocytes), increase in diameter and injury to the cytoskeleton 

supporting membrane structure (Figure 4.4). Results revealed a high degree of disturbance of RBC 

membrane integrity with visible holes, damages to membrane protein. The RBCs exposed to PQ 

incubated in reaction buffer shows biconcave morphology with no visible sign of drug toxicity. 
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Figure 4.4: Pq peroxidative metabolite exposure disturbs the RBC membrane structure. RBCs 
were treated with PQ from buffer or Acomplete reaction for 30 min and images from a total of 10 
different fields in both samples were captured with LEO 1430VP scanning electron microscope. The 
instrumental setting EHT, width and signal were 10 KV, 18 mm and SE1 respectively. A 
representative image of PQ from buffer (magnification; x2500) or complete reaction (magnification; 
x2500) is given.   

4.3.6 Methemoglobin mediated primaquine peroxidation aggravate its hemolytic potentials: PQ 

resuspended in reaction buffer has potential to cause osmotic stress in RBC cells (Figure 4.5-A) and 

has very little ability to induce hemolysis (Figure 4.5-B). PQ isolated from a reaction mixture 

containing H2O2 or MetHb separately doesn’t help the parent drug to exhibit additional hemolytic 

activity (Figure 4.5-B). But PQ isolated from a reaction mixture containing MetHb, H2O2 causes a  

 
Figure 4.5  PQ peroxidative metabolites are hemolytic in nature. PQ (1.5 mM) was incubated 
into the reaction mixture containing H2O2 (100 µM) or MetHb (6.2 µM), and H2O2 (100 µM) in 
phosphate buffer pH 7.0 for 1 hr at 37ºC. RBC hematocrit (5 %) prepared in PBS was exposed to PQ 
isolated from different reaction mixture as indicated for 30 min at 37ºC and (A) Osmotic fragility or 
(B) hemolysis was measured as described in the material and method section. Data are the mean ± 
SD of three independent experiments (n=3) with triplicate measurement. The pairwise results of PQ 
alone and PQ+MetHb+H2O2 were analyzed with Anova & student t-test and it was statistically 
significant with P <0.001.  
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1.5 fold enhanced hemolysis compared to individual effects of these compounds separately (Figure  

4.5-B). The hemolysis was statistically significant (P value: PQ vs PQox, 0.001). As noted before, 

these effects are due to MetHb mediated PQ oxidation and generation of oxidative metabolites. The 

result suggests that MetHb in the presence of H2O2 oxidizes the PQ to stimulate molecular property 

of the PQ to lyse the RBCs more efficiently. In addition to PQ oxidative metabolites, molecular 

interaction of MetHb with PQ and H2O2 may give rise to hydroxide radical (*OH), superoxide 

radical (O2
*-) and other single electron species. To probe the role of particular free radical species in 

MetHb mediated PQ hemolytic potential, we incubated the RBCs with different antioxidant 

molecules (to probe the role of oxidants) or with spin trap TEMPO, PBN (to probe the role of single 

electron species). Antioxidants scavenging hydorxy radical, superoxide radical and hydrogen 

peroxide has very little or no effect on MetHb mediated PQ potentiation where as spin trap TEMPO, 

PBN pre-treatment abrogated the PQ hemolytic potentiation (Table 4.3). It indicates the probable 

role in the process. To further understand the role of spin-trap in protecting RBCs, we measured the 

activity of antioxidant enzymes. Surprisingly spin-trap reverses the PQ oxidative metabolites 

mediated inhibition of antioxidant enzymes and protects the enzymes (Table 4.2). It could be due to 

scavenging potentials of spin-trap to restore oxidative imbalance or a shielding effect around 

antioxidant enzymes to protect it from being getting inactivated to improve the cells ability to 

maintain oxidative balance. 

Table 4.3: Effect of antioxidants and spin traps on MetHb mediated Primaquine hemolytic 
potentiation. 

S.No. Conditions Hemolysis (%) 
1 MetHb + PQ + H2O2 28.72 ± 0.67 
2 MetHb + PQ + H2O2+Vit C 28.7 ± 0.2 
3 MetHb + PQ + H2O2 + NAC 27.7 ± 1.43 
4 MetHb + PQ + H2O2 + Mannitol 27.0 ± 1.7 
5 MetHb + PQ + H2O2 + DMSO 25.8 ± 2.1  
6 MetHb + PQ + H2O2 + Thiourea 26.1 ± 0.9 
7 MetHb + PQ + H2O2 + Quercetin 26.1 ± 2.6 
8 MetHb + PQ + H2O2 + GSH 23.2 ± 2.4 
9 MetHb + PQ + H2O2 + TEMPO 11.1 ± 1.1 
10 MetHb + PQ + H2O2 + PBN 16.9 ± 1.0 
RBCs treated with PQ peroxidation product for 30 min in the absence or presence of vit C (40 µM), 
NAC (5 mM), mannitol (2.5 %), DMSO (0.5 %), thiourea (0.5 %), quercetin (0.5 %), GSH (4 mM), 
TEMPO (10 mM), PBN (5 mM) at 37ºC and  hemolysis was measured as described in method 
section. Data are the mean ± SD of two independent experiments (n=2) with triplicate measurement. 
 

 4.4 Discussion 
 Primaquine metabolism and mechanism of hemotoxicity are not clear. The series of studies 

indicate an active involvement of liver microsomal enzymes in accepting and converting PQ into the 

different oxidative metabolites. Primaquinine is oxidatively metabolized to carboxy primaquine 
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(CPrq), 6 methoxy 8 aminoquinoline (MAQ), hydroxylated derivatives (Avula et al., 2013; Croft, 

2001; Frischer et al., 1991; Mihaly et al., 1984). The oxidative metabolites are highly reactive in 

nature and have potential to cause oxidative insult to the RBC by MetHb generation, ROS 

accumulation (Ganesan et al., 2009; Liu et al., 2013). The proportions of hemotoxic PQ oxidative 

metabolites are minor as compared to non-toxic carboxy primaquine. In addition, PQ oxidative 

metabolites have a short lifespan (Strother et al., 1981) and it is not clear if reactivation is required 

near RBC surface to exhibit hemotoxicity under in-vivo conditions. 

 Primaquine hemotoxicity to RBCs is associated with MetHb generation and reduction in 

antioxidant potentials of RBCs to maintain oxidation/reduction balance (Bowman et al., 2004). 

MetHb is central to disturbance of oxidation/reduction balance of RBCs and preformed MetHb level 

contributes significantly into the drug mediated hemotoxicity (Carson et al., 1981). Beagle Dog 

RBCs with an inherent deficiency to control the level of MetHb are more susceptible to the PQ 

toxicity. In a normal human, PQ metabolites cause ~30% MetHb formation compared to dog RBC 

with ~60% MetHb formation (Lee et al., 1981). Although previous studies provide indirect support 

for involvement of MetHb but the current study is the first direct evidence of MetHb with PQ 

hemotoxicity. MetHb has a well-defined binding site for PQ and it accepts PQ as substrate and 

oxidizes it through single electron oxidation (Figure 4.1). PQ oxidation products are hydroxylated or 

desamino derivatives of PQ (Figure 4.2). The determination of the exact chemical nature of 

derivatives is on its way as the yield of hydroxylated or desamino PQ derivative is very low (~0. 5%) 

and scaling up the reaction with more amounts of the enzyme/H2O2 gives nonspecific conversion of 

PQ as well as chemical degradation of the parent drug (Carson et al., 1981). PQ oxidation product 

cause oxidative insults to RBCs, inhibit antioxidant enzymes and enhances hemolytic potentials of 

the quiescent parent drug. In an earlier study PQ was found to inhibit cytochrome P450 class enzyme 

CYP-2D6 and underlying mechanism involves utilization of PQ as a substrate by CYP-2D6 (Li et al., 

2003). PQ oxidation by cytochrome P450 class enzyme CYP-2D6 is responsible for inhibition and a 

similar mechanism behind the inhibition of RBC antioxidant enzymes cannot be ruled out. The exact 

mechanism of PQ oxidation products mediated inhibition of RBC antioxidant enzymes to disturb 

oxidation/reduction might be interesting to control the toxic hemolytic effects of the drug. Oxidative 

metabolites of PQ interact with RBC following different mechanism to cause hemolysis (Bowman et 

al., 2005a; Bowman et al., 2005b; Bowman et al., 2004). 6-methoxy-8-hydroxylaminoquinoline 

(MAQ) causes oxidative damage to membrane lipids where as 5-hydroxyprimaquine (5-HPQ) causes 

injury to the cytoskeleton (Bowman et al., 2005a). A SEM analysis of RBCs exposed to PQ 

peroxidation products give direct evidences of injury to the RBC cytoskeleton and plasma membrane 

proteins with visible holes (Figure 4.5). This is the first structural study to explain the PQ activation 

(either by oxidation as in the case of cytochrome P450 or peroxidation as in the case of MetHb) as a 

crucial event for observed perturbance in RBC membrane structure. It is difficult to conclude which 
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molecular event is primary; generation of PQ oxidation products and their direct interaction to the 

RBC membrane or disturbance of RBC metabolism to cause oxidative damage to cellular 

components and membrane lipids. Exposure of the infected RBC to PQ results in swelling of parasite 

mitochondria and these effects are more pronounced in schizont than free form merozoite (Beaudoin 

and Aikawa, 1968). Malaria parasites depend on hemoglobin metabolism for supply of essential 

amino acids to support the growth of the parasite. The level of MetHb is highest in the trophozoite 

and schizont stages whereas merozoite is a free form of the parasite with low MetHb level 

(Kamchonwongpaisan et al., 1997). Although no direct correlation has been established so far but 

MetHb generation might have an indirect role in PQ activity toward the parasite as well. 

Oxidative insult to RBCs by drug or other chemical agents result in generation of MetHb and 

hemolysis. However, methemoglobinemia doesn’t necessarily leads to the hemolysis (Hall et al., 

1986). Hemolysis is a two-step process; initial sensitization by severe damage to RBC membrane to 

compromise membrane fragility and then actual hemolysis by subsequent stress either by another 

agent or physical forces such as shear stress (Brumen and Heinrich, 1984; Wagner et al., 2003). A 

molecule may have potential to execute the both events or another molecule is required to execute 

2nd step for robust hemolysis. PQ alone has potential to sensitize the RBC membrane to make it 

osmotically fragile but lacks ability to catalyze hemolysis (Figure 4.5-A). Where as PQ 

oxidation/peroxidation generates molecular species with potentials to exhibit severe hemolysis 

(Figure 4.5-B). A detail structure-function study is required to understand the molecular changes in 

PQ structure and hemolytic potentials. Our study highlights the importance of MetHb in enhancing 

hemotoxic potentials of PQ through utilizing its peroxidase activity and a MetHb specific inhibitor 

may be explored to control hemotoxicity to expand the therapeutic potentials of PQ.  

4.5 Conclusions and future prospectus 

 The MetHb- H2O2 system transforms quiescent parent drug molecule to highly reactive 

oxidative form to exhibits severe hemolysis. MetHb-H2O2 mediated PQ hemolytic potentiation is 

sensitive to spin trap indicate the role of PQ* radical or other single e-species in the process. MetHb 

stimulates the molecular property of PQ and peroxidase inhibitors can be explored to control drug 

associated toxicity. 
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Chapter 5. Suicidal inactivation of methemoglobin by generation of 
thiyl radical explains NAC mediated protection in RBC* 

5.1 Introduction 
Malaria caused by P. falciparum is associated with anemia, fever, multiple organ damage, 

renal failure, liver dysfunction and neurological disorders (Garcia-Garcia et al., 2012; MacPherson et 

al., 1985; Pasvol et al., 1982; Singer and Ataga, 2008). Reactive oxygen species (ROS) production 

and development of oxidative stress are crucial for disease pathology during malaria (Fibach and 

Rachmilewitz, 2008; Stocker et al., 1985). Pro-oxidant molecules released from parasitized RBCs 

(PRBC) or reactivity of immune cells toward PRBCs, mainly associated with development of 

oxidative stress (Schofield and Grau, 2005). Oxidative stress induces structural changes in RBC to 

activate immune cells and structurally altered RBCs tend to enhance vesicular blockage, cyto-

adherence to promote cerebral malaria pathology (Dondorp et al., 2000; Pamplona et al., 2009). N-

acetyl L-cysteine (NAC), a thiol (-SH) antioxidant, commonly used as a mucolytic agent to clear the 

respiratory tract blockages and recently used for adjuvant therapies such as paracetamol toxicity in 

liver cells, etc (Fitri et al., 2011; Kelly, 1998; Ziment, 1988). It improves antioxidant potentials of 

RBCs to give protections against oxidative stress induced hemolysis (Mazor et al., 1996). N-acetyl-l-

cysteine, tested in a series of in-vitro drug toxicity studies or clinical studies to monitor malaria 

patient recovery during chemotherapy (Arreesrisom et al., 2007; Charunwatthana et al., 2009; 

Treeprasertsuk et al., 2003; Watt et al., 2002). Hemin released from an infected RBC decreased the 

RBC deformability, a cellular property required for RBC splenic clearance. NAC improves RBC 

deformability through reduction of hemin mediated RBC membrane oxidation and replenishing GSH 

reserves (Nuchsongsin et al., 2007). A number of critical parameters monitored to assess potentials 

of NAC as an adjuvant therapy during artesunate therapy in patients, but outcomes indicate that it 

made no significant improvement in lactate clearance times, mortality, coma recovery times or red 

cell rigidity (Charunwatthana et al., 2009). 

Cyto-protective properties of NAC are due to direct interaction with a single electron 

containing free radical species, trapping toxic substances, inhibition of apoptotic and other 

inflammatory pathways or indirectly supports the synthesis of glutathione (GSH), a cellular 

antioxidant molecule (Sheffner et al., 1966; Stocker et al., 1985). The antioxidant potential of a cell 

determined by the level of GSH within the cytosol and maintained by the GSSG reduction through 

enzymatic activity of glutathione reductase (GR), non-enzymatic reduction by other small molecular 

weight antioxidants or de-novo synthesis of GSH (Parcell, 2002). NAC mediated free radical 
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scavenging is due to interaction of a free thiol group (-SH) to electrophilic ROS species (Ates et al., 

2008; Bolli et al., 1989; Gaunt et al., 1981; Macone et al., 2011; Takashima et al., 2012). The kinetic 

measurement indicates a rapid interaction of NAC with hypochlorous acid (HOCl) and hydroxyl 

radical (OH*), slowly with H2O2 and no interaction with superoxide radicals (O*) (Aruoma et al., 

1989; Bolli et al., 1989). NCB-20 cells treated with H2O2 found to reduce oxidative stress mediated 

NF-κB activation through the generation of NAC free radical (Kwak et al., 1995). The formation of 

NAC thiyl radicals within the cells or in a cell free system seems to be essential for biological 

activity of the molecule, but the cellular machinery for the NAC activation is not known (Harman et 

al., 1986; Sagrista et al., 2002; Subramanian et al., 2011).  

The earlier biochemical model proposed that RBC lysis is a two step process, initial 

“sensitization” and then actual “lysis” (Beck and Saari, 1977). Conversion of hemoglobin to MetHb 

within RBC triggers the development of oxidative stress (sensitization) and causes structural 

membrane defects. Generation of MetHb mostly associated with the amplification of initial lysis and 

is responsible for enhanced hemolysis during malaria. The hemoglobin in the external 

microenvironment oxidized by molecular oxygen to form MetHb [Fe3+] or oxidation by reactive 

oxygen species (ROS) into ferryl hemoglobin (Fe[IV]=O). MetHb mediated ROS spike through the 

utilization of peroxidase activity is responsible for sensitization of RBC membrane to exhibit 

enhanced hemolysis (Trivedi et al., 2005c). In chapter 2, we have shown that NAC can be able to 

protect RBC from hemolysis only if it can be allowed to remove initial ROS spike in RBC cytosol. 

Sulfur containing compounds such as cysteine, GSH, methionine and NAC found to inhibit classical 

peroxidases following a non-competitive and mixed type inhibition mechanism (Gutierrez-Correa 

and Stoppani, 1999). MetHb exhibits a pseudo-peroxidase activity in the presence of H2O2 to oxidize 

organic and halide substrates (Reeder et al., 2004). In this chapter, we are showed that only two 

sulfur containing compounds, namely GSH and NAC inhibit MetHb peroxidase activity and give 

protection in the hemolysis. We explored the mechanistic details of NAC mediated inhibition of 

pseudoperoxidase activity of pro-oxidant MetHb with the accelerated destruction of RBCs. A 

number of evidences presented to show that NAC inhibits the MetHb peroxidase activity following a 

pseudo first order kinetics. MetHb-H2O2 active complex oxidizes NAC to form NAC free radicals 

(NAC*) and NAC* radical attacks on the heme of MetHb to form an irreversible heme-NAC 

complex. Furthermore, we have shown that formation of NAC* is important for NAC binding to 

MetHb and provides protection against oxidative stress induced hemolysis. The studies thus provide 

additional insight into antioxidant mechanisms of NAC during oxidative stress induced hemolysis.  

The content of present chapter is published as “Suicidal inactivation of methemoglobin by 
generation thiyl radical: insight into NAC mediated protection in RBC, S N Balaji and Vishal 
Trivedi”, in Curr Mol Med., 2013 Jul;13(6):1000-9. 
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5.2 Methods 
5.2.1 Preparation of RBC from Human blood: Fresh blood collected in EDTA containing tubes 

and 5 % hematocrit was prepared in glucose containing PBS as described in chapter 2, section 2.2.2, 

page no. 39. In all of the experiments, RBC preparations contain less than 1 % other blood cells as 

monitored by blood smear preparation. 

5.2.2 Measurement of RBC hemolysis: RBC preparations (5% hematocrit) treated with MetHb 

(800 µg, 15 min) or sodium nitrite (1 mg/ml, 2 hr.) in the presence and absence of NAC (0-7.5 mM) 

and hemolysis was measured as described in chapter 2, section 2.2.3, page no. 39. In the spin trap 

protection experiments, TEMPO, PBN was added to the RBCs prior to NAC and MetHb.   

 5.2.3 Assay of MetHb (peroxidise) activity in RBC: RBCs treated with sodium nitrite (1 mg/ml) 

in the presence or absence of different concentrations of NAC (0 - 2.5 mM) for a period of 2 hr. The 

RBCs washed twice with phosphate buffered saline (PBS) and MetHb was partially purified from 

control and NAC treated RBCs as described (Sugita et al., 1971). Peroxidase activity was measured 

from control, or NAC treated RBC lysate by following guaiacol oxidation as described previously in 

chapter 2, section 2.2.9, page no. 41. 

5.2.4 Inhibition of MetHb by NAC:  All kinetic measurements were made in infinite M 200 

microtiter plate reader at 37±1ºC. To determine the peroxidase activity, guaiacol oxidation was 

monitored as described previously in a 0.3 ml assay volume (Trivedi et al., 2005b). The rate of 

inhibition of MetHb by NAC was measured by incubation of MetHb (2 µM) in the presence of H2O2 

(100 µM) and NAC (0.04 - 0.4 mM) in a final volume of 20 µl containing 100 mM Tris-HCl buffer, 

pH 7.2. At different time intervals after addition of the inhibitor and H2O2, the incubation mixture 

transferred to 96 well plate containing 0.28 ml of assay mixture. During the course of the study of 

substrate or spin trap protection against inhibition, electron donor/spin trap were added to the 

incubation mixture containing the enzyme before the addition of NAC and H2O2. 

5.2.5 Binding of NAC to MetHb: Optical spectra were recorded in a total volume of 1 ml 

containing MetHb in 100 mM Tris-HCl buffer, pH 7.2 in a Cary 100 UV Visible spectrophotometer 

(Varian, Australia) at 37±1ºC with quartz cells of 1 cm light-path. Binding of NAC to native MetHb 

or MetHb-H2O2 complex was monitored at different concentrations (0 - 7.2 mM). Immediately after 

each addition of NAC, a soret spectrum was recorded. In the spin trap sensitivity experiment, 

TEMPO was added to MetHb-H2O2 complex prior to NAC.   

5.2.6 Optical Spectral studies: Optical spectra were recorded in 100 mM Tris pH 7.2 containing 1 

µM MetHb in a Cary 100 UV/VIS spectrophotometer at 25°C.  

5.2.7 E. P. R. Studies: E. P. R. Spectra were recorded in 0.5 ml 100 mM Tris-HCl buffer, pH 7.2, 

MetHb (2 µM), 1 mM H2O2, 0.8 mM NAC, 1 mM DTPA and 90 µM dimethylpyrroline-N-oxide 

(DMPO)  in an E. P. R spectrometer Jeol-JES FA200. Instrument settings were: microwave power 50 
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mW, microwave frequency 9.43 GHz, time constant 0.03s, modulation frequency 100 kHz and gain 

2x104. 

5.2.8 Heme dissociation and ESI-mass analysis: MetHb (300 µM) inactivated in the presence of 

NAC (400 µM) and H2O2 (100 µM) for a period of 10 min at 37ºC in 100 mM Tris-HCl buffer, pH 

7.2. Acetone-HCl mixture is used to dissociated and extract heme from the inactivated enzyme (0.5 

ml) as described (Trivedi et al., 2005b). The extracted heme-NAC complex is directly processed in 

liquid chromatography mass spectrometer (LC/MS/MS) waters Q-Tof Premier & Aquity UPLC. 

5.2.9 Statistical analysis: Student t-test (MICROSOFT EXCEL 2007) used for statistical analysis 

and a p-value < 0.05 was considered significant. 

5.3 Results 
5.3.1 NAC abrogates MetHb pseudoperoxidase activity to protect RBC from hemolysis: 

Development of oxidative stress by MetHb within RBCs causes osmotic stress and hemolysis in a 

dose dependent manner as reported in chapter 2. Several sulfur containing compounds tested to 

protect RBCs from oxidative stress induced hemolysis. Sodium nitrite mediated RBC hemolytic 

model is used to assess the potentials of different sulfur containing compounds such as NAC, GSH, 

N-acetyl methionine (NAM) and methionine. NAC and GSH restore cellular integrity to provide 

complete protection against sodium nitrite mediated hemolysis where as other sulfur containing 

compounds failed to protect cells from lysis (Figure 5.1-A). MetHb incubated with NAC, GSH, N-

acetyl L-methionine (NAM) and L-methionine (0.4 mM) and peroxidase activity was measured by 

guaiacol oxidation. The MetHb incubated with PBS gives 100% peroxidase activity, GSH and NAC 

inhibited the MetHb peroxidase activity completely, whereas other compounds have no significant 

inhibitory effects (Figure 5.1-B). NAC protects RBCs from oxidative stress induced RBC lysis in a 

dose dependent manner with complete protection at 5 mM (Figure 5.1-C). To confirm whether NAC 

mediated protection in RBC is due to inactivation of MetHb peroxidase activity, RBCs treated with 

sodium nitrite (1mg/ml) for 2 hrs (to cause oxidative mM). Post treatment, RBCs were lysed and 

MetHb was purified from different concentration of NAC loaded RBC samples as described (Hong 

et al., 2003) and peroxidase activity was determined using guaiacol oxidation (Trivedi et al., 2005a). 

The peroxidase activity of MetHb isolated from sodium nitrite exposed RBCs considered as 100% 

activity, and RBCs loaded with NAC (0-2.5 mM) gives a dose dependent decrease in MetHb 

peroxidase activity with a complete inhibition at 2.5 mM (Figure 5.1-D). Hence, data presented in 

Figure 5.1 supports the notion that NAC provides protection against oxidative stress induced RBC 

lysis (hemolysis) through inhibition of pro-oxidant MetHb. 
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Figure 5.1 NAC protects RBC cells from oxidative stress induced hemolysis. (A) Thiols group 
containing compounds blocks oxidative stress induced hemolysis. 5% RBC hematocrit in PBS was 
exposed to sodium nitrite (1 mg/ml) for 2 hrs at 37ºC in the presence of different sulfur containing 
compounds; N-acetyl l-cysteine (NAC), glutathione (GSH), N-acetyl l-methionine (NAM), L-methionine 
and hemolysis were measured. Hemolysis obtained in RBCs exposed to sodium nitrite alone considered 
as 100 % and used for comparison purposes. (B) MetHb (2 µM) was incubated with 0.4 mM of NAC, 
GSH, NAM, L-methionine in the presence of 50 µM H2O2 for 30 min at 37ºC and peroxidase activity was 
measured by guaiacol oxidation as described in section 5.2.3. Peroxidase activity of MetHb incubated 
with buffer considered as 100% and used to analyze the degree of inhibition with sulfhydryl compounds. 
NAC dose dependently inhibits (C) hemolysis or (D) MetHb peroxidase activity from sodium nitrite 
exposed RBCs. RBC incubated with PBS was treated as a control. Data were from three independent 
experiments performed in triplicate. Standard deviations (SD) were calculated from triplicate 
measurements. 

5.3.2 NAC follows mechanism based (suicidal) inactivation of MetHb: In a pure in-vitro system, 

pre-incubation of MetHb with varying concentration of NAC results in a concentration and time- 

dependent irreversible inactivation of MetHb following pseudo 1st order kinetics (Figure 5.2-A). 

When Kobs plotted against NAC concentration, a straight line (Figure 5.2-B) obtained, from which 

2nd order rate constant calculated to 8.46 x 103 M-1min-1 at 37ºC. The half-life of MetHb inactivation 

(t1/2) at each NAC concentration was plotted against 1/NAC, gives a straight line (Figure 5.2-C).  
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Figure 5.2 NAC mediated MetHb inactivation kinetics in the presence of hydrogen peroxide. (A) 
Calculation of the pseudo-first-order rate constant of MetHb inactivation by NAC for guaiacol oxidation. 
MetHb (2 µM) was incubated with different concentrations of NAC in the presence of 100 µM H2O2 at 
37±1ºC in a final volume of 0.3ml containing 100 mM Tris-HCl buffer pH 7.2. The concentration of NAC 
(in mM) used is given in parenthesis. (B) Determination of second-order rate constant of inactivation of 
guaiacol oxidation by MetHb. The slopes of the straight lines obtained in (A) were plotted against the 
concentration of NAC. The second-order rate constant of inactivation is 8.46x103M-1min-1. (C) Time 
kinetics of mechanism-based inactivation of MetHb by NAC. The times required for half-time of 
inactivation at each concentration of NAC obtained from the straight lines of (A) were plotted against their 
corresponding reciprocal NAC concentrations. Data is mean ± SD (n= 3). 

The affinity and kinetic constants ki, kinact, and t1/2 found to 8.5 µM, 0.706 min-1 and 0.9 min 

respectively. No inactivation observed in the absence of H2O2 or NAC, indicating the role of  MetHb 

catalyzed NAC oxidation (NACox) in the inactivation process. The results indicate that H2O2 or 

NAC alone fails to inactivate MetHb, whereas the activity is 100% inhibited when MetHb incubated 

with NAC and H2O2 both (Table 5.1). In addition, no catalytic activity could be regained after 

diluting the reaction mixture or removing NAC and H2O2 by dialysis (Table 5.1). Thus, NAC 

inactivates MetHb following mechanism–based suicidal kinetics. 

5.3.3 NAC Serve as the suicidal substrate of methemoglobin: Peroxidases mediated oxidation and 

inactivation mechanism involves the production of oxidation products of suicidal substrate through 

single electron transfer. To test the ability of MetHb to accept and oxidize NAC, an optical spectral 

study was performed. MetHb forms compound II in the presence of excess H2O2 with a spectral shift 

from 406 nm (Figure 5.3, spectrum a) to 416 nm (Figure 5.3, spectrum b). Addition of NAC shifts 

the soret peak at 410nm with a single electron transfer to NAC for oxidation (Figure  
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Table 5.1 NAC oxidation is essential for inhibition of MetHb peroxidase activity. 
Reaction  Mixtures Residual Activity (%) 

MetHb + NAC 99.9  ± 0.34 
MetHb + H2O2 94.9  ± 0.21 
MetHb + NAC + H2O2 2.9   ± 0.02 
MetHb + NAC + H2O2 (after O/N dialysis) 6.67  ± 0.23 
MetHb + Guiacol + NAC 98.3  ± 0.01 
MetHb + KI + NAC 98.2  ± 0.02 
MetHb + KCl + NAC 32.2  ± 0.08 
Table 5.1 MetHb (2µM) was incubated with NAC (0.4mM) in the presence or absence of different 
electron donors such as guaiacol (100 mM), potassium iodide (100 mM), potassium chloride (100 
mM) for 15mins at 370C and peroxidase activity was measured using guaiacol oxidation as 
described under “methods” section. The reaction mixture containing NAC inactivated MetHb was 
dialyzed over night (O/N) against PBS at 40C. Peroxidase activity from MetHb was considered as 
100 % to calculate the residual peroxidase activity. The Data presented from experiment (n=4) 
performed in triplicate and values were expressed with standard deviation (SD). 

5.3, spectrum c). These results can be attributed to the NAC mediated H2O2 scavenging activity, but 

the addition of excess H2O2 at this stage does not revert the soret peak to form compound II (data not 

shown). Hence, spectral studies indicate that MetHb oxidizes NAC to form NACox through a single 

electron transfer mechanism involving high oxidation enzymatic spectral intermediates (compound 

II/compound I). To probe the NAC oxidation as a mechanism for MetHb inactivation, 

 
Figure 5.3 MetHb oxidizes NAC to NACox. (A) Optical spectra of NAC oxidation by 
MetHb. In a total volume of 1ml containing 100 mM Tris-HCl buffer, pH 7.2, soret 
spectrum of (a) native MetHb (1.5µM), (b) a+ H2O2 (140µM); (c) b+NAC (7.2mM) were 
recorded. 
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the enzyme pre-incubated with other electron substrate donors such as iodide, chloride and guaiacol 

to test whether the presence of other substrate could reduce NAC oxidation and protects MetHb 

being inactivated. NAC inhibits more than 97% MetHb peroxidase activity, and presence of 100mM 

of electron donors give complete protection from inactivation except partial with KCl (Table 5.1). 

KCl is a poor substrate for MetHb and could not protect MetHb from NAC mediated inactivation 

clearly support the notion that protection depends on MetHb mediated preferential substrate 

oxidation.  

5.3.4 Identification of NAC oxidation products: NAC acts as a suicidal substrate and gets oxidized 

by catalytically active MetHb to form NACox. E.P.R. spectroscopy was performed to identify NAC 

free radicals (NACox) as DMPO- NAC radical adduct (aN = 15.2 G and aH=16.78 G) in MetHb-H2O2 

system (Figure 5.4-B, complete reaction). The radical is a sulphur centered thiyl radicals consistent 

with the previous reported NAC radicals (Hong et al., 2003; Jiang et al., 1996; Kwak et al., 1995). 

No radical is observed in the absence of H2O2 (Figure 5.4-B, -H2O2), NAC (Figure 5.4, NAC) or 

complete reaction containing inactivated MetHb (Figure 5.4, inactive MetHb). 

 
Figure 5.4 MetHb oxidizes NAC to form sulfur centered thiyl radical as NAC oxidation 
product (NACox). EPR spectrum obtained from complete reaction containing 10µM MetHb, 
0.8mM NAC, 100µM H2O2, 90mM DMPO and 1mM diethylenediaminetriaminopentaacetic acid 
(DTPA) in 100mM Tris-HCl buffer, pH7.2. -H2O2 or –NAC is complete reaction without H2O2 or 
NAC respectively. Complete reaction containing inactive MetHb or DMPO suspended in the buffer 
is also analyzed and presented. Instrumental setting is given in “experimental procedure”. 
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5.3.5 The NAC oxidation product is interacting and inactivating species: Next we asked, whether 

NAC oxidation product, NACox is the interacting species to form an irreversible complex with 

MetHb. NAC binding to native and catalytically active MetHb complex (MetHb-H2O2) evaluated 

with difference spectroscopic studies. NAC binds to the catalytically active complex as evidenced in 

the decrease of absorbance at 413 nm (Figure 5.5-A) whereas no significant binding of NAC with the 

native enzyme (Figure 5.5-B) indicating NAC oxidation product (NACox) generated by catalytically 

active MetHb is probably being the interacting species. The binding constant of NAC for 

catalytically active and native MetHb is 0.025mM, 0.269mM respectively. Ten folds difference in 

binding constant indicate an absolute requirement of NACox formation for NAC binding to MetHb. 

 
Figure 5.5 NACox is the interacting species with MetHb. Optical difference spectra of NAC with (A) 
catalytically active (in presence of 10µM H2O2) or (B) native MetHb. (i, initial scan at 1.2mM; f, final 
scan at 7.2mM). The plot of 1/∆ Absorbance (nm) versus 1/[NAC] was used to calculate the KD. 

To explore the binding mode and nature of the NAC oxidation product (NACox) binding to 

MetHb, the heme extracted from MetHb after reaction with NAC in the presence and absence of 

H2O2. In the absence of H2O2, a number of prominent peaks appeared in the ESI-MS analysis, but 

heme-NAC adduct peak was completely absent (Figure 5.6-A). In the presence of H2O2, a m/z of 

1011.19 (Heme+2[NAC]+K) clearly indicates the formation of heme-NAC adduct (2xNAC/heme) 

and irreversible binding of NAC to the heme moiety of MetHb (Figure 5.6-B). Hence, it was clear 

that MetHb mediated NAC oxidation to form NACox is the crucial event for binding and inactivation 

of MetHb. 

To further probe such a mechanism, we pre-incubated the MetHb with two different spin 

traps, TEMPO and PBN to reduce the amount of NAC oxidation product (NACox). MetHb was 

completely protected from NAC mediated irreversible inactivation in the presence of TEMPO and 

PBN (Figure 5.7-A). NAC binding to MetHb catalytically active complex (MetHb-H2O2) was done 
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in the presence of TEMPO to explore whether the protection is due to inability of NACox to bind 

MetHb. In the presence of spin trap TEMPO, binding constant of NAC for active complex (MetHb-

H2O2) was comparable to binding constant for native MetHb with insignificant NAC binding to 

catalytically active MetHb (Figure 5.7-B). Spin trap sensitivity to NAC binding further supports that 

NACox is the interacting species (Figure 5.7-B) and probably be responsible for MetHb inactivation. 

 
Figure 5.6 Characterization of Heme-NAC adduct by ESI-mass spectroscopy. The ESI - mass 
spectrum of the (A) Heme extracted from the MetHb (0.3mM) in the presence of NAC (0.4mM) or (B) as 
in A but in the presence of H2O2 (0.1 mM).  
5.3.6 NACox is the molecular species to provide protection against oxidative stress induced 

hemolysis: Results in figure 5.7 indicate that, NAC oxidation product (NACox) is interacting and 
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inactivating species for MetHb. Now we asked whether NACox is the species responsible for 

antioxidant activity of NAC in RBC to protect it from oxidative stress induced MetHb production 

and resulting hemolysis. RBC under oxidative stress gives 100% hemolysis where as treatment 

with NAC (2.5mM) alone protects the RBC from hemolysis completely, but in the presence of 

spin trap, TEMPO and PBN, NAC has lost its ability to protect RBC from oxidative stress induced 

hemolysis (Figure 5.8). Both spin traps, TEMPO and PBN used in the experiment do not induce 

hemolysis alone or they have any stimulatory role in amplifying oxidative stress induced 

hemolysis (data not shown).  

Figure 5.7 NAC oxidation product (NACox) is the interacting and inactivating species for MetHb. (A) 
Protection against NAC mediated MetHb peroxidase inhibition by spin trap PBN and TEMPO. MetHb 
(2µM) was pre-incubated with TEMPO (0.5mM) or PBN (0.3mM) in the presence of NAC (0.4mM) and 
H2O2 in 20µl containing 100mM Tris-HCl buffer pH 7.2. The incubation mixture was transferred to the 
microtiter plate containing 0.28ml assay mixture containing guaiacol as substrate. Peroxidase activity of 
MetHb incubated with buffer was considered as 100% and used to calculate residual activity. (B) NAC 
binding to catalytically active MetHb is abolished in the presence of TEMPO. Optical difference spectra of 
NAC with MetHb-H2O2 complex in the presence of TEMPO (0.5mM). (i, initial scan at 1.2mM; f, final 
scan at 7.2mM). The plot of 1/Absorbance (nm) versus 1/[NAC] was used to calculate the KD. 

5.4 Discussion 
Several lines of evidences are given to claim that the antioxidant activity of N-acetyl cysteine 

(NAC), associated with the inhibition of pro-oxidant MetHb to abolish ROS production and 

oxidative stress development (Figure 5.1). Kinetic evidence shows that NAC acts as a suicidal 

substrate to inactivate MetHb (Figure 5.2). MetHb has heme with Fe3+ and has potentials to oxidize 
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Figure 5.8 Spin Trap (TEMPO) abolishes NAC mediated protective effects against MetHb 
induced hemolysis. 5% RBC hematocrit in PBS was pre-incubated with PBN (2.5mM) or TEMPO 
(7.5mM) for 30mins and then treated with sodium nitrite (1mg/ml) for 10mins to give oxidative stress 
in the presence of NAC (2.5mM). RBCs exposed to PBS considered as control where as sodium nitrite 
treated RBCs considered as 100% hemolysis and used for comparison purposes. NAC in the presence 
of spin trap lost its ability to protect RBC from oxidative stress induced hemolysis. TEMPO or PBN at 
a concentration used has no visible hemolysis. Also, in combination with MetHb, the spin trap doesn’t 
have any pro-stimulatory effects in hemolysis. All error bars indicate standard deviation (SD) and were 
calculated from triplicate measurements. If not visible, an error is smaller than symbols. 

a variety of aromatic and halide substrates in the presence of H2O2 (Trivedi et al., 2005a). Aromatic 

and halide substrates protect MetHb inactivation against NAC, indicate a crucial role of NAC 

oxidation in the process (Table 5.1). Peroxidase hemo pocket has different micro-environment to 

provide substrate docking sites for halide and aromatic substrates (Huang et al., 2005). Competition 

of NAC thiyl radical with the docking sites for substrate radicals can be possible, but substrate 

mediated protection results correlate with substrate oxidation, clearly ruled out such a possibility. 

MetHb mediated oxidation product of NAC (NACox) is highly reactive thiyl radical to irreversibly 

inactivate MetHb. MetHb mediated substrate oxidation to form substrate radicals interact with each 

other to form a stable product but suicidal substrate radicals interact with the enzyme to inactivate 

instead forming a stable product (Doerge, 1986). An active involvement of MetHb in generating 

NAC thiyl radicals was confirmed by EPR spectroscopy as NAC-DMPO adduct (Figure 5.4-B). EPR 

experiments done in the presence of DTPA (1mM) to rule out the possibility of the role of trace 

metals released from MetHb in the process. Difference spectroscopic studies indicate that NAC binds 
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at the heme moiety of active MetHb (MetHb- H2O2 complex) but not to the native enzyme indicating 

NACox as the interacting species (Figure 5.5). LC-MS/MS analyses of NAC-heme adduct shows a 

molecular peak at m/z 1011.19 corresponds to the formation of 2:1 ratio of NAC/Heme in adduct 

(Figure 5.6). Optical spectroscopy studies in the presence of TEMPO show low affinity of NAC 

toward MetHb further supports NACox as interacting and inactivating species (Figure 5.7). 

Moreover, pre-incubation of RBC with spin trap TEMPO abolishes the protective effect of NAC 

against oxidative stress induced hemolysis confirms that NACox intermediate is crucial for 

antioxidant activity of NAC (Figure 5.8). 

N-acetyl-l-cysteine, evaluated in a series of clinical studies to determine reduction of 

pathophysiological symptoms in malaria patients, during chemotherapy (Arreesrisom et al., 2007; 

Charunwatthana et al., 2009; Treeprasertsuk et al., 2003; Watt et al., 2002). The clinical trial in 

Thailand with 105 patients provides NAC as a safe molecule for adjuvant therapy based on lack of 

adverse effects (Treeprasertsuk et al., 2003) but a larger double blind clinical study concluded that 

NAC had no significant effect on mortality, lactate clearance times, coma recovery times or red cell 

rigidity (Charunwatthana et al., 2009). In-vitro studies suggest that NAC interferes with the 

antimalarial activity of artemisinin (Arreesrisom et al., 2007) and probably account for no significant 

improvement in clinical trials. (Arreesrisom et al., 2007; Charunwatthana et al., 2009; Treeprasertsuk 

et al., 2003; Watt et al., 2002). NAC reduces MetHb level in RBC, but it is not clear whether NAC 

has a direct role or through an indirect mechanism involving efficient removal of ROS and restoring 

of MetHb reductase activity (Takeoka et al., 1997). But several reports are also available where NAC 

used in conjugation with LPS in a lung injury model and the outcome indicates a dual role of NAC as 

cyto-protective Vs cyto-toxic effects linked to the dosing. At low dosage, NAC reduces hydrogen 

peroxide with an enhanced survival outcome but at higher dosage NAC has opposite effects (Sprong 

et al., 1998).  

Peroxidase mediated suicidal substrate oxidation generates fast acting substrate radicals to 

interact with heme to prevent electron transfer (Ator et al., 1987; Trivedi et al., 2005b). Hence, 

cellular peroxidases participate in activating NAC to form thiyl radicals to scavenge toxic 

metabolites or drug induced free radicals.  In the presence of drug or drug metabolites within cellular 

micro-environment, thiyl radicals interact with free radicals instead of making complex with the 

active site hemin. Protection of MetHb peroxidase activity from NAC thiyl radicals in the presence 

of small molecule electron donors supports such a mechanism (Table 5.1). MetHb mediated NAC 

oxidation and generation of thiyl radical allows us to speculate an active role of enzymes in 

modulating kinetics of NAC and free radical interaction. Although no kinetic studies performed so 

far between NAC and free radicals in the presence of MetHb or peroxidases, but such a study might 

give useful insight into the active role of the enzyme with antioxidant potentials of NAC. Hence, the 
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study highlights an additional role of NAC thiyl radicals in regulating oxidative stress through 

inhibition of pro-oxidant MetHb peroxidase activity. Although it is a difficult question to answer 

which molecular event is more crucial for antioxidant potential of NAC; MetHb inactivation to 

down-regulate the ROS level or MetHb mediated NAC activation and production of thiyl radical to 

modulate free radicals scavenging kinetics. Data presented in current work highlights an active role 

of MetHb with the antioxidant activity of NAC but additional experiments are required to get 

molecular details. The questions can be explored in the future are related to the additional molecular 

targets of NAC thiyl radical, interaction of NAC with free radicals or other antioxidant enzymes in 

the presence of MetHb. In addition, understanding of NAC dosing with cyto-protective to cytotoxic 

effects and role of MetHb mediated NAC thiyl radical generation might help to enhance therapeutic 

potential and reduces adverse effects of the molecule.  In conclusion, NAC is a potent antioxidant 

molecule with potential to be used as adjuvant therapy along with regular antimalarial chemotherapy 

to surmount patho-physiological effects. 

5.5 Summary 
N-acetyl-L-cysteine (NAC) improves antioxidant potentials of RBCs to provide protections 

against oxidative stress induced hemolysis. The antioxidant mechanism of NAC to reduce oxidative 

stress in RBC studied through inactivation of pro-oxidant MetHb. NAC causes irreversible 

inactivation of the MetHb in an H2O2 dependent manner, and the inactivation follow the pseudo- 

first- order kinetics. The kinetic constants are ki = 8.5µM, kinact = 0.706 min-1 and t1/2 = 0.9 min. 

Spectroscopic studies indicate that MetHb accepts NAC as a substrate and oxidizes through a single 

electron transfer mechanism to the NACox. The single e- oxidation product of NAC has been 

identified as the 5, 5’- dimethyl-1- pyrroline N- oxide (DMPO) adduct of the sulfur centered radical 

(aN = 15.2 G and aH=16. 78 G). Binding studies indicate that NACox interacts at the heme moiety and 

NAC oxidation through MetHb is essential for NAC binding. Heme-NAC adduct dissociated from 

MetHb and identified (m/z 1011.19) as 2:1 ratio of NAC:heme in the adduct. TEMPO and PBN 

treatment reduces NAC binding to MetHb and protects against inactivation confirms the role of thiyl 

radical in the inactivation process. Furthermore, scavenging thiyl radicals by TEMPO abolishes the 

protective effect of NAC in hemolysis. This work is highlighting the antioxidant mechanism of NAC 

through NAC thiyl radical generation, MetHb inactivation to exhibit protection in RBC against 

oxidative stress induced hemolysis.  

Antioxidant property of NAC is needed to evaluate further in order to imply as adjuvant therapy for 

various diseases. Since, we have not explored the adverse effects of NAC; we can explore the 

mechanism for NAC mediated toxicity in presence of various metabolic products. Together, these 

studies give an idea about NAC as a potential adjuvant therapy.  
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Abstract Malaria infection is known to cause severe

hemolysis due to production of abnormal RBCs and

enhanced RBC destruction through apoptosis. Infected

RBC lysis exposes uninfected RBC to the large amount of

pro-oxidant molecules such as methemoglobin. Methemo-

globin (MetHb) exposure dose dependently makes RBCs

susceptible to osmotic stress and causes hemolysis. MetHb

mediated oxidative stress in RBC correlated well with

osmotic fragility and hemolysis. Interestingly, a reactive

oxygen species (ROS) spike at 15 min was responsible for

the observed effects on RBC cells. Two natural antioxi-

dants N-acetyl cysteine and mannitol protected the RBC

from MetHb-mediated defects, which clearly indicated

involvement of oxidative stress in the process. MetHb due

to its pseudo-peroxidase activity produces ROS in the

external microenvironment. Therefore, classical peroxidase

inhibitors were tested to probe peroxidase activity medi-

ated ROS production with defects in RBCs. Clotrimazole

(CLT), which irreversibly inactivates the MetHb (CLT-

MetHb) and abolishes peroxidase activity, did not produce

significant ROS outside RBC and was inefficient to cause

osmotic fragility and hemolysis. Hence, initiating a chain

reaction, MetHb released from ruptured RBC produces

significant ROS in the external microenvironment to make

RBC membrane leaky and enhanced hemolysis. Together

data presented in the current work explored the role of

MetHb in accelerated humorless during malaria which

could be responsible for severe outcomes of pathological

disorders.

Keywords RBC � Methemoglobin � Reactive-oxygen

species � Hemolysis � Antioxidant � Malaria

Abbreviations

GSH Reduced glutathione

NAC N-acetyl cysteine

ROS Reactive oxygen species

MetHb Methemoglobin

CLT-MetHb Clotrimazole modified methemoglobin

Introduction

Red blood cell (RBC) is a biconcave disc shape cell with an

average diameter of 7.5 lm. RBC is produced in bone

marrow with an average life span of 120 days. During this

period, RBC needs to do several cycles of gaseous

exchange (CO2/O2), experience shear stress (pass through

small blood vessels) and other physiological or non-phys-

iological stresses. As a result, RBC inevitably aged out and

express specific cell surface molecule to get cleared by

circulating phagocytes [1]. The whole process of RBC

destruction within reticulo-endothelial system doesn’t

cause inflammatory reactions [2]. However during malaria,

an accelerated RBC lysis occurs, leading to the develop-

ment of hemolytic anemia [3]. According to a rough esti-

mate, during malaria every infected RBC (IRBC) causes

lysis of ten or more uninfected RBC to exhibit hemolytic

anemia [4]. A recent study correlates the enhanced unin-

fected RBC destruction through apoptosis with the

observed development of anemia during malaria [5]. The

mechanistic details of apoptosis in uninfected RBC or

inducer molecules are not known but results indicate pro-

oxidant molecules released from infected RBC might be
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Toxic byproducts from infected RBC cause rheological alteration and RBC aggregation. Malaria cul-
ture supernatant has the ability to exhibit RBC aggregation. Ammonium sulfate fractionation and
immunodepletion of methemoglobin from culture supernatant confirms methemoglobin as a major
aggregant. In vitro treatment of RBC with methemoglobin induces irreversible high order RBC
aggregates, resistant to shear stress and physical forces. Methemoglobin-mediated ROS generation
in the external micro-environment to develop oxidative stress close to RBC membrane seems to
be responsible for initiating and forming high order RBC aggregates through phosphatidyl-serine
externalization. Removal of oxidative stress through antioxidant treatment abolishes high order
RBC aggregate formation. In conclusion, we discovered a novel pathway of methemoglobin-medi-
ated RBC aggregation and its potential role in patho-physiological effects during malaria.
� 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Malaria caused by Plasmodium falciparum has a high mortality
rate due to anemia, fever, multiple organ damage, renal failure, li-
ver dysfunction and neurological disorders [1–4]. A number of clin-
ical, biochemical and immunological studies tried to explain
patho-physiological mechanisms during malaria but our under-
standing is still limited and underlying molecular events are not
clear [5–9]. The main process responsible for tissue damage and
dysfunction is a mechanical blockage of blood vessels. Vesicular
obstruction is caused by infected RBC adherence to the endothelial
lining of blood vessels and aggregation of uninfected RBC [1].

RBC aggregation during malaria is a complex process governed
by adhesion ligand on infected RBC cells, receptor expression on
uninfected RBC, coagulation factors, platelet mediated agglutina-
tion and plasma proteins [10–16]. The sticky forces between in-
fected and un-infected RBCs slow down micro-circulatory flow
but molecular mechanism and master player are not known.

A number of factors such as changes in shear stress, protein–
protein interactions and erythrocyte membrane charge alteration
regulate the RBC aggregate formation [10,17,18]. During malaria
oxidative insult makes RBC membrane sticky to bind infected
RBC cells expressing pfEMP-1 to form rosettes and aggregates
[19]. In addition, infected RBCs express phosphatidyl serine (PS)
to mimic aged or senescent RBCs and been cleared from circulation
by macrophages [20,21]. Toxic by-products released from infected
RBCs during parasite life-cycle develop pro-coagulant micro-envi-
ronment. Heme released from infected RBC reduces the RBC defor-
mability (RBC-D), an important property of normal RBC to pass
through the small capillaries and avoid splenic clearance [22]. Both
infected and normal RBC lysis releases large amount of hemoglobin
in the blood. Hemoglobin released from ruptured RBC is oxidized
by molecular oxygen to form methemoglobin (metHb). Extracellu-
lar metHb further accelerates the RBC lysis to contribute into ele-
vated levels of metHb and hemoglobin degradation products
[23]. Methemoglobin exposure to the endothelial cells produces a
number of inflammatory markers and cellular adhesion molecules
to promote endothelial cell-RBC adhesion [24–26]. In the current
study, we explored the potential role of methemoglobin present
in infected serum to cause RBC aggregation and its mechanism.
Our results indicate that pseudo-peroxidase activity associated
with methemoglobin causes production of free radicals to induce
oxidative stress within RBC. Oxidative stress within RBC causes
phosphatidyl serine (PS) externalization to generate sticky patches
to initiate aggregation [27]. Hence methemoglobin induces RBC
aggregation through membrane modification by oxidative stress
mediated PS externalization.
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  Methemoglobin incites primaquine toxicity 
through single-electron oxidation and 
modification  

   Abstract 

  Background:  Primaquine (Pq) metabolic products are 

responsible for drug-associated hemotoxicity and limit 

primaquine usage. 

  Methods:  Methemoglobin (MetHb)-Pq molecular mod-

eling was used to identify the Pq binding pocket. UPLC, 

mass spectrometry, and other indirect analytical methods 

were used to predict the metabolite. MetHb generation, 

development of oxidative stress, inhibition of antioxidant 

enzymes, and scanning electron microscope (SEM) were 

used to characterize the hemotoxic potentials of oxidized 

Pq (Pq 
ox

 ). 

  Results:  MetHb binded Pq at the heme site with  K  
 D 
   =  6.4  μ M 

as evidenced by a difference spectroscopy study. MetHb 

oxidized Pq through a single e-transfer mechanism to 

form Pq 
ox

 . The analysis of Pq from MetHb-H 
2
 O 

2
  peroxidase 

reaction mixture gave peaks at m/z 300.53 and m/z 243.42, 

corresponding to the hydroxyl and desamino derivative 

of Pq, respectively. Similar peaks were absent in Pq or Pq 

incubated with H 
2
 O 

2
  in the same buffer system. A robust 

increase in MetHb formation, reactive oxygen species 

generation, and inhibition of antioxidant enzymes were 

found in red blood cells (RBCs) exposed to Pq 
ox

  compared 

with a parent drug molecule. The RBC membrane exhib-

ited visible damages to plasma membrane (holes) as evi-

denced by SEM analysis of Pq 
ox

 -exposed RBCs. 

  Conclusions:  The MetHb-H 
2
 O 

2
  system transforms quies-

cent parent drug molecule to a highly reactive oxidative 

form to exhibit severe hemolysis. MetHb-H 
2
 O 

2
 -mediated 

Pq hemolytic potentiation that is sensitive to spin trap 

indicates the role of Pq* radical or other single e-species 

in the process. The result suggests that MetHb incites the 

molecular property of the Pq and peroxidase inhibitors 

can be explored to control drug-associated toxicity.  

   Keywords:    hemolysis;   methemoglobin;   peroxidase;   pri-

maquine;   RBC.  
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               Introduction 
 Malaria is a tropical disease caused by plasmodium species 

and leads to 200,000 deaths every year. In humans, the 

disease starts with the bite of the anopheles mosquito, 

which replicates in the host ’ s liver and red blood cells 

(RBCs)  [1] . In addition, the parasite resides within the 

hepatocytes under dormant stages (hypnozoites) and 

causes a disease on a preset time scale, a process known 

as relapse. Reappearance of the disease on a frequent 

basis (monthly or quarterly) without reinfection causes 

an immense burden on host machinery to contribute into 

the observed deaths and be responsible for an additional 

level of complication to treat malaria  [2] . Chloroquine and 

artemisinin are the drugs used to target the blood stages 

of the parasite, whereas primaquine (Pq) is the only drug 

available used for clearing hypnozoites from hepatocytes 

 [3, 4] . Pq dosing is more important for patients with  Plas-
modium vivax  to avoid potential relapses within weeks or 

even months  [5] . However, prolonged treatment is known 

to cause methemoglobinemia, hemolysis, abdominal 

cramps, and pathophysiological symptoms, which are 

more severe in patients with glucose-6-phosphate dehy-

drogenase (G6PD) deficiency  [6, 7] . G6PD is involved in 

the regeneration of NADPH to support lipid biosynthesis, 

redox reactions, and maintenance of intracellular glu-

tathione (GSH) level  [8] . The G6PD-deficient RBCs accu-

mulate reactive oxygen species (ROS), and this makes 

RBCs prone to further oxidative damage  [9] . Pq is oxida-

tively metabolized to carboxy Pq (CPrq), 6-methoxy-8-ami-

noquinoline (MAQ), and hydroxylated derivatives  [10, 11] . 
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Suicidal Inactivation of Methemoglobin by Generation of Thiyl 
Radical: Insight into NAC Mediated Protection in RBC 
S.N. Balaji and V. Trivedi* 

Malaria Research Group, Department of Biotechnology, Indian Institute of Technology, Guwahati, Assam-
781039, India 

Abstract: N-acetyl-L-cysteine (NAC) improves antioxidant potentials of RBCs to provide protection against 
oxidative stress induced hemolysis. The antioxidant mechanism of NAC to reduce oxidative stress in RBC, 
studied through inactivation of pro-oxidant MetHb. NAC causes irreversible inactivation of the MetHb in an 
H2O2 dependent manner, and the inactivation follows the pseudo- first- order kinetics. The kinetic constants 
are ki = 8.5 M, kinact = 0.706 min-1 and t1/2 = 0.9 min. Spectroscopic studies indicate that MetHb accepts NAC
as a substrate and oxidizes through a single electron transfer mechanism to the NACox. The single e- oxidation
product of NAC has been identified as the 5, 5’- dimethyl-1- pyrroline N- oxide (DMPO) adduct of the sulfur 
centered radical (aN = 15.2 G and aH=16. 78 G). Binding studies indicate that NACox interacts at the heme
moiety and NAC oxidation through MetHb is essential for NAC binding. Heme-NAC adduct dissociated from 
MetHb and identified (m/z 1011.19) as 2:1 ratio of NAC/heme in the adduct. TEMPO and PBN treatment 
reduces NAC binding to MetHb and protects against inactivation confirms the role of thiyl radical in the 
inactivation process. Furthermore, scavenging thiyl radicals by TEMPO abolish the protective effect of NAC in 
hemolysis. Current work highlights antioxidant mechanism of NAC through NAC thiyl radical generation, and 
MetHb inactivation to exhibit protection in RBC against oxidative stress induced hemolysis. 

Keywords: Antioxidant, free radicals, hemolysis, malaria, NAC, RBC. 

INTRODUCTION 
 Malaria caused by Plasmodium falciparum is 
associated with anemia, fever, multiple organ damage, 
renal failure, liver dysfunction and neurological 
disorders [1-4]. Reactive oxygen species (ROS) 
production and development of oxidative stress are 
crucial for disease pathology during malaria [5, 6]. Pro-
oxidant molecules released from parasitized RBCs 
(PRBCs) or reactivity of immune cells towards PRBCs 
are mainly associated with development of oxidative 
stress [7]. Oxidative stress induces structural changes 
in RBC to activate immune cells and structurally altered 
RBCs tend to enhance vesicular blockage, cyto-
adherence to promote cerebral malaria pathology [8, 
9]. N-acetyl L-cysteine (NAC), a thiol (-SH) group 
containing antioxidant is used in adjuvant therapy 
against paracetamol toxicity in liver cells and mucolytic 
agent to treat respiratory diseases [10-12]. It improves 
antioxidant potential of RBCs to give protection against 
oxidative stress induced hemolysis [13]. N-acetyl-l-
cysteine is tested in a series of in vitro drug toxicity 
studies or clinical studies to monitor malaria patient 
recovery during chemotherapy [14-17]. Hemin released 
from an infected RBC decreased the RBC 
deformability, a cellular property required for RBC 

*Address correspondence to this author at the Malaria Research
Group, Department of Biotechnology, Indian Institute of Technology, 
Guwahati, Assam-781039, India; Tel: +91-361-2582217;  
Fax: +91-361-258-2249;  
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splenic clearance. NAC improves RBC deformability 
through reduction of hemin mediated RBC membrane 
oxidation and replenishing GSH reserves [18]. A 
number of critical parameters monitored to assess 
potentials of NAC in an adjuvant therapy to support 
artesunate treatment in patients, but outcomes indicate 
that it give no significant improvement in lactate 
clearance times, mortality, coma recovery times or red 
cell rigidity [14]. 
 Cyto-protective properties of NAC are due to direct 
interaction with a single electron containing free radical 
species, trapping toxic substances, inhibition of 
apoptotic and other inflammatory pathways or indirectly 
supports the synthesis of glutathione (GSH), a cellular 
antioxidant molecule [5, 19]. The antioxidant potential 
of a cell determined by the level of GSH within the 
cytosol and maintained by the GSSG reduction through 
enzymatic activity of glutathione reductase (GR), non-
enzymatic reduction by other small molecular weight 
antioxidants or de-novo synthesis of GSH [20]. NAC 
mediated free radical scavenging is due to interaction 
of a free thiol group (-SH) to electrophilic ROS species 
[21-25]. The kinetic measurement indicates a rapid 
interaction of NAC with hypochlorous acid (HOCl) and 
hydroxyl radical (OH*), slowly with H2O2 and no 
interaction with superoxide radicals (O*) [22, 26]. NCB-
20 cells treated with H2O2 found to reduce oxidative 
stress mediated NF- B activation through the 
generation of NAC free radicals [27]. The formation of 
NAC thiyl radicals within the cells or in a cell free 
system seems to be essential for biological activity of 

1875-5666/13 $58.00+.00 © 2013 Bentham Science Publishers TH-1568_126106029
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Abstract The molecular modelling approach was applied to a series of nineteen curcumin ana-

logues to find the possible PfRIO2 kinase inhibitory action. A putative active site in flexible loop

(S1) of PfRIO2 kinase was explored computationally to recognize the molecular basis of ligands

binding. The ligands (curcumin analogues; 3a–3s) were well accommodated in the selected active

site (S1) due to their higher molecular size and length. Further all these synthesized compounds

(3a–3s) were evaluated for their in vitro antimalarial activity according to the reported method.

The antimalarial data showed that all these compounds to have parasiticidal activity with minimum

killing concentrations (MKCs) range between 3.87 and 25.35 lM and schizonticidal activity with

IC50 range between 1.48 and 23.09 lM. The compound 3p showed the most significant result

with maximum schizonticidal (IC50; 1.48 ± 0.10 lM) and parasiticidal activities (MKC;

3.87 ± 0.36 lM) could be identified as promising lead for further investigations.
ª 2015 TheAuthors. Production and hosting by Elsevier B.V. on behalf of King SaudUniversity. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Malaria is a life-threatening disease caused by five species of
parasites and is transmitted through vector infected mosquito
of genus Anopheles. An estimated 3.4 billion people are at risk
of malaria and there are 107 countries and territories, where
malaria is endemic. As per WHO report nearly 207 million

cases of malaria and 627,000 death tolls occurred globally in
2012. Most of the cases and deaths occurred in unhygienic
and developing African countries (WHO malaria report,
2013). Artemisinin combination therapy (ACTs) has been of

much importance over the last decade however emergence of
resistance has been reported in Cambodia’s Pailin province
(WHO malaria report, 2013; Phyo et al., 2012; Kumar et al.,

2005) provides motivation to discover new potential anti-
malarial agents. More than 65 protein kinases (PKs) have been
reported in the parasite kinome with ambiguous cellular target
clic ring.
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Multiple Function Fluorescein Probe Performs Metal Chelation,
Disaggregation, and Modulation of Aggregated Aβ and Aβ-Cu
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ABSTRACT: An exceptional probe comprising indole-3-
carboxaldehyde fluorescein hydrazone (FI) performs multiple
tasks, namely, disaggregating amyloid β (Aβ) aggregates in
different biomarker environments such as cerebrospinal fluid
(CSF), Aβ1−40 fibrils, β-amyloid lysozyme aggregates (LA),
and U87 MG human astrocyte cells. Additionally, the probe FI
binds with Cu2+ ions selectively, disrupts the Aβ aggregates
that vary from few nanometers to micrometers, and prevents
their reaggregation, thereby performing disaggregation and
modulation of amyloid-β in the presence as well as absence of
Cu2+ ion. The excellent selectivity of probe FI for Cu2+ was
effectively utilized to modulate the assembly of metal-induced
Aβ aggregates by metal chelation with the “turn-on”
fluorescence via spirolactam ring opening of FI as well as the metal-free Aβ fibrils by noncovalent interactions. These results
confirm that FI has exceptional ability to perform multifaceted tasks such as metal chelation in intracellular conditions using Aβ
lysozyme aggregates in cellular environments by the disruption of β-sheet rich Aβ fibrils into disaggregated forms. Subsequently,
it was confirmed that FI had the ability to cross the blood-brain barrier and it also modulated the metal induced Aβ fibrils in
cellular environments by “turn-on” fluorescence, which are the most vital properties of a probe or a therapeutic agent.
Furthermore, the morphology changes were examined by atomic force microscopy (AFM), polarizable optical microscopy
(POM), fluorescence microscopy, and dynamic light scattering (DLS) studies. These results provide very valuable clues on the
Aβ (CSF Aβ fibrils, Aβ1−40 fibrils, β-amyloid lysozyme aggregates) disaggregation behavior via in vitro studies, which constitute
the first insights into intracellular disaggregation of Aβ by “turn-on” method thereby influencing amyloidogenesis.

KEYWORDS: Amyloid β, Alzheimer’s disease, cerebrospinal fluid, neurodegenerative diseases, fluorescein, therapeutics, aggregation,
modulator

Alzheimer’s disease (AD), the most prevalent cause of
dementia among elderly population, affects >40 million

people worldwide.1,2 Early symptoms such as difficulty to
remember newly acquired information and other severe
symptoms such as mood and behavior changes, perplexity,
severe memory loss, and judgment alteration coupled with
difficulties in speaking, writing, and walking predominantly
begin to appear with aging. As per the AD hypothesis, the
aggregation of amyloid-β (Aβ) peptide is linked to the etiology
of the disease, since soluble monomeric forms are found in the
healthy brain while amyloid plaques are detected in an AD
patient’s brain.3,4 These micrometer sized aggregates provide an
important pharmacological target in the ability of drugs to (a)
disrupt the already formed Aβ aggregates, (b) prevent Aβ
aggregation, or (c) be capable of arresting and inverting the
progression of AD.5,6 Aβ40 and Aβ42 peptides are the primary
species in the structure of the senile plaques found in the brain
tissues of AD patients.6−8 Metal ions, such as iron, copper, and
zinc, are known to interact with Aβ peptides and promote their

aggregation as well as generation of neurotoxicity.9−18 They
also have the ability to modulate the aggregation of Aβ peptides
as observed by in vitro experiments.9,19−22 Despite being an
important pharmacological target for AD pathogenesis,
separation of toxic metals from Aβ peptide fibrils along with
their disruption and modulation remains unresolved.
The accumulation of metals such as iron, copper, and zinc

within the senile plaques can reach levels of up to 400, 950, and
1100 mm, respectively, which is 3−5 times higher in
concentration as compared to healthy brain.23−27 To reduce
the harmful effects of excess metal deposition, newer therapies
that focus on metal ion chelation for AD are being
developed.28−30 Metal chelators are potential therapeutic
prospects due to the metal ion hypothesis and the possible
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